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Abstract The purpose of this study was to measure the

time-dependent chemical interaction between synthetic

RGDS(PO3H2)PA (P-RGD) peptide and titanium surfaces

using a titanium surface plasmon resonance (SPR) bio-

sensor and to determine the degree of peptide immobili-

zation on the surfaces. An SPR instrument for ‘single-spot’

analysis was used for nanometer-scale detection of bio-

molecular adsorption using a He–Ne laser light according

to Knoll’s method. The oxidized titanium surface was

etched when exposed to H3PO4 solutions with a pH of 2.0

or below. The amount of P-RGD adsorbed at pH 1.9 was

approximately 3.6 times as much as that at pH 3.0

(P \ 0.05). P-RGD naturally adsorbed on the oxidized

titanium surface as a consequence of the bonding and

dissociation mechanism of the phosphate functional group.

Furthermore, the control of pH played a very important

role in the interaction between P-RGD and the surface.

These findings show that pH control may promote pro-

gressive binding of biomolecules with the phosphate

functional group to the titanium surface.

1 Introduction

Controlling the physical and chemical properties of tita-

nium surfaces is of prime importance when developing

medical devices and biosensors [1]. Indeed, biomimetic

surface modification of titanium implants would enable

specific cell–extracellular matrix (ECM) interactions [2–5].

The Arg-Gly-Asp (RGD) peptide sequence is known as a

cell recognition site for numerous adhesive proteins present

in the ECM and in blood. Whilst surface-immobilized

RGD groups enhance cell attachment, RGD components

present in solution can effectively inhibit cell attachment

by competing with endogenous ligands for the same rec-

ognition site [1, 2].

Ferris et al. [6] suggested surface modification with the

peptide sequence RGDC using gold-thiol chemistry, since

small peptides can be synthesized in very high purity and

have bioactivity that is independent of tertiary structure.

However, this process is complex and, importantly, the

intrinsic biocompatibility of titanium is left unexploited

when the surface is gold-coated. Subsequently, Schuler

et al. [7] introduced a non-fouling poly(L-lysine)-graft-

poly(ethylene glycol) (PLL-g-PEG) molecular assembly

system, which allowed exploitation of specific cell–RGD

peptide interactions even in the presence of serum. They

found that osteoblast attachment and footprint areas
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increased with the RGD peptide surface density. The

potential of such a route was further supported by an in

vivo study on RGD-coated titanium implants inserted in

two bone-gap models, which concluded that RGD peptide

coatings can potentially enhance tissue integration [8].

In addition to RGD peptide coatings, phosphate-contain-

ing coatings have also been studied. Healy and Ducheyne [9]

demonstrated that phosphate has strong affinity for titanium

oxide surfaces. Viornery et al. [10] suggested that phosphonic

acid molecules that are covalently attached to a titanium

surface might form a scaffold for new bone formation, ulti-

mately leading to interfacial bonding between implant and

host tissue. Phosphonic acid groups remain strongly bound to

titanium oxide surfaces over a large pH range (pH 1–9) and

are well distributed over the titanium surface. These prop-

erties formed the basis for an easy and practical method

employing a new phosphonate-anchor system for coating

titanium implants with the av-specific cyclic-RGD peptide

[11]. In fact, several biochemical surface modification tech-

niques that are currently being investigated and pursued

essentially rely on the idea of chemically bonding small

amino acids to titanium surfaces by means of phosphoryla-

tion. Abe et al. [12] verified that o-phospho-L-threonine

formed stable chemical bonds with titanium surfaces treated

with HCl [13]. Based on these results, they synthesized a

RGDS(PO3H2)PA (P-RGD) peptide.

The purpose of this study was to measure the time-

dependent chemical interaction between synthetic P-RGD

peptides and titanium surfaces using surface plasmon res-

onance (SPR) biosensor and to determine the degree of

peptide immobilization on the surfaces.

2 Materials and methods

2.1 Materials

Phosphonic acid (H3PO4; 98.0 mol. wt., Lot No. 24-2610,

Katayama Chemical, Osaka, Japan), o-phospho-L-threonine

(P-Thr; 199.1 mol. wt., Lot No. 074K4023, Sigma-Aldrich,

St. Louis, MO, USA) and o-phospho-L-serine (P-Ser;

185.1 mol. wt., Lot No. 21K1389, Sigma-Aldrich, St.

Louis, MO, USA) were used for the purpose of this study.

The peptide sequence P-RGD (681.6 mol. wt., Lot No.

980-410221) was synthesized by Peptide Institute Inc.

(Osaka, Japan). The 99.0% purity of the peptide was

evaluated by a reversed-phase high-performance liquid

chromatography (HPLC; LC8A, Shimazu, Kyoto, Japan).

2.2 SPR analysis

A titanium surface plasmon resonance (Ti-SPR) biosensor

(Osaka Vacuum, Osaka, Japan) was fabricated by the

following means of surface deposition under 2.0 9 10-2

Pa using an electron-beam evaporation method: surface

coating with a 1-nm Cr film on an S-LAL10 glass plate

(diameter: 15.0 mm, thickness: 1.0 mm, refractive index:

1.72; Arteglass Associates, Kyoto, Japan), followed by

additional deposition of a 49-nm sensing layer with Au. A

5-nm Ti sensing film was then formed on the SPR

biosensor.

The SPR is commonly used for nanometer-scale detec-

tion of protein–protein interactions, molecular adsorption,

and surface structure changes, using a He–Ne laser light,

Knoll’s method [14], and the Kretschmann configuration

[15]. The SPR instrument for ‘single-spot’ analysis [16, 17]

was constructed by referring to Knoll’s method [14]. The

Ti-SPR biosensor was coupled to an equilateral triangle

prism (refractive index: 1.72; S-LAL10, Arteglass Asso-

ciates, Kyoto, Japan) with an index matching fluid

(refractive index: 1.72; Certified Refractive Index Liquids

Series M, Lot No. NJ07009, Cargille Laboratories, Cedar

Grove, NJ, USA). The He–Ne laser light (632.8 nm) was

linearly p-polarized using a Gran-Thomson prism and was

focused on the sample through the equilateral triangle

prism. The intensity of the reflectance was measured by

scanning a photo-diode detector through the angles and

processing the data by a computer. The Ti-SPR biosensor

was mounted on an SPR flow cell. Milli-Q water was

allowed to flow across the Ti surface at 2.5 ml/min for

1 min, after which the SPR adsorption profile was recorded

during the flowing of H3PO4 (pH 3.0, 2.0, 1.9, or 1.8),

50 mM P-Thr (pH 2.0), 50 mM P-Ser (pH 1.9), 5 mM

P-RGD peptide (pH 3.0 or 1.9), respectively, for 20 min.

After reaching equilibrium, the flow cell was washed with

MilliQ water for 19 min. All experiments were carried out

at 25�C.

Depending on the refractive index of the sensing layer, the

SPR curve of reflectivity versus incidence angle shifts to

larger angles as the refractive index of the sensing layer

increases, and the incidence angle of minimum reflectivity is

called the SPR angle (degree angle: Da). The dependence of

the SPR angle shift on changes in the refractive index is

determined by multilayer Fresnel reflectivity calculations

[18]. In this study, the SPR spectra of the Ti-SPR biosensor

were simulated by the Fresnel’s law for the multilayer sys-

tem, S-LAL 10 prism (refractive index: 1.72)/S-LAL 10

glass plate (refractive index: 1.72)/Cr (permittivity: -30 ?

31i)/Au (permittivity: -12.5 ? 1.25i)/Ti (permittivity:

-4.3 ? 21.1i)/TiO2 (permittivity: 5.19)/protein (refractive

index: 1.45)/water (refractive index: 1.33), and thus we

estimated of the coefficient (4.02 pg/mm2/mDa) to convert

the SPR angle shift (mDa) into the protein adsorption (pg/

mm2) [18]. Hence the thickness of the molecule layer was

calculated from the SPR angle shift. The actual SPR

angle shifts of pH 2.0-P-Thr, pH 1.9-P-Ser, and pH 3.0- and
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1.9-P-RGD peptide were estimated as differences from the

SPR angle shift at the same pH as that of H3PO4 as a baseline

solution. The amounts of P-Ser, P-Thr and P-RGD adsorp-

tion to the Ti-SPR biosensor (pg/mm2) were calculated from

the equation: 4.02 (pg/mm2/mDa) 9 actual SPR angle shift

(mDa). The data were expressed as mean ± standard devi-

ation of five independent measurements for the SPR angle

shift at 40 min per experimental solution. The data on the

SPR angle shift (mDa) at 40 min for each pH-H3PO4 solu-

tion, and the data on the actual SPR angle shift (mDa) and the

adsorbed amount (pg/mm2) at 40 min for pH 2.0-P-Thr, pH

1.9-P-Ser, and pH 3.0- and 1.9-P-RGD peptide solution were

analyzed using t-tests (P \ 0.05).

3 Results

The SPR angle shifts (mDa) at 40 min for each of the

H3PO4 solutions at pH values of 3.0, 2.0, 1.9, and 1.8 are

shown in Table 1. The SPR angles shifted to a lower angle

except for the pH 3.0-solution. The SPR angle shift for the

pH 1.8-solution (-125.4 ± 35.8 mDa) was significantly

smaller than the shifts for other pH solutions.

Figure 1a shows the 40-min time evolution curves for

the Ti-SPR biosensor during pH 2.0-P-Thr adsorption and

exposure to pH 2.0-H3PO4 as the baseline solution. The

actual SPR angle shift at 40 min after exposure to P-Thr

was 32.7 ± 12.8 mDa, and the adsorbed amount was

131.5 ± 62.9 pg/mm2 (Table 2). Figure 1b shows the time

evolution curves for the biosensor during pH 1.9-P-Ser

adsorption and exposure to pH 1.9-H3PO4 as the baseline

solution. The actual SPR angle shift at 40 min after

exposure to P-Ser was 36.6 ± 9.8 mDa, and the absorbed

amount was 146.9 ± 48.3 pg/mm2 (Table 2). The values

for P-Thr and P-Ser were not statistically different

(P [ 0.05).

Figure 1c shows the time evolution curves for the bio-

sensor during pH 3.0-P-RGD peptide adsorption and

exposure to pH 3.0-H3PO4 as the baseline solution. The

actual SPR angle shift at 40 min after exposure to the pH

3.0-P-RGD peptide was 35.7 ± 22.3 mDa, and the absor-

bed amount was 143.3 ± 109.9 pg/mm2 (Table 2). Fig-

ure 1d shows the time evolution curves for the biosensor

during pH 1.9-P-RGD peptide adsorption and exposure to

pH 1.9-H3PO4 as the baseline solution. The actual SPR

angle shift at 40 min after exposure to pH 1.9-P-RGD

peptide was 128.6 ± 40.1 mDa, and the absorbed amount

was 517.1 ± 197.4 pg/mm2 (Table 2). The values for pH

3.0- and pH 1.9-P-RGD peptide were statistically different

(P \ 0.05). The amount of P-RGD peptide adsorbed at pH

1.9 was approximately 3.6 times as much as that at pH 3.0.

4 Discussion

SPR analyses on the chemical interaction between H3PO4

solution and a Ti-SPR biosensor clarified that the oxidized

Ti surface was etched when exposed to H3PO4 solutions

with a pH of 2.0 or below. The average changes in thick-

ness at pH values of 2.0, 1.9, and 1.8 were about 20, 50,

and 120 pm, respectively, by means of simulations refer-

ring to the permittivity on Ti by using Fresnel equation

[18]. These thickness changes were within the 5-nm

(=5000 pm) range of the Ti sensing film of the biosensor.

The amount of pH1.9-P-Ser adsorbed onto the biosensor

was greater than that of pH 2.0-P-Thr, although the values

were not statistically different (P [ 0.05). The adsorbed

amount of pH 1.9-P-RGD was significantly greater than

that of pH 3.0-P-RGD (P \ 0.05), the former value being

about 3.6 times as much as the latter. These biomolecules

with the phosphate functional group naturally adsorbed

onto the oxidized Ti surface as a consequence of the

bonding and dissociation mechanism of this functional

group. Furthermore, the control of pH played a very

important role in the interaction between the biomolecules

and Ti surfaces. The point of zero charge (PZC) [19, 20] is

an important interfacial parameter used extensively in

characterizing the ionization behavior of a surface. The pH

at the PZC (pHpzc) depends on material characteristics and

influences the base potential. The range of pHpzc for Ti

dioxide was 5.6–5.8 at 25�C, and the pHpzc of anatase was

slightly higher than that of rutile [20]. The surface potential

of Ti dioxide is positively charged when the pH is lower

than the pHpzc, whereas the phosphate functional group is

negatively charged. Therefore, in this study it was assumed

that the phosphate functional group chemically bonded to

the oxidized Ti surface. Such a phenomenon coincides with

a report on the chemical bond between tantalum and oc-

tadecylphosphoric acid [21]. Thus the phosphorylation of

molecules may serve to facilitate a stable biochemical

modification of the Ti surface, and pH control may pro-

mote progressive binding of biomolecules with the phos-

phate functional group to the modified surface.

Table 1 SPR angle shifts (mDa) at 40 min for each of the H3PO4

solutions at pH values of 3.0, 2.0, 1.9, and 1.8

pH SPR angle shift (mDa)

3.0 6.2 ± 4.6a

2.0 -32.0 ± 4.0a

1.9 -48.7 ± 12.6a

1.8 -125.4 ± 35.8

a These values were statistically different from that at pH 1.8 (P \
0.05)
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5 Conclusions

The Ti-SPR biosensor in this study accurately measured the

time-dependent process of biomolecule adsorption onto the

Ti passivation layer. The oxidized Ti surface was etched

when exposed to H3PO4 solutions with a pH of 2.0 or below.

The amount of pH 1.9-P-Ser adsorbed onto the biosensor

was larger than that of pH 2.0-P-Thr (P [ 0.05). The

amount of P-RGD adsorbed at pH 1.9 was approximately

3.6 times as much as that at pH 3.0 (P \ 0.05). These

biomolecules naturally adsorbed onto the oxidized Ti sur-

face as a consequence of the bonding and dissociation

mechanism of the phosphate functional group. Furthermore,

the control of pH played a very important role in the

interaction between the biomolecules and the Ti surface.
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