
RGD peptide immobilized on TiO2 nanotubes for increased bone
marrow stromal cells adhesion and osteogenic gene expression

Xin Cao • Wei-qiang Yu • Jing Qiu •

Yan-fang Zhao • Yi-lin Zhang • Fu-qiang Zhang

Received: 14 July 2011 / Accepted: 28 October 2011 / Published online: 6 December 2011

� Springer Science+Business Media, LLC 2011

Abstract Recently, TiO2 nanotube layers are widely used

in orthopedics and dental applications because of their good

promotion effect on bone cells. Furthermore, peptide

sequences such as arginine–glycine–aspartic acid are used

to modify Ti implant for binding to cell surface integrins

through motif. In this study, a cellular adhesive peptide of

arginine–glycine–aspartic acid–cysteine (RGDC) was

immobilized onto anodized TiO2 nanotubes on Ti to

examine its in vitro responses on rat bone marrow stromal

cells (BMSCs). Materials were characterized by scanning

electron microscopy (SEM) and X-ray photoelectron spec-

troscopy techniques. High-resolution C1s scans suggested

the presence of RGDC on the surface and SEM images

confirmed the nanotubes were not destroyed after modifi-

cation. BMSCs adhesion and osteogenic gene expression

were detected in TiO2 nanotube layers with and without

RGDC modification by fluorescence microscopy, confocal

laser scanning microscopy, SEM, and realtime polymerase

chain reaction (Real-time PCR). Results showed that the

TiO2 nanotube layers immobilized with RGDC increased

BMSCs adhesion compared to nonfunctionalized nanotubes

after 4 h of cultivation. Furthermore, the osteogenic gene

expression of BMSCs was dramatically enhanced on the

TiO2 nanotube layers immobilized with RGDC (10 mM)

compared to the TiO2 nanotube layers immobilized

with RGDC (1 mM) and non-functionalized anodized Ti.

Our results from in vitro study provided evidence that Ti

anodized to possess nanotubes and then further function-

alized with RGDC should be further studied for the design

of better biomedical implant surfaces.

1 Introduction

It is well known that titanium (Ti) is a biocompatible

orthopedic and dental material. Many methods have been

developed to enhance the osseointegration of Ti-implant,

such as increasing the surface roughness or altering

the crystal structure and chemical composition [1–3].

Recently, the researchers started to simulate the topography

of normal bone including collagen (mostly type I collagen

300 nm in length and 1.5 nm in diameter [4]) and hard

inorganic nanocrystalline hydroxyapatite on implant sur-

faces [4]. Furthermore, the Ti implants with nanoscale

structures have been confirmed as an efficacious method to

enhance osteoblast function in vitro and osseointegration in

vivo [5, 6].

Many researches on nano implant have been focused on

TiO2 nanotube layers by anodization through precisely

controlling pore size and promoting bone formation [5–8]

Oh et al. [5] firstly reported that the growth of osteoblast

was increased by as much as 300*400% on TiO2 nanotube

layers compared with unanodized titanium. The in vitro

function of osteoblasts [5] and in vivo bone growth [6]

were better on Ti implant with nanotubes than on con-

ventional micro-roughened Ti surfaces. Furthermore,

human mesenchymal stem cells (hMSCs) could preferen-

tially differentiate into osteoblast-like cells on the TiO2

nanotube surface without osteogenic inducing media [7].

Recently, we have studied the adhesion, proliferation, and

differentiation of primary osteoblasts cultured in vitro on
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nanotube layers with different diameters [8]. Our results

showed that preosteoblast cultured on 70 nm diameter

nanotubes had relatively better adhesion and differentiation

potential at the same time.

Extracellular matrix proteins are very important for

controlling cell functions, including adhesion, proliferation,

and differentiation [9]. Researches on the cell-attachment

activities of various proteins, such as vitronectin, fibro-

nectin, fibrinogen, and collagen, have revealed that oligo-

peptide sequences, including Arg–Gly–Asp (RGD), may act

as ligands binding to the cell attachment receptor (integrin

super family) on cell membranes [10]. Integrins are het-

erodimers formed by noncovalent association of a and b
subunits that bind to a RGD motif, which is a peptide

sequence present in many ECM proteins [11]. In the past

few years, researchers argued that covalently immobilized

RGD could promote cell attachment on various substrates

[12, 13]. Bone formation was also accelerated by immobi-

lizing RGD on a Ti surface [14]. Recently, Secchi [15] et al.

found that RGDS peptides immobilized on titanium alloy

stimulated bone cell differentiation. Therefore, immobiliz-

ing RGD peptides on materials have become an important

strategy for designing implant surface. However, whether

the RGD peptides have a significant influence on behavior

of bone cells on implant surface with nanoscale features,

which are effective approach to improve implants, is not

exactly understood.

So in this study, it was hypothesized that the TiO2

nanotubes by anodic oxidation have an effective influence

on BMSCs adhesion and osteogenic gene expression after

RGDC functionalization.

2 Materials and methods

2.1 TiO2 nanotubes fabrication

The sample materials were commercial Ti thin foils

(0.25 mm thick) with a purity of 99.5% (Alfa Aesar). First

titanium substrates were immersed in a mixture (2 ml 48%

HF, 3 ml 70% HNO3 (both reagent grade chemicals) and

100 ml deionized water) for 5 min to remove the naturally

formed oxide layer, then rinsing in deionized water and

drying in nitrogen stream. The specimens were prepared by

anodic oxidation process as reported previously [16]. The

electrolyte for anodizing consisted of 1 M H3PO4 and

0.5 wt% HF. To obtain 70 nm diameter nanotubes on the

anodized titanium surfaces, 15 V was used during the

experiments in the electrolyte for 3 h. Platinum was used as

the counter electrode. All anodic oxidation processes were

carried out at room temperature. The samples were rinsed

with deionized water and dried in a nitrogen stream after

anodization.

2.2 Immobilization of RGDC peptide on TiO2

nanotubes

An aminosilane linker was used to achieve RGDC peptide

immobilization on TiO2 nanotubes [17–19]. Silanization

was carried out by immersing the substrates in 5% solution

of (3-aminopropyl)-triethoxysilane (APTES) (Aldrich) in

anhydrous hexane for 2 h (while stirring). After the reaction,

the samples were washed twice with anhydrous hexane and

ethanol and several times with deionized water. Then sil-

anized substrates were incubated for 1 h at room tempera-

ture with a solution of 3.3 ml of N,N-dimethyl-formamide

(DMF) (Sigma) containing 25 mg of N-succinimidyl-3-

maleimidoproprionate (Aldrich). The maleimide-grafted

membranes were then washed twice with DMF and several

times with deionized water. To prevent hydrolysis, the

membranes were immediately subjected to the next step and

were incubated for 2 h at room temperature with 300 ml of

pure water containing 1.35 mg or 0.135 mg of RGDC

(Shanghai Bootech BioScience &Technology Co) for a final

concentration of 10 mM and 1 mM. The RGDC-grafted

membranes were thoroughly washed with deionized water,

dried and stored at 4�C till further analysis.

2.3 Surface characterization

2.3.1 Scanning electron microscopy (SEM)

The surface morphology of the TiO2 nanotubes and the

immobilized RGDC on surfaces of TiO2 nanotubes were

examined by SEM using a microscope equipped with an

energy-dispersive X-ray spectrometer (Philips, Netherlands,

Sirion200).

2.3.2 X-ray photoelectron spectroscopy (XPS)

Surface chemistry after each stage of the modification

protocol was assessed using XPS (VG Scientific Microlab

310F, East Grinstead, UK). The analysis was performed

utilizing a monochromatic Al Ka electrode at 15 kV and

150 W at a 45 take-off angle. The sampling depth was

measured about 3 nm. The Service Physics ESCAVB

Graphics Viewer (Bristol, UK) program was used to

determine peak areas.

2.4 Biological activity

2.4.1 Cell culture

Male Wistar rats of 4 week old with average weight of

100 g ± 15 g were obtained from the Ninth People’s

Hospital Animal Center (Shanghai, China). The study was
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approval by the Institutional Animal Care and Use Com-

mittee of the Ninth People’s Hospital Animal Center.

Briefly, both ends of the femora were cut off at the

epiphysis and the marrow was flushed out using Dul-

becco’s modified Eagle’s medium (DMEM) (Gibco BRL,

Grand Island, NY, USA) with 10% FBS (Hyclone, Logan,

UT, USA) supplemented with 200 U/ml of heparin (Sigma,

St. Louis, MO, USA). Rat bone marrow stromal cells

(BMSCs) were cultured in DMEM with 10% fetal bovine

serum and 1% penicillin/streptomycin (PS) under 37�C,

5% CO2 environment. The medium was changed 24 h after

inoculation to remove any unattached cells, and the

remaining attached cells were considered as mainly

BMSCs. Then media were changed three times every week

until confluence was achieved. Cell osteogenic gene

expression was detected after BMSCs were cultivated in

osteogenic media (regular media described above plus

10 mM b-glycerol phosphate and 50 lM ascorbic acid

(Sigma, Shanghai, China)). The BMSCs were seeded on a

24-well polystyrene plate (Falcon, USA) at a concentration

of 3 9 104 cells/well. The specimens used in this research

were randomly divided into four groups: (a) untreated TiO2

nanotube layers, (b) APTES-silanized TiO2 nanotube lay-

ers, (c) 1 mM RGDC-TiO2 nanotube layers, and

(d) 10 mM RGDC-TiO2 Nanotube layers. Culture media

were changed every 2 or 3 days. BMSCs of passages 2*4

were used for further experiment.

2.4.2 Cell morphology

After 4 and 24 h of cultivation, each disk was gently rinsed

twice with PBS and then soaked in 0.1 M PBS with 2.5%

Table 1 Primer sequences
Gene Sense primer (50 to 30) Antisense primer (50 to 30)

RUNX2 ATCCAGCCACCTTCACTTACACC GGGACCATTGGGAACTGATAGG

BMP-2 TGGGTTTGTGGTGGAAGTGGC TGGATGTCCTTTACCGTCGTG

BSP AGAAAGAGCAGCACGGTTGAGT GACCCTCGTAGCCTTCATAGCC

OPN CCAAGCGTGGAAACACACAGCC GGCTTTGGAACTCGCCTGACTG

b-actin CACCCGCGAGTACAACCTTC CCCATACCCACCATCACACC

Fig. 1 SEM images of nanotube layers. a untreated TiO2 nanotube layer. b APTES-silanized TiO2 nanotube layers. c 1 mM RGDC-TiO2

nanotube layers. d 10 mM RGDC-TiO2 nanotube layers
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glutaraldehyde for 1 h. After fixation, they were rinsed

three times with PBS for 10 min. The disks were dehy-

drated in a graded series of alcohol (35, 50, 75, 90, and

100%) for 10 min and subsequently dried by supercritical

point CO2. SEM imaging was conducted on the field

emission SEM after the surfaces were sputter coated in

gold.

2.4.3 Cell adhesion

BMSCs were seeded on the substrates at a density of

3 9 104 cells/well on the titanium samples. After cell

attachment for 4 h, a combination dye (Live/Dead Viabil-

ity Assay Kit, ScienCell) was applied to assess the cell

viability which can be displayed under fluorescence

microscope. Due to changes in membrane integrity, living

cells appear fluorescent green and dead cells appear fluo-

rescent red. After 4 h culture on titanium dishes, cells were

washed with PBS, and then added with working solution

(Thaw and dilute appropriate volume of Live/Dead Cell

Staining Solution Stock (1009) 100 times with PBS),

followed by observation under a fluorescence microscope.

Living cells should stain fluorescing green (Ex495/

Em518), while dead cells should appear red (Ex493/

Em620). Then cells were counted by Image-pro plus 5.0 to

calculate the live to dead ratio.

2.4.4 Osteogenic gene expression

The osteogenic gene expressions of BMSCs were evaluated

using the realtime polymerase chain reaction (Real-time

PCR). After 7 days and 14 days of incubation in osteo-

genic media, the total RNA was isolated using the Trizol

reagent and then 1 lg RNA from each sample was reverse

transcribed into complementary DNA (cDNA) using the

PrimeScript RT reagent kit (TaKaRa). The forward and

reverse primers for the selected genes were listed in

Table 1 [15, 19]. Expressions of osteogenesis-related genes

including runt-related transcription factor 2 (RUNX2),

bone morphogenetic protein-2 (BMP-2), bone sialoprotein

(BSP), and osteopontin (OPN) were quantified using Real-

time PCR (Bio-Rad iQ 5 Multicolor Real-Time PCR

Detection System, ABI 7300 USA) with SYBR Premix Ex

Taq II (TaKaRa). Data analysis was carried out using the

iQ 5 Optical System Software Version 2.0 (Bio-Rad). The

relative expression levels for each gene of interest were

normalized to that of the housekeeping gene b-actin.

2.4.5 Statistical analysis

Date was statistically analyzed by means of SPSS11.5

statistical software (Chicago, USA). Comparison and

analysis were carried out among the groups using Student–

Newman–Keuls post hoc test of one way variance

(ANOVA). P \ 0.05 was considered statistically

significant.

3 Results

3.1 Characterization of RGDC-TiO2 nanotubes

3.1.1 SEM

The microstructures of samples were assessed by SEM

(Fig. 1). The diameter of the nanotube layers fabricated at

15 V was approximately 70 nm (Fig. 1a). The TiO2

nanotube layers were not changed in APTES after stirring

for 2 h (Fig. 1b). There was no clogging after the nano-

tubes were modified by 1 mM RGDC or 10 mM RGDC

(Fig. 1c, d).

3.1.2 XPS analysis

The XPS technique was used to determine the elemental

composition of the sample surface. After each step of

APTES modification, survey scans were carried out to

determine the surface elemental compositions for the var-

ious TiO2 nanotubes (Table 2; Fig. 2). The analysis on

APTES-modified surfaces revealed that 0.85% of the

element on the surface was silicon, suggesting effective

APTES binding. The RGDC peptide used in this study

includes a sulfur-containing cysteine residue that serves as

a marker for the presence of the peptide, so only sulfur was

presented in the grafted peptide. After RGDC coupling, the

concentrations of carbon and nitrogen increased because of

the high proportion of these elements in the RGDC mole-

cules. Our experiment demonstrated there was the sulfur

Table 2 Surface elemental composition of various TiO2 Nanotube layers

P(%) C(%) N(%) Ti(%) O(%) F(%) Si(%) S(%)

(a) Nanotubes 1.64 34.83 2.05 15.74 42.74 3.00 – –

(b) APTES 1.52 17.59 2.03 20.79 52.89 4.33 0.85 –

(c) RGDC(1 mM) 1.63 26.01 3.88 18.35 46.33 3.40 – 0.40

(d) RGDC(10 mM) 1.30 29.78 5.29 16.11 43.60 2.99 – 0.92
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element in the RGDC-TiO2 nanotubes sample, indicating

successful graft of RGDC peptide on the TiO2 nanotubes

surface (Fig. 2).

Peak fitting of the C1s core level revealed the nature of

the carbon species for each surface (Table 3; Fig. 3).

Nanotubes had the environment with highest proportion of

C–C bond (67.32%), which links the fluorenyl group to the

peptide. However, a relatively low proportion of C–O

(22.34%) and no amide (N–C=O) or carboxyl (O–C=O)

was found in the environment.

After silanization and RGDC coupling, the amount of

hydrocarbons increased with the exception of carbamate.

RGDC-TiO2 Nanotube (1 mM RGD) samples had an

intermediate amount of C=O or N–C=O (7.47%), and a low

observed proportion of O–C=O (6.02%), showing the

Fig. 2 XPS survey scans for various TiO2 nanotube layers

Table 3 Relative Abundance of Functional Groups as Proportion of

Carbon Determined by Peak Fitting of C1s Spectra

Nanotubes APTES 1 mM RGD 10 mM RGD

C–C 67.32% 58.06% 56.97% 65.61%

C–O 22.34% 36.81% 29.54% 21.30%

C=O, N–C=O – – 7.47% 7.02%

O=C–O – – 6.02% 6.07%

Fig. 3 XPS high-resolution C1s spectrum collected for grafted layers

on titanium disks: relative peak positions and intensities of ether

(286.3 eV), amide (288.3 eV), and carboxyl (289.0 eV) species have

been normalized with respect to the hydrocarbon peak (284.8 eV)
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successful coupling of RGDC. In addition, RGDC-TiO2

Nanotube (10 mM RGD) samples had the similar amount

of C=O or N–C=O (7.02%) and O–C=O (6.07%).

3.2 Biological activity

3.2.1 Cell adhesion

Cell adhesion on the specimens was detected after 4 h of

incubation. The adherent cell numbers on the silanized and

grafted RGDC surfaces were dramatically higher than that

on the TiO2 nanotube surface at each time points (Fig. 4).

Then cell number on the RGDC-TiO2 nanotube surface

was higher than that on the APTES-silanized surfaces

(P \ 0.05). Furthermore, the live to dead ratio on 1 or

10 mM RGDC-TiO2 nanotubes showed similar tendency

(Fig. 5).

3.2.2 Cell morphology

The morphology of rat BMSCs on different TiO2 nanotube

layers was investigated using SEM technique. High SEM

images of cells after 4 h of culture on different TiO2

nanotube layers were revealed, with similar appearance on

Fig. 4 Visualization of BMSCs on titanium dishes by Live/Dead staining (940). a untreated TiO2 nanotube layers. b APTES-silanized TiO2

nanotube layers. c 1 mM RGDC-TiO2 nanotube layers. d 10 mM RGDC-TiO2 nanotube layers

Fig. 5 Count cells and calculate the live to dead ratio. a untreated

TiO2 nanotube layers. b APTES-silanized TiO2 nanotube layers.

c 1 mM RGDC-TiO2 nanotube layers. d 10 mM RGDC-TiO2

Nanotube layers P \ 0.05 compared with untreated TiO2 nanotube

surface

532 J Mater Sci: Mater Med (2012) 23:527–536

123



all the substrates (Fig. 6). After 24 h, BMSCs cultured on

the TiO2 nanotube layers and APTES-silanized surfaces

demonstraed the smaller circular or elliptic morphology

(Fig. 7a, b). However, the BMSCs cultured on the RGDC-

TiO2 nanotube layers exhibited polygonal morphology and

more filopodia (Fig. 7c, d).

3.2.3 Osteogenic-related gene expressions

The gene expressions on the Ti surfaces were quantified

using Real-time PCR (Fig. 8). After 1 week of incubation,

the 10 mM RGDC-TiO2 nanotube group showed the

highest expression among all the samples for the mRNA of

BMP-2, RUNX2, BSP, and OPN. No difference was found

in the relative expression levels of these genes among

untreated TiO2 nanotube layers, APTES-silanized TiO2

nanotube layers, and 1 mM RGDC-TiO2 nanotube layers

(P [ 0.05). After 2 weeks, the 10 mM RGDC-TiO2

nanotube surface also exhibited the highest expression

levels. Furthermore, the 1 mM RGDC-TiO2 nanotube

surface yields higher expressions for BSP and BMP-2

genes than the TiO2 nanotube layers (P \ 0.05). No

different expressions of the genes RUNX2 and OPN

were found among TiO2 nanotube layers surface, APTES-

silanized surface, and 1 mM RGDC-TiO2 nanotube surface

(P [ 0.05).

4 Discussion

To improve biocompatibility, wound healing and the

osseointegration around implants, the nanotechnology and

peptide immobilization technique are two main methods in

modifying Ti implant surfaces. In this study, we immobi-

lized RGD peptide on the TiO2 nanotubes to modify the Ti

implant, resulting in enhanced adhesion and osteogenic

gene expression of BMSCs on nanotubes with RGD com-

pared with the nanotubes.

The density of RGDC on titanium plays an important

role in cellular behavior [11, 20]. Cell attachment could

show an S-type curve as a result of increased RGD con-

centration [21, 22]. This indicates that there is a critical

minimum RGD density for cell response. However, this

threshold may be different depending on different material

Fig. 6 High magnification SEM images of BMSCs cultured after 4 h on different surfaces. a untreated TiO2 nanotube layers. b APTES-silanized

TiO2 nanotube layers. c 1 mM RGDC-TiO2 nanotube layers. d 10 mM RGDC-TiO2 nanotube layers
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surfaces and cell lines [20]. Kantlehner et al. [21] found that

the titanium penetrated in the RGD solution (100 lmol/l)

significantly promoted MC3T3 mouse osteoblasts adhesion

on the surface. Study showed that 10 mM RGDC modified

nanoporous alumina could enhance human fetal osteoblasts

(designated hFOB 1.19) adhesion after 1 day of culture and

visible matrix production was found after 2 days compared

to other groups [17]. Therefore, two different concentrations

(high concentrations (10 mM) and low concentrations

(1 mM)) of RGDC were adopted in our study to modify

TiO2 nanotubes. As an indicator for successful RGDC

coupling, sulfur content in 10 mM RGDC-TiO2 nanotube

layers was higher than that in 1 mM RGDC-TiO2 nanotube

layers in the results of XPS.

The Live/Dead viability assay indicated that the highest

survival rate was found in the RGDC modified surface

group during the incubation time (Figs. 4, 5). Furthermore,

SEM demonstrated that more filopodia was found on

the RGDC modified surface after 24 h culture (Fig. 7). The

possible explanation for increased BMSCs adhesion on the

RGDC modified surface could be that the attachment of

peptides promotes living cell survival. This is based upon

the ability of peptides to bind more than one cell adhesion

receptor, and their biological impact on cell anchoring,

survival and other behaviors [20]. The adhesion process

mediated by integrin includes a cascade of four partly

overlapping events [23]: cell attachment, cell spreading,

organization of actin cytoskeleton, and formation of focal

adhesions. During the four steps of cell adhesion, integrins

are employed in physical anchoring processes as well as in

signal transduction through the cell membrane [24]. About

half of the 24 integrins have been shown to bind to ECM

molecules in a RGD dependent manner: a3b1, a5b1, a8b1,

aIIbb3, avb1, avb3, avb5, avb6, avb8, a2b1 and a4b1

[25]. Therefore, the RGD sequence could be called the

‘‘universal cell recognition motif’’. On the other hand, the

same adhesion effect found in 1 mM and 10 mM RGDC-

TiO2 nanotube layers may be due to saturation of cell

surface receptor [20]. Interestingly, results of our studies

also showed that amine modified anodized substrates sig-

nificantly enhanced BMSCs adhesion compared to

untreated TiO2 nanotube layers. It may be due to chemical

changes of free amino groups resulting from APTES

functionalization created regions of highly positively

Fig. 7 High magnification SEM images of BMSCs cultured after 24 h on different surfaces. a untreated TiO2 nanotube layers. b APTES-

silanized TiO2 nanotube layers. c 1 mM RGDC-TiO2 nanotube layers. d 10 mM RGDC-TiO2 nanotube layers
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charged densities on Ti [18]. Other studies could also

explain our observed phenomenon, which showed that cells

are easy to adhere to cationic surfaces in a charge-depen-

dent manner [26–28].

RGD peptides not only act as anchoring molecules but

also play an important role in processes of cell differenti-

ation [20]. In this study, 10 mM RGDC-TiO2 nanotube

layers could significantly increase mRNA expression of

osteogenesis-related genes including BMP-2, RUNX2,

BSP, and OPN. This could be explained by astrocytic

adhesion and migration mediated by binding of RGD to

integrin avb3 or a5b1 [20], or explained by direct effects

on integrins in migration process by some features of RGD

functionalized surfaces. In addition, the RGD is supposed

to play an important role in the control of bone cell dif-

ferentiation [15]. In particular, avb3 and avb5 integrin-

selective RGD peptide ligands were responsible for

adjusting the initial adhesion and subsequent synthesis of

mineralized matrix [29]. Wang et al. [30] and Ruoslahti

[31] have reported that the interaction of the RGD-ligand

and integrin receptors was characterized by an increased

level of gene transcription and the triggering of cytodif-

ferentiation pathway. In our study, 1 mM RGDC-TiO2

nanotube layers only slightly promoted cell differentiation

compared with 10 mM RGDC-TiO2 nanotubes. Cell

interactions with RGD – containing peptide epitopes could

be affected not only by the conformation and chemical

properties of matrix-derived peptide epitopes, but also by

their spatial distribution and density [15]. The 10 mM

RGDC-TiO2 nanotubes might provide more suitable spatial

distribution and density for cell differentiation, which may

explain enhanced differentiation by 10 mM RGDC-TiO2

than 1 mM RGDC-TiO2 nanotubes. Further experiments

were needed to confirm this hypothesis.

Fig. 8 Gene expressions of BMSCs cultured on titanium surfaces

after incubation of 2 weeks. a untreated TiO2 nanotube layers.

b APTES-silanized TiO2 nanotube layers. c 1 mM RGDC-TiO2

nanotube layers. d 10 mM RGDC-TiO2 nanotube layers P \ 0.05

compared with untreated TiO2 nanotube surface. (a Relative m RNA

levels of BMP-2. b Relative m RNA levels of BSP. c Relative m RNA

levels of RUNX2. d Relative m RNA levels of OPN)
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5 Conclusion

In this study, the cell adhesion peptide RGD was immobi-

lized covalently on the TiO2 nanotube layer, which was

characterized by XPS technique. Our results demonstrated

that TiO2 nanotube layers modified with RGD were conve-

nient for BMSCs adhesion and osteogenic gene expression

compared with the TiO2 nanotube layers. This study sug-

gests that the nanotubular Ti modified with adhesion peptide

may be used as dental or orthopedic implants. Further

studies will be needed to test the bone regeneration in vivo.
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