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PURPOSE. The aim of this study was to evaluate the stability of arginine-glycine-aspartic acid (RGD) peptide
coatings on implants by measuring the amount of peptide remaining after installation. MATERIALS AND
METHODS. Fluorescent isothiocyanate (FITC)-fixed RGD peptide was coated onto anodized titanium implants
(width 4 mm, length 10 mm) using a physical adsorption method (P) or a chemical grafting method (C). Solid
Rigid Polyurethane Foam (SRPF) was classified as either hard bone (H) or soft bone (S) according to its density.
Two pieces of artificial bone were fixed in a customized jig, and coated implants were installed at the center of
the boundary between two pieces of artificial bone. The test groups were classified as: P-H, P-S, C-H, or C-S.
After each installation, implants were removed from the SRPF, and the residual amounts and rates of RGD
peptide in implants were measured by fluorescence spectrometry. The Kruskal-Wallis test was used for the
statistical analysis (a=0.05). RESULTS. Peptide-coating was identified by fluorescence microscopy and XPS. Total
coating amount was higher for physical adsorption than chemical grafting. The residual rate of peptide was
significantly larger in the P-S group than in the other three groups (P<.05). CONCLUSION. The result of this
study suggests that coating doses depend on coating method. Residual amounts of RGD peptide were greater for
the physical adsorption method than the chemical grafting method. [J Adv Prosthodont 2013;5:84-91]

KEY WORDS: RGD peptide; Physical stability; Chemical grafting; Physical adsorption; Dental implant

Corresponding author:

Jin-Soo Ahn', Jae-Jun Ryu?

'Department of Dental Biomaterials, School of Dentistry, Seoul National
University, 275-1, Yeongeon-dong, Jongno-gu, Seoul, 110-749, Republic
of Korea

2Department of Dentistry, Korea University Anam Hospital, 73, Inchon-ro,
Seomgbuk-gu, Seoul, 136-705, Republic of Korea

'Tel. 8227408691: e-mail, 93733 1@paran.com

2Tel. 8229205423: e-mail, koprosth@unitel.co.kr

Received September 25, 2012 / Last Revision April 25, 2013 / Accepted
May 7, 2013

© 2013 The Korean Academy of Prosthodontics

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License (http://creativecommons.
org/licenses/by-nc/3.0) which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original

work is properly cited.

This work was supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (2012RTATA1005122) and a grant
(09142KFDA487) from Korea Food & Drug Administration in 2009 to 2011.

84

INTRODUCTION

The stability of dental implants depends primarily on
osseointegration at the bone-implant interphase.' Since sur-
face treatments of implants promote osseointegration and
shorten the duration of osseointegration, various surface
treatment techniques have been investigated.>” Cell adhe-
sion plays an integral role in cell communication and regu-
lation and is fundamentally important for the development
and maintenance of cells. In particular, cell-material inter-
actions influence the ability of cells that are in contact with
materials to proliferate and differentiate.® Interactions
between an implant and surrounding cells ate partly mediat-
ed by the production and deposition of bone specific extra-
cellular matrix (ECM) proteins, such as, collagen type I and
fibronectin.” Interestingly, these ECM proteins are charac-
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terized by the arginine-glycine-aspartic acid (RGD) motif,
which acts as a linkage between the ECM and anchorage-
dependent osteoblastic cells, whose transmembrane integ-
tin receptors attach to RGD motifs."™!" As a consequence,
transmembrane connections between the actin cytoskeleton
and the RGD motif can activate several intracellular signal-
ing pathways and modulate cell behavior, for example, by
regulating proliferation, apoptosis, shape, mobility, gene
expression, and differentiation.'” Due to this important role
of the RGD sequence in cell adhesion, researchers have
developed RGD peptide-immobilized Ti substrates to pro-
mote implant osseointegration.

Recently, two methods have been used to coat bioactive
materials onto implant surfaces, that is, a passive coating
method, which is based on covalent bond formation, and
physical adsorption method that actively induces strong
osseofixation and osseointegration at implant surfaces by
immobilizing biochemical materials, such as, extracellular
matrix (ECM) or growth factors on implant surfaces.*
Physical adsorption methods allow surfaces to be treated
easily, but control of the amount and density of adsorbed
bioactive material is problematic.”® Xiao ez a/? first intro-
duced a method for chemically immobilizing silane on tita-
nium surfaces. This chemical grafting method has the
advantages of allowing concentrations of bioactive material
on titanium sutface to be predicted and the presentation/
orientation of bioactive material and cells to be con-
trolled.""® This method requires silane concentrations be
optimized and the number of radicals on titanium surfaces
to be increased. However, in order to chemically coat RGD
onto anodized titanium surface, noxious chemicals like ami-
nopropyltriethoxysilane (APTES), succinimidyl-4-[N-
maleimidomethyl|cyclohexane-1-carboxylate (SMCC), and
4-(2-hydroxyethyl)-1-peperazine sulfuric acid (HEPES) are
needed, and these may be toxic to humans.'®

Bioactive materials on implant surfaces can be detached
by physical stress at time of implant installation, and thus,
bioactive materials must be physically stable on implant sut-
faces. Numerous studies have been conducted on the physi-
cal stabilities of inorganic coating on titanium.""* However,
few studies have been conducted on the physical stability
of bioactive materials on implant surfaces, and no study has
been previously conducted on the stability bioactive materi-
al coatings on implant surfaces after installation.

Therefore, this study was conducted to assess the physi-
cal stabilities of RGD peptides coated onto anodized titani-
um surfaces using the chemical grafting and the physical
adsorption method by measuring the amount of peptide
remaining on titanium surfaces.

MATERIALS AND METHODS

The peptide used in the experiment was synthesized by
Peptron Inc. (Daejon, Korea) based on a specific sequence
request. The peptide was composed of an RGD-based
sequence of 14 bases-N-CAAALLLKERGDSK-C, and flu-

orescent isothiocyanate (FITC) was connected to its

C-terminal as a marker. The cystein (C) group at the
N-terminal was introduced for selective reactivity with the
maleimide group used for chemical binding. The synthe-
sized peptide was 86% pure by HPLC. It was protected
from light in a lyophilized state by storing it in aluminum
foil at -20TC for < 3 months. The peptide was dissolved in
distilled water before each experiment and used only once.

We used anodized Cell Nest® implants (Osstem, Pusan,
Korea) that measured 4.0 mm in width and 10 mm in
height. Implants coated with RGD peptides were minimally
exposed to light to avoid hardening of the FITC, a fluores-
cence marker. Implants were divided into 2 groups for
coating by physical adsorption or chemical grafting. In the
physical adsorption group, the anodized implant surface
was coated with RGD peptide by immersion in a solution
containing 0.2 mg/mL of RGD peptide for 12 houts in the
dark. Residual solution on coated implants were removed
using wrinkle-free paper (KimWipes™, Kimberly-Clark Co.,
Irving, Texas), and implants were dried thoroughly in nitro-
gen atmosphere. In the chemical grafting group, implants
were coated by chemical immobilization using Silane. After
briefly activating anodized surfaces with UV/O cleaner
(Jelight Co Inc, Irvine, CA, USA), implants were immersed
for 90 minutes in a 2.5% (v/v) APTES ethanol solution.
Implant surfaces were then rinsed with ethanol and dried in
a nitrogen atmosphere at 110TC for 1 hour. Implants were
then reacted with 0.1 mg/mL Succinimidyl-4-[N-
maleimidomethyl|cyclohexane-1-carboxylate (SMCC) for 1
hour in the dark, rinsed with PBS and distilled water, and
dried in a nitrogen atmosphere. To ensure peptide adhe-
sion, a buffer solution (pH 6.6) was prepared by adding 0.2
mg/mL 4-(2-hydroxyethyl)-1-piperazine sulfuric acid
(HEPES) to 10 mM thiamine pyrophosphate (TPP).
Because thiol radicals are oxidized to disulfide when they
that react with the cystein radicals of RGD peptide and
lose their reactivity to maleimide radicals, implants were
reacted for more than 30 minutes with a HEPES buffer
solution containing TPP, which reduces disulfide. Since
amine and benzyl phenyl sulphide (BPS) inhibit the reaction
between each other, neither was suitable for our experi-
ment. Maleimide radical-inserted titanium treated by anodic
oxidation was reacted with the aforementioned peptide
solution. At the completion of the reaction, titanium was
rinsed with HEPES buffer followed by distilled water and
dried in a nitrogen atmosphere. A single layer of APTES
was formed on the anodized titanium surface, and then
coated with RGD peptide, which was immobilized on the
implant surfaces by reacting the 2 radicals of SMCC with
the amine radical of APTES and the thiol radical of the
peptides, respectively (Fig. 1).

Anodized titanium discs (Osstem, Pusan, Korea) of
diameter 10 mm and thickness 2 mm were used in this
experiment. Roughnesses and surface areas of titanium
discs were measured with a confocal laser scanning micro-
scope (CLSM, OLS 3,000, Olympus, Tokyo) and a scanning
microscope (FE-SEM, Stereoscan 440, Leica Cambridge,
Cambridge, UK). Peptide coatings were confirmed by fluo-
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Fig. 1. Schematic representation of the chemical grafting group.

Table 1. Summary of the four experimental groups

Group Coating methods Bone density
P-H Physical Hard cortical bone (0.64 g/cm?®, upper 1.5 mm) + Soft cancellous bone (0.32 g/cmd)
P-S Physical Soft cancellous bone (0.32 g/cm?)
C-H Chemical Hard cortical bone (0.64 g/cm?®, upper 1.5 mm) + Soft cancellous bone (0.32 g/cm?)
C-S Chemical Soft cancellous bone (0.32 g/cm?)

rescence microscopy (Nikon instruments Inc., Melville, N,
USA). Elemental constituents of the titanium discs were
determined using an X-ray photospectrometer (XPS sigma
probe ESCA, Thermo VG, West Sussex, UK). The bright-
ness of each site was measured by fluorescence microscopy
and coating homogeneity was confirmed. After 9 reference
solutions were put in the cuvette, fluorescence intensity was
measured using an excitation and emission wavelengths of
495 nm and 516 nm, respectively, using a fluorescence
spectroscope (FP-6500, JASCO, Great Dunmow, UK).
Standard concentration-fluorescence intensity curves were
used to for quantification purposes.

Soft (S) and hard (H) artificial bones were used in this
experiment. Solid rigid polyurethane foam (SRPF;
Sawbones Worldwide, Pacific Research Laboratories, Inc.,
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Vashon, Washington, USA) of density 0.32 g/cm® was used
as a soft cancellous bone (Grade 20, ASTM-F1839-08) and
foam of density 0.64 g/cm?® was used as hard cortical bone
(Grade 40, ASTM-F1839-08). In the hard bone group, hard
cortical bone of SRPF was placed upper 1.5 mm to the soft
cancellous bone (ASTM-F1839-08). The two pieces of arti-
ficial bone block were fixed using a customized jig, and
coated implants were installed between the two pieces of
artificial bone. Test groups were classified as: (1) physical
adsorption and insertion in hard bone (P-H), (2) physical
adsorption and insertion in soft bone (P-S), (3) chemical
grafting and insertion in hard bone (C-H), and (4) chemical
grafting and insertion in soft bone (C-S). Table 1 summa-
rizes the experimental groups.

Twenty RGD peptide-coated implants were prepared
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per group, and 10 uncoated implants were prepared as con-
trols. Implant installation was performed at the center of
reattached site. An implantation machine (Osstem Implant,
Pusan, Korea) was used to avoid surgical procedural differ-
ences. This machine was set at a given direction and rota-
tion speed (30 rpm); drill buts up to 3.5 mm can be used
for the installation of 4.0 mm implants (Fig. 2 and 3).

To exclude the interference by fluorescent material in
the artificial bone itself, uncoated implants were installed
and the amount of fluorescent material from artificial bone
block on these implants was measured after removal (A).
After installing RGD peptide-coated implants in the artifi-
cial bone block, amounts RGD peptide remaining and fluo-
rescent material smeared from the artificial bone itself on
removed implants were measured (B). Before RGD pep-
tide-coated implants were installed, baseline RGD peptide
amounts were measured (C). Amounts of RGD peptide
lost after implant installation (Y) were calculated using the
following formula:

Y=C—-B-A).

Coating material remaining on implants was removed
using 20% piperidine solution at room temperature for 30
minutes. For bone powder and RGD peptide-containing
solutions, amounts of RGD peptides were measured in the
presence of bone dust and after completing removing bone
powder by centrifugation (13,000 rpm, 5 minutes).

Fig. 2. Implant installation using a machine developed
by Osstem Co. (Pusan, Korea). This machine was set at a
given direction and rotation speed (30 rpm); drill burs up
to 3.5 mm can be used for the installation of 4.0 mm
implants.

Amounts of RGD peptide were measured by fluores-
cence spectroscopy. For quantitative analysis, each implant
coated with RGD peptide was placed in a 1.5 mL
Effendorf tube before and after installation. To elute RGD
peptide from implant sutfaces, 1 mL of 10% (v/v) ethanol-
amine was added (ethanolamine accelerates the detachment
of RGD peptide by acting as a nucleophile at pH 11). Bone
powder remaining on removed implants was detached by
sonication for 5 minutes. After the bone dust was precipi-
tated by centrifugation (6,400 rpm, 1 minute), 0.5 mL ali-
quots of supernatants were collected for quantitative analy-
sis. Aliquot of supernatant were placed in 3 mL PL cuvettes
(Sigma-Aldrich Inc., St Louis, MO, USA), and 2.0 mL of
distilled water was added to a final volume of 2.5 mL.
Absorbance was measured at excitation and emission wave-
lengths of 4.95 and 516 nm, respectively, using a fluores-
cence spectroscope (FP-65000, JASCO). To convert mea-
sured absorbances to peptide concentrations, standard ref-
erence solutions were used (Fig. 4).

Statistical analysis was performed using SPSS software
version 17.0 (SPSS Inc., Chicago, 1L, USA). The Shapiro-
Wilk test was performed to test the normality of distribu-
tion, and the Kruskal-Wallis test was used for the statistical
analysis (x=0.05). Bonferroni’s post-hoc test was performed
at a significance level of 95%.

Fig. 3. Divided surface of a SRPF; A: After implant
installation, B: each SRPF was divided into 2 pieces and
the implant was removed.
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RESULTS

Fig. 5 shows FE-SEM images of an anodized titanium sur-
face after coating with RGD peptide. The anodized titani-
um surface was porous and smooth with a roughness of
0.26 £ 0.03 pm. However, surface structures (as determined
by SEM) were similar in the experimental groups. Fig. 6
shows fluorescent microscopic images after RGD peptide
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—r

FITC reading

Schematic diagram of RGD- peptide quantitation.
amount of RGD peptide remaining on an implant after installation.
A) = amount of RGD peptide lost from the implant surface.

coating. No fluorescent material was detected on the sur-
faces of uncoated titanium implants. Fluorescent material
was evident on all RGD peptide coated implant surfaces,
with statistical significance. Implant surfaces in the physical
adsorption group fluoresced more than in the chemical graft-
ing group. Implant surfaces were yellower in the physical
coated groups. Green dot-like areas were sparsely present in
both the physical adsorption and chemical grafting groups.
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Fig. 5. SEM micrographs of each group, no differences
were observed after coating with RGD peptide; A&B:
bare anodized titanium, C&D: physical adsorption group,
E&F: chemical grafting group; A,C,E: x50,000, B,D,F:
x100,000.

A

Table 2. Substrate Atomic compositions (%) by XPS

analysis
) ) APTES- Chemical Physical
Name Anc();itlz;)d i treated Ti grafting adsorption
. /0,
(at.%) (at.%) (at.%)
N 2.9 4.1 4.6 17.9
Si 0.0 5.9 3.0 0.0
C 46.6 40.0 556.4 92.0
S 3.8 3.4 2.6 2.7

Table 3. Residual amounts (ng) and ratio (%) of RGD
peptide in the experimental groups

Group Amount (ng) Residual Ratio (%)
P-H 193.20 + 36.55 37.27 £ 7.05
P-S 327.60 + 63.23 63.19 + 12.20*
C-H 67.20 + 10.24 30.00 + 4.57
C-S 72.90 + 5.49 32.54 +2.45

P-H: physical adsorption and insertion in hard bone, P-S: physical adsorption
and insertion in soft bone, C-H: chemical grafting and insertion in hard bone,
C-S: chemical grafting and insertion in soft bone. *P<.05, post hoc test.

Fig. 6. Fluorescence microscopic images after RGD-peptide coating (A: bare anodized titanium, B: physical adsorption
group, C: chemical grafting group, bar: 200 um). Fluorescence was greater in the physical adsorption group than in the
chemical grafting group. Implants surfaces were yellower in the physical adsorption group. Green dot-like areas were
sparsely present in both the physical adsorption and chemical grafting groups.

Atomic elemental analysis of substrates was performed
by XPS. Results are expressed percentage atomic composi-
tions (Table 2). Elemental silicon was detected only on
APTES and chemically coated substrates. Elemental nitro-
gen was increased by both physical adsorption and chemical
grafting methods. Elemental carbon and nitrogen were
more increased by physical coating at high peptide levels.

Before implant installation, the amount of RGD pep-
tide on the implant surfaces was higher in the P-H and P-S
groups than in the C-H and C-S groups (518.4 £ 40.8 ng
versus 224.0  25.12 ng, respectively; P<.05). Table 3

shows the residual amounts of RGD peptide in the experi-
mental groups. Values were highest in the P-S group, fol-
lowed by the P-H, C-S and C-H groups.

The residual ratios of RGD peptide were significantly
different between the experimental groups. There were sig-
nificant differences in the residual rates of RGD peptide
between the P-S group and the other groups (63.19% =
12.20% in the P-S group, 32.54 £ 2.45% in the C-S group,
37.27% £ 7.05% in the P-H group, and 30.00% * 4.57% in
the C-H group) (P<.05).
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DISCUSSION

Integrin, a cell membrane receptor, is involved in adhesion
between cells and extracellular matrix proteins.” Integrin
interacts by using a short sequence of amino acids within
the extracellular matrix. In particular, the sequence arg-gly-
asp (RGD) mediates adhesion between cells and plasma or
extracellular matrix proteins (fibronectin, vitronectin, type I
collagen, osteopontin, and bone sialoprotein).” Synthetic
peptides containing RGD also have similar activities."*
The recognition of cells by small and simple peptides is
useful for increasing cell-implant interactions by enabling
the surface of implants to adhere to surrounding cells.
Furthermore, it has been shown that interactions between
bioactive materials and cells can be promoted by coating
implant surfaces with peptides.”

Proteins attached to implant surfaces can be lost during
or after implant installation. To overcome this problem,
methods involving the covalent attachment of bioactive
materials to substrates containing radicals have been devel-
oped. In this study, to fabricate RGD peptide coated-anod-
ized Ti, the immobilization of RGD peptide onto anodized
Ti was performed by physical adsorption and chemically.
Simply dipping and drying was used to coat RGD onto
anodized Ti surfaces by physical adsorption due to van der
Waals, hydrophobic, or electrostatic forces.** In order to
chemically coat RGD onto anodized Ti sutfaces, Ti surfac-
es are activated with APTES and then reacted with SMCC
crosslinker before RGD peptide binding.'® RGD peptide is
chemically immobilized on anodized Ti surface by reaction
between its thiol group and the maleimide group of surface
bound SMCC. As shown in Table 2, the C and N contents
of RGD coated Ti substrates were greater than those of
anodized Ti. The main differences between chemical graft-
ing and physical adsorption are the silicon content and
C-N-H bond formation due to APTES deposition. XPS
results confirmed that RGD peptide was successfully
immobilized onto anodized Ti sutrfaces by both methods.
In particular, fluorescence microscopy showed that overall
brightness were higher in the physical adsorption group.
The green dots observed at long wavelength were probably
due to the presence of aggregated peptides and the slightly
dark areas were probably due to surface damage during sur-
face treatment. In the chemical grafting group, fluorescence
emission was lower, and color was green closer to a short
wavelength. In addition, few dark areas were sparsely seen,
similar to the physical adsorption group, and the propor-
tion of dots was low, presumably due to the washing pro-
cess. In summary, amounts of RGD peptide on implant
surfaces were higher in the physical adsorption group than
in the chemical grafting group.

Measurements of adhesive strength are useful for evalu-
ating implant surfaces coated with bioactive materials.
Current standard methods for assessing the adhesive
strengths of bioactive materials, include the tape test
(ASTM D3359, Standard Test Method for Measuring
Adhesion), and shear strength measurement (ASTM F1044,
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Test Method for Shear Testing of Calcium Phosphate and
Metallic Coatings). These methods are used to evaluate
inorganic substances because the tapes and epoxy resin are
strong chemical adhesives. Thus, if these substances are
used to evaluate implant surfaces coated with organic bio-
active materials, they could affect chemical bonding and
cause denaturation of bioactive materials, and thus,
adversely affect results. Implant surfaces treated using the
aforementioned inorganic substances exhibited irregular
ultra-fine structures. In addition, it is unclear whether inor-
ganic substances can penetrate deep into implant surfaces.
However, there is still no standard method for evaluating
implant surfaces coated with organic bioactive materials.
For this reason, we sought to establish a technique for mea-
suring the amount of bioactive materials coated on implant
surfaces and the amounts that are shed from surfaces. We
found that residual amounts of RGD peptide on implant
surfaces were larger in the physical adsorption group and
that the residual rate of peptide after implant installation
was also higher in this group. Further studies on the physi-
cal strengths of peptide coatings attached to implant sur-
face by covalent bond are warranted.

CONCLUSION

The results of this study indicate that the amount of RGD
peptide coated on anodized titanium surfaces depends on
the coating method used. In particular, the physical adsorp-
tion method was found to attach larger amounts of RGD
peptide to surfaces to provide more stable coatings than
chemical grafting,
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