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The optimal function of medical implant materials used in tissue substitution is often limited
due to its healing properties. This effect is linked to reduced interactions of the implants with
the surrounding tissue. Implant surfaces biologically functionalized with arginine-glycine-
aspartic acid (RGD) peptides, a class of cellular adhesion factors, are described in this paper.
The RGD-peptides are either bound via bovine serum albumin linking on culture plastic
dishes as a model surface or via acrylic acid coupling on PMMA surface as a potential implant
material. Resulting functionalized surfaces aquire the capability to bind cultured osteoblasts
in high levels and show high proliferation rates in vitro. These results are observed for
osteoblast cultures as well as from different species with different preparation procedures. A
critical minimum distance between the bioactive portion of the RGD-peptides and the
implant surface of 3.0±3.5 nm is crucial for the induction of an optimum cell binding process.
In vivo animal studies in the rabbit show that newly formed bone tissue generated a direct
contact with the RGD-peptide coated implants. In contrast uncoated implants are separated
from newly formed bone tissue by a ®brous tissue layer thereby preventing the formation of
a direct implant±bone bonding.
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1. Introduction
Although indicated as being biocompatible, many

implant materials do not actively interact with the

surrounding healthy and regenerating tissue thereby

preventing the generation of a mechanical and functional

stable biomaterial±tissue bonding. The aim of this study

is to demonstrate that the presented strategy of surface

coating with tailor-made bone-selective arginine-gly-

cine-aspartic acid (RGD)-peptides may induce an

enhanced and accelerated tissue integration of bone

implants with respect to an improved long-term stability.

2. Materials and methods
Primary human osteoblasts, primary human osteopro-

genitor cells, primary rat osteoblasts and mouse calvaria

osteoblastic cells of the line MC3T3H1 were prepared or

provided as described [1±4]. The av-selective RGD-

peptides cyclo (-RGDfK) with thiol anchor was

synthesized according to Jonczyk et al. [5]. Cyclo

(-RGDfK) with acrylate anchor were generated similar

to Gurrath et al. [6]. The covalent coating of the thiol

peptides on bovine serum albumin (BSA)-coated cell

culture 48-well plates was carried out according to

Ruoslahti et al. [7].

The covalent grafting of the acrylate peptides onto

prepolymerized polymethylmethacrylate (PMMA)

implants was performed by incubation with a peptide

solution in dimethylsulfoxide (DMSO)/isopropanol/

0.2% (w/v) campherchinon and subsequent u.v.-radia-

tion. The determination of cell adhesion was performed

as described by Landegren [8]. The cell proliferation

assay was observed by using the WST-1 colorimetric

test.

For animal studies RGD-peptide-coated bone implants

and uncoated control implants were implanted in a rabbit

model in the patella groove. PMMA implants (8 mm

length/4.6 mm in diameter) with interconnective porosity

(Hard Tissue Repair material (HTR), Walter Lorenz,

Jacksonville, USA) were press-®t implanted with the

diamond bone-cutting system (DBCS1) from Merck

Biomaterial GmbH, Germany. After 2 and 4 weeks the
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implants were explanted and newly formed bone was

examined after histological staining according to

Goldner±Masson in cross-sections.

3. Results and conclusions
The integrin av-directed active thiol cyclo (-RGDfK)

peptides after covalent grafting to BSA-precoated cell

culture wells strongly and dose-dependently stimulate

the cell adhesion of cultured av-positive primary human

osteoblasts, primary human osteoprogenitor cells, pri-

mary rat osteoblasts, and mouse MC3T3H1-osteoblasts.

In contrary the effect on av-de®cient human melanoma

cell line M21L is negligible (Fig. 1). We prove that the

cell adhesion is mediated by cyclo (-RGDfK) by treating

osteoblasts with soluble cyclo (-RGDfK). Depending on

the concentration of the soluble peptide, cells pretreated

with peptide could be prevented from binding on a

peptide surface. Additionally, as negative control we

coated BSA surfaces with the inactive peptide cyclo

(-R(bA)DfK), a derivative that is not able to bind integrin

receptors. In this case no cell adhesion was observed,

proving the extremly high selectivity of the binding

process.

Covalent grafting of acrylate cyclo (-RGDfK) peptides

with different molecular length onto prepolymerized

PMMA discs stimulated the osteoblast cell adhesion

similar to the BSA coating (Fig. 2). The acrylate peptides

differ in length: acrylate±peptide 1 � 2:7 nm, acrylate±

peptide 2 � 3:5 nm, acrylate±peptide 3 � 3:7 nm and

acrylate±peptide 4 � 4:3 nm. The shortest peptide

showed a minimum biological response, while the

other peptides had a comparable high bioactivity. We

conclude a critical minimum distance between the cell

recognition sequence of the RGD-peptide and the

material surface of 3.0 to 3.5 nm to promote successful

cell adhesion. In addition cell proliferation of

MC3T3H1-osteoblasts over a period of 22 days is

dose-dependently stimulated by the coating of PMMA-

surfaces with acrylate peptide cyclo (-RGDfK) (Fig. 3).

These data prove the potential of adhered osteoblasts to

proliferate strongly, thereby increasing the cell number at

least 10-fold within this period, resulting in a PMMA

surface completely covered by osteoblasts.

In animal studies in the rabbit RGD-peptide-coated

porous PMMA implants induce an enhanced and

accelerated tissue bone ingrowth. Newly formed bone

directly contacts the implant surface, even growing into

the center of porous material (Fig. 4a). In contrast

uncoated implants were separated from newly formed

bone by a ®brous tissue layer (Fig. 4b). The implant

coating with tailor-made RGD-peptides indicates an

attractive strategy for generating a new generation of

implants bearing the biological information for selective

activation of target cell species performing tissue

regeneration. This strategy might serve as a generally

useful key technology for tissue engineering.
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Figure 1 Graph of cell adhesion on BSA peptide coating shows plating

ef®ciency at different peptide concentrations. (�) MC3T3 H1 mouse

osteoblasts; (&) primary rat osteoblasts; (*) primary human osteopro-

genitor cells; (n) primary human osteoblasts; (e) human melanoma

(M21L). n � 3.

Figure 2 Graph of cell adhesion assay on PMMA discs coated with

different acrylate-peptides. (*) acrylate±peptide 1; (�) acrylate±peptide

2; (&) acrylate±peptide 3; (n) acrylate±peptide 4. n � 3.

Figure 3 Graph of cell proliferation assay shows number of cells over

the time period. (*) 100mM acrylate±peptide 3; (�) 1 mM acrylate±

peptide 3; (&) 0.01mM acrylate±peptide 3; (n) control. n � 3.
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(a)
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Figure 4 Cross-section of implanted PMMA implants (660). (a) RGD-peptide-coated PMMA implant. (b) Uncoated PMMA implant. Colour code:

purple, ®brous tissue; green, existing bone; dark green/black, newly formed bone; red-brown, newly formed osteoid; white, PMMA beads.
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