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Abstract Hydroxyapatite (HAp) patterns with distinct

boundaries were generated by electrophoretic deposition

(EPD) utilizing an insulating mask that partially blocks the

electric field. For the EPD process, we selected two types

of mask: a polytetrafluoroethylene (PTFE) board with holes

and a resist pattern. A porous PTFE film, which differed

from the mask PTFE, was employed as a substrate and

attached to the mask. EPD was performed with a suspen-

sion of wollastonite particles in acetone, which were

deposited on the substrate in the form of the patterned

mask. The deposited wollastonite particles induced HAp

patterns during a soak in simulated body fluid (SBF). As a

result, minute HAp patterns, such as dots, lines, and cor-

ners were fabricated on the porous PTFE substrate with a

minimum line width of about 100 lm.

Introduction

Micron- and nano-scale patterns, made of bioactive and

biocompatible materials, have recently drawn great interest

in the medical field. The proliferation and differentiation of

cells on such patterns have been studied at the single cell

level based on the hypothesis that a fine pattern may copy

the complicated environments found in a living body. It has

become clear that surface characteristics, including surface

chemistry and surface topography, have a significant

influence on adhesion, morphology, and maturation of

cultured cells [1–5]. Moreover, the generation of fine pat-

terns can be combined with various functional materials at a

micron scale and can contribute to the development of

biochips, which are useful for biotechnology including

genomics, proteomics, computational biology, and phar-

maceuticals [6–12]. Advances in these areas provide addi-

tional methods to help the comprehenstion of the complex

biochemical processes occurring inside cells [13, 14].

Hydroxyapatite (HAp) has a high affinity for bone, cells,

and viruses [15–17]. The formation of HAp patterns may be

an excellent method to develop smart biomaterials using the

bioaffinity of HAp. For example, patterns of living cells can

be cultured on a patterned HAp substrate. This method may

be applicable to the development of a cellular biosensing

system. Further, biosensing devices can be developed using

the adsorbability of HAp to biomolecules such as proteins.

Electrophoretic deposition (EPD) is widely used for the

deposition of ceramic particles and has many advantages,

including a simple process, inexpensive apparatus, and

ability to use substrates with wide areas and complicated

shapes [18, 19]. Although EPD has been applied only to

electric conductive substrates, such as metals, both con-

ductive and nonconductive materials are often used as

biomaterials. The use of EPD with insulating materials will

promote its utilization in the biomedical field. Recently, we

have found that when a porous insulating material is ar-

ranged between EPD electrodes, ceramic particles can be

migrated by passing an electric field through the pores [20].
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This method enables us to deposit various ceramic particles

on porous insulating materials.

For biomedical applications, EPD has been used to gen-

erate dense and porous HAp coating films on metallic sub-

strates such as titanium [21–24]. Wang et al. have patterned

HAp onto a conductive substrate including titanium by EPD

[25]. As a cathode, they employed a metallic substrate on

which another type of metal was patterned. When voltage

was applied, the electric current density patterned across the

cathode and HAp particles were preferentially deposited on

the areas with higher electric current density. The authors

concluded that the difference in electric field across the two

metals on the cathode enhanced HAp patterning through an

electrohydrodynamic process [25–27]. Although the poten-

tial and flexibility of EPD in patterning charged particles

onto a substrate was demonstrated by this study, a clear HAp

pattern with distinct boundaries, which is preferable for

biochip and scaffolding applications, has still not been fab-

ricated by EPD. The purpose of the study reported herein is

the formation of minute and complicated HAp patterns with

distinct boundaries on a porous insulating substrate by EPD.

First, we verified a method for generating clear HAp patterns

using drilled polytetrafluoroethylene (PTFE) board as a

mask, in which holes allow for the EPD electric field. Next,

we determined that the attachment of a porous substrate to an

electrode that is partially covered with insulating material

blocked the deposition of ceramic particles onto areas where

the electric field is blocked. Consequently, a negative pattern

of particles is formed on the substrate. Therefore, we

attempted the facile preparation of an HAp pattern with

complicated and fine-scale structure by utilizing a minute

resist pattern developed by photolithography, a standard

technique in the semiconductor industry.

Experimental

Hydroxyapatite patterns were generated in two stages, an

EPD process and a biomimetic process (Fig. 1). First,

bioactive wollastonite particles were deposited by EPD in

the form of a mask partially blocking the electric field.

Next, bonelike HAp was selectively induced on the wol-

lastonite by a biomimetic method. The details of each

process are described below.

Wollastonite synthesis

Silicon dioxide was preheated at 1000 �C for 2 h and

mixed with calcium carbonate in an equimolar ratio.

Wollastonite was synthesized by calcination of this mixture

at 1500 �C for 5 h, and was subsequently pulverized with a

laboratory planetary-type ball mill (Model p7. Fritsch).

X-ray diffraction determined that the final product was

a-wollastonite, a known bioactive material [28]. The

median size of the particles was about 3 lm as measured

by particle size analyzer (LA-700, HORIBA).

Electrophoretic deposition (EPD)

Verification test

We drilled minute holes thorough a 2 mm thick PTFE

board to generate a circular pattern of holes that was

100 lm in diameter. This PTFE board was used as a mask,

and the holes allowed penetration of the EPD electric field.

A porous PTFE film, 25 mm in diameter, 0.07 mm in

thickness, 0.1 lm average pore size, and 68% porosity, was

employed as a substrate and attached to the mask. Though

both the mask and substrate are made of PTFE, their fea-

tures are significantly different: the former is a dense board

with drilled holes and the latter is a porous film. We pre-

pared iodine-containing acetone at a concentration of

0.10 g dm–3 and suspended the wollastonite particles in

this solution at 5.0 g dm–3. Gold plates of

30 · 30 · 0.5 mm were used as both an anode and a

cathode. These electrodes were separated by 20 mm, and

the masked substrate was arranged between them. EPD was

performed at 1000 V constant voltage for 1 min.

Fabrication of fine structure

Commercial photoresist (AZ1500, Clariant (Japan)) was

spin-coated onto a stainless steel plate and baked at 100 �C

for 1 min. The thickness of the resist layer was measured at

Synthesis of wollastonite 

Suspension of wollastonite 
in iodine-added acetone 

Insulating mask ((a) PTFE 
board or (b) resist pattern) 

Electrophoretic deposition (EPD process) 

Formation of wollastonite pattern 

Soaking in simulated body fluid (biomimetic process) 

Formation of hydroxyapatite pattern 

Fig. 1 Diagram of HAp patterning by EPD and subsequent

biomimetic process. (a) and (b) are masks used in the EPD process

for the verification test and fabrication of fine structure, respectively
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about 2.4 lm by scanning electron microscopy (SEM;

ESEM-2700, Nicon). The resist was exposed through a

photomask to UV light of 436 nm for 2.7 s and developed

in a NaOH solution (10 g dm–3). The photomask included

dot, line, and corner patterns. We confirmed that the resist

was patterned after the UV irradiation and rendered

insoluble to acetone by thermal treatment at 250 �C for

20 min [29, 30]. This thermal treatment did not change the

thickness of the resist layer. The stainless steel plate with

the resist pattern was used as a cathode. A porous PTFE

film, similar to that used in the verification test, was em-

ployed as a substrate and attached to the cathode. Wol-

lastonite particles were suspended in acetone solution

containing a small amount of iodine. The concentrations of

wollastonite particles and iodine were 5.0 and 0.10 g dm–3,

respectively. A gold plate of 30 · 30 · 0.5 mm was used

as an anode and was set 20 mm from the cathode. EPD was

performed at a constant 200 V for 4 min.

Treatment with simulated body fluid (SBF)

Simulated body fluid (SBF) [31] was prepared by dis-

solving reagent-grade NaCl, NaHCO3, KCl,

K2HPO4�3H2O, MgCl2�6H2O, CaCl2, and Na2SO4 (Hay-

ashi-Junyaku Industry) in ultrapure water followed by

buffering to pH 7.40 with tris(hydroxymethyl)aminometh-

ane ((CH2OH)3CNH2) and 1 M aqueous HCl solution

(Hayashi-Junyaku Industry) at 36.5 �C; the concentrations

in the resulting solution were nearly equal to those of hu-

man blood plasma (Na+142.0, K+5.0, Ca2+2.5, Cl–147.8,

HCO3
–4.2, HPO4

2–1.0, and SO4
2–0.5 mmol dm–3). Following

EPD, the porous PTFE substrate was soaked in the SBF for

24 h, removed from the fluid, and air dried.

Analysis of surfaces and cross sections of specimen

The surfaces and cross sections of the porous PTFE sub-

strate were studied by thin film X-ray diffraction (TF-XRD;

Rint 2500, Rigaku), SEM, and energy dispersive X-ray

analysis (EDX; DX-4, Edax International).

Results and discussion

First, we discuss the results of verification test to verify the

method for generating distinct HAp patterns. Figure 2

shows an SEM micrograph and the results of EDX map-

ping of the porous PTFE substrate following EPD. Particles

were deposited on the substrate in the form of the dot

pattern of the mask (Fig. 2a). EDX mapping (Fig. 2b and

c), detected the Ca and Si characterizing wollastonite

(CaSiO3) in the same areas, indicating that the dot pattern

consists of wollastonite particles. It has been reported that

charged particles are swept into regions of higher current

density through an electrohydrodynamic mechanism [26,

27]. In this test, the wollastonite particles were preferen-

tially deposited on areas where the electric field passed

through the holes in the PTFE-board mask. Some scattering

signals were also observed between patterns (Fig. 2b and

c), indicating that wollastonite particles were deposited

between patterns. The cross section of the wollastonite

pattern is shown in Fig. 3a. The thickness of the pattern

was approximately 6 lm, corresponding to the deposition

of five or six layers of composite particles of approximately

1 lm diameter in size. The pattern was maintained after the

PTFE board was removed from the acetone solution,

indicating that the deposited particles agglutinated properly

due to hydrodynamic effects resulting from electroosmosis

during EPD [32, 33]. Next, the substrate was soaked in

SBF for 24 h. A TF-XRD profile following the SBF soak is

shown in Fig. 4b. The TF-XRD profile of an untreated

porous PTFE substrate is also given as a reference

(Fig. 4a). Following the SBF soak, a peak around 26�
appeared on the substrate. It is known that bonelike HAp is

formed on bioactive materials in SBF [34]; therefore, we

conclude that the wollastonite particles induced HAp for-

mation. Figure 5a shows an SEM micrograph of an HAp

dot, verifying that it has a distinct boundary. The thickness

of the HAp layer was determined by SEM to be about 6 lm

(data not shown). This thickness can be controlled by

adjusting the length of soaking in SBF [35]. Figure 6 shows

an SEM micrograph and the results of EDX mapping of the

PTFE substrate after the SBF soak. In Fig. 6a, a dot pattern

of about 250 lm diameter was observed. Figure 6b and c

show that Ca and P that characterize HAp were detected in

the same area. However, the Si attributed to wollastonite

was not detected (data not shown). These results indicate

that HAp was induced by wollastonite and replaced it during

the SBF soak. The mechanism of HAp formation in this

study may be similar to that observed on CaO–SiO2-based

glass and glass ceramics reported by Kokubo, et al. [36].

Fig. 2 (a) SEM micrograph

and (b), (c) results of EDX

analysis of the anode side

surface of the porous PTFE

substrate after EPD in the

verification test
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The calcium ion dissolved from the wollastonite increases

the ion product of HAp in the surrounding fluid, and the

hydrated silica on the surface of the wollastonite provides

favorable sites for rapid HAp nucleation. Once HAp nuclei

form on the wollastonite, they spontaneously grow by

consuming calcium and phosphate ions from the surround-

ing fluid. The size of the HAp pattern was almost the same as

that of the wollastonite pattern. It should be noted that EDX

mapping did not detect scattering signals following the SBF

soak because the disaggregated wollastonite particles

deposited between the patterns during EPD dissolved in the

SBF prior to HAp induction. Therefore, an HAp dot pattern

with distinct boundaries was generated by EPD and sub-

sequent soaking in SBF.

Next, we show the results of the fabrication of fine

structure, in which we attempted the facile preparation of

complicated and fine HAp patterns by utilizing a resist

Fig. 5 SEM micrograph of the boundary of HAp dots after SBF soak

(a) in the verification test and (b) in fabrication of fine structure

20

Hydroxyapatite

PTFE

2θ(CuKα)/degree  

(a)

(b)

(c)

25 30 35 40 45 50

Fig. 4 TF-XRD profiles of the anode side surface of the porous PTFE

substrate after a 24 h SBF soak (b) in the verification test and (c) in

fabrication of fine structure. The TF-XRD profile of a porous PTFE

substrate is given as a reference in (a)

Fig. 3 SEM micrographs of the cross section of the wollastonite

pattern in (a) the verification test and (b) fabrication of fine structure

Fig. 6 SEM micrograph and

results of EDX analysis of the

anode side surface of the porous

PTFE substrate after a 24 h SBF

soak in the verification test
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pattern. Figure 7 shows a photograph of the porous PTFE

substrate following EPD. Dot and corner patterns that

followed the resist pattern were observed. As shown in

Fig. 3b, the thickness of the pattern was 3 lm, thinner than

that observed in the verification test. This difference is due

to adjustments in the EPD conditions: applied voltage and

process time. Moreover, the size of the deposited particles

was smaller than that in the verification test, indicating that

the lower voltage resulted in preferential deposition of fine

particles. A similar phenomenon has been reported in other

studies [21, 37]. EDX mapping of the patterns are shown in

Fig. 8. Ca and Si were detected in the same areas, as shown

in Fig. 8b–c and e–f. These results indicate that wollas-

tonite particles were not deposited onto areas where the

electric field was blocked by the resist pattern. In other

words, wollastonite particles were deposited onto areas

with higher current density, as was expected. The substrate

was next soaked in SBF. TF-XRD detected an HAp peak

on the substrate (Fig. 4c), indicating that HAp was formed

during the SBF soak. Figure 9 shows SEM micrographs

and the results of EDX mapping of the porous PTFE sub-

strate after the SBF soak. Dot and line patterns can be

observed in Fig. 9a and d. EDX mapping (Fig. 9b–c and

e–f) detected Ca and P in the same areas, indicating that

HAp was selectively induced on the wollastonite deposits

by the mechanism discussed above. SEM observations

Fig. 7 Photograph of the anode side surface of the porous PTFE

substrate after EPD in fabrication of fine structure

Fig. 8 SEM micrographs and

results of EDX analysis of the

anode side surface of the porous

PTFE substrate after EPD in

fabrication of fine structure

Fig. 9 SEM micrographs and

results of EDX analysis of the

anode side surface of the porous

PTFE substrate after a 24 h SBF

soak in fabrication of fine

structure

J Mater Sci: Mater Med (2008) 19:1419–1424 1423

123



(figure not shown) showed that the HAp layer was about

6 lm thickness, which was comparable with that in the

verification test. In addition, the formed patterns had dis-

tinct boundaries (Fig. 5b). As shown in Fig. 9a, a line

width of about 100 lm was obtained—this resolution is as

fine as the original resist pattern. According to other re-

ports, patterns with size ranging from tens to hundreds of

lm and from several to tens of lm are used for biochip and

topographic studies, respectively [1, 2, 38]. Thus the HAp

patterns generated in this study fit for biochip. Moreover,

finer HAp patterns for topographic studies will be gener-

ated utilizing finer resist patterns as masks and optimizing

EPD conditions.

Conclusions

We successfully used EPD and biomimetic methods to

generate HAp patterns with distinct boundaries on porous

PTFE substrate using a PTFE-board mask. Furthermore,

we demonstrated the fabrication of minute HAp dot, line,

and corner patterns by utilizing a resist-pattern mask in the

EPD process. Using this method, we expect to be able to

generate more complex and fine HAp patterns that will be

useful in the production of multifunctional materials with

bioaffinity.
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