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Abstract

Currently, there is convincing evidence that the fibroblast-rich-barrier along the
titanium surface plays a fundamental role in the establishment and maintenance of a proper
soft tissue seal between the oral environment and the peri-implant bone.
Titanium dental implants are known to be inert. Currently, a trend is to associate agents to
obtain a bio-active titanium surface to improve fibroblast adhesion.
In this pilot study, we developed and tested a bio-active titanium surface aimed at promoting
in vitro, fibroblast attachment and proliferation. To this purpose, we created a new type of
molecule made of a backbone of silk fibroin (SF) grafted with the RGDS and TiBP peptides.
Our findings demonstrated that this new molecule had excellent capacities to adsorb onto
titanium surfaces. Moreover, this new surface influenced the attachment and morphology of
Swiss 3T3 fibroblasts. In general, an increase in cell number and growth were observed on
bio-active surfaces (coated with SF-RGD/TiBP) compared to bio-inactive machined titanium
surfaces.
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I. List of Figures
a) Periimplantitis

b) Soft tissue recession

Figure 1. Implant’s complications: Peri-implantitis demonstrating severe periimplant bone
loss (Fig. 1a) and soft tissue recession showing the implant’s abutment (Fig. 1b)

Figure 2. Schematic drawing illustrating the peri-implant connective tissue zones (Moon, J
Clin Periodontol 1999; 26: 658–663.). The 0-40 microns inner zone (Zone A) is the
connective tissue immediately lateral to the implant’s abutment, relatively rich in cell, poor
in collagen and blood vessels as opposed to the outer zone (Zone B), poor in cell but rich in
collagen and blood vessels.
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Figure 3. Small and large titanium discs used in this study. Small discs used to test silk
adsorption, large discs used for the cell culture assay.

Figure 4. Cocoons of Bombyx mori before processing.
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Figure 5. Chemical modifications of Silk Fibroin: Grafting of either both TiBP and RGD or
TiBP alone using Glutamic Acids and Aspartic Acids (Method #1) or Modified Tyrosines
(Methode #2).
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Figure 6. SEM observations. (a-c) : machined titanium discs (control) at various
magnifications revealing an irregular surface harboring concentric circles due to the turning
process and perpendicular lines of unknown origin. Surface debris could also be visualized.
(d-e) : machined titanium discs coated with SF-TiBP 5% at various magnifications.
Concentric circles as opposed to perpendicular lines are still observed.
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Figure 7. SEM observations at different magnifications of titanium discs at the level of a cut
made with a scalpel blade. (a-b) : show the deposition of SF-TiBP 5%. (c-d) : show the
deposition of SF-TiBP 1%. (e-f) fail to evidence silk deposition.
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Figure 8. AFM observations. (a) : titanium discs coated with non-functionalized silk (SF).
(b) : titanium discs coated with SF-TiBP 1%. (c) : titanium discs coated with SF-TiBP 5%.
Scratching of the surface is observed. (d): scratching area at a higher magnification.
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Figure 9. Quartz Cristal Microbalance with Dissipation. SF-TiBP 1% (curve b) shows a
greater film deposition and a lesser protein material desorption as compared to NF (curve a).
SF-TiBP 1% increases the affinity of the silk protein to titanium surfaces by 37.6 ± 7.5 %.
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a) Machined titanium (x30)

c) Titanium + SF-RGD/TiBP 5% (x30)

b) Machined titanium (x1000)

d) Titanium + SF-RGD/TiBP 5% (x1000)

Figure 10. SEM observations of fibroblasts cultured for 48 h. (a-b) : machined titanium disc.
(c-d) : titanium disc coated with SF-RGD/TiBP 5% showing an increased number of cell.
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a) Machined titanium (x30)

c) Titanium + SF-RGD/TiBP 5% (x30)

b) Machined titanium (x1000)

d) Titanium + SF-RGD/TiBP 5% (x1000)

Figure 11. SEM observations of fibroblasts cultured for 96 h. (a-b) : machined titanium disc.
(c-d) : titanium disc coated with SF-RGD/TiBP 5% showing an increased number of cell.
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Figure 12. Immunolocalization of vinculin (red), actin-F (green) and nuclei (blue) in Swiss
3T3 cells grown for 4h. (a-c) : titanium coated with SF-TiBP/RGD 5% show structured actin
fibers and high expression of vinculin. (d-f) : control titanium discs.

a) Control titanium

b) titanium coated with SF-TiBP/RGD 5%

Figure 13. Fluorescence microscopy with DAPI staining of fibroblasts cultured for 24 h.
(a): Fibroblasts cultured onto machined titanium. (b): Fibroblasts cultured onto titanium
coated with SF-TiBP/RGD 5% shows an increased in cell number by 60% compared to
control titanium discs.
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II. List of tables
Cell number / cells/400-µm2

Table 1. Average cell number adhering at 24 h post-seeding on control titanium (white) and
titanium coated with SF-TiBP/RGD 5% (black). Adhesion of swiss 3T3 cells to coated
titanium surfaces was increased by 60% as compared to control titanium discs. P-value <
0.05.
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III. Introduction and background
Percutaneous medical devices such as catheters, stump prosthesis and dental implants
represent a significant development in the field of medicine as they have improved survival
chances and quality of patient lives. Along the percutaneous part of implantable devices,
such as semi-permanent catheters, epithelial downgrowth can occur. This process can
eventually lead to implant loss (1). Although the success rate of dental implants is very high
today, there are still failures (Fig. 1a and 1b), some of which may be related to an absence of
attachment of the gingival connective tissue to the implant (2).
Dental implant integration needs to be realized in three different tissues: while bone is
necessary for the anchoring of the implant (osseointegration), epithelium and connective
tissue are important for the establishment of a mucosal seal. As in the beginning of implant
dentistry, the research was mainly focused on hard tissue integration, in recent years,
increasing attention was paid to the study of the peri-implant soft tissues and to the treatment
of the tissue-material interface in order to prevent early and late complications such as
epithelial downgrowth and infections (3, 4, 5, 6, 7).

A. HISTOLOGY OF THE PERI-IMPLANT MUCOSA: COMPARISON WITH THE
GINGIVA AT TEETH
1. Biologic width at implants
Oral implants pierce through the mucosa. While in a one-piece implant the transmucosal
component facing the soft tissues is part of the implant, in a two-piece implant the
transmucosal component (the abutment) dedicated to soft-tissue integration is a separate part
from the implant body (8).
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This soft tissue interface has been extensively assessed in histologic animal studies. It has a
dimension of 3–4 mm in the apico-coronal direction called biological width. This soft tissue
barrier plays a fundamental role in establishing an (early and long-lasting) effective seal
between the oral environment and the underlying peri-implant bone, preventing oral bacteria
and their products from penetrating into the inner part of the body and protecting the
osseointegration (4, 5, 6, 9). The interface between the surface of the transmucosal
component of the dental implant and the soft tissue, which consists approximately of a 2 mmjunctional epithelium and a 1.5 mm-connective tissue is established early following implant
surgery during soft tissue healing.

2. Junctional epithelium
Oral epithelium, upon reaching the implant’s transmucosal component, undergoes major
morphological and functional differentiations, giving rise to the sulcular and junctional
epithelia. It is generally recognized that those epithelia lining the peri-implant sulcus share
many structural and functional characteristics with the corresponding gingival tissue: the
interface between the titanium surface and the keratinocytes is characterized by	
  the presence
of hemidesmosomes and a basal lamina (10, 11, 12, 13).

3. Connective tissue adhesion
Marked differences exist between the connective tissue at teeth and implants: at a natural
tooth, the dento-gingival collagen fibers (Sharpey’s fibers) are firmly inserted into the root
cementum and oriented perpendicular or oblique to the tooth surface, serving as a barrier to
epithelial migration and bacterial invasion (14). This tissue is comprised of collagen (70%),
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fibroblasts (20%), vascular units (5%), matrix and unidentified structures (5%) (15).
In contrast, implants lack cementum and it is generally recognized that the orientation of the
fibers in the supracrestal soft tissue compartment is more or less parallel to the implant
surface, but it has been also advocated that the orientation of these fibers could be influenced
by the quality of the mucosa, i.e. the fibers tended to be parallel in alveolar mucosa, while
they seemed to be organized more perpendicularly in keratinized mucosa (2, 8, 16, 17,14).
In addition, Hansson et al. reported that collagen bundles were not inserted in the implant
surface but were consistently separated by a 20-nm-wide proteoglycan layer (13). As a
consequence, the connective tissue adhesion at implants cannot rely on the attachment of
supracrestal fibers and has a poor mechanical resistance as compared to that of natural teeth
(3). This reduced resistance of the peri-implant soft tissue is thought to allow apical
migration of the junctional epithelium (epithelial downgrowth), leading to recession or
pocket formation and bone resorption.
Nowaday, there is convincing evidence that fibroblast adhesion to the titanium plays a
fundamental role (i) in the establishment and the maintenance of a soft tissue seal, (ii) in
preventing epithelial downgrowth and (iii) in the preservation of the peri-implant bone.

Fibroblast Adhesion to the Titanium Maintains a Proper Mucosal Seal:
The zone of connective tissue next to the titanium surface has been described by many
authors as being a fibroblast-poor scar-like tissue with a relatively high collagen content, few
cells and, in the 50-100 nm-wide zone immediately in contact with the implant surface and
an absence of blood vessels (4, 9, 18). Abrahamsson, in the dog model, analysed the
composition of non-inflamed peri-implant mucosa at different implant systems. The authors
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confirmed that the connective tissue in a 300–600 nm-wide zone lateral to the titanium
surface was rich in collagen (>85%), but poor in cells (7–8%) and vascular structures (2–3%)
(5).
This was further investigated by Moon and Abrahamsson in the dog model. Even though the
overall composition of the peri-implant connective tissue was in agreement with the findings
previously reported by Abrahamsson and Buser, the two studies showed that the 200 nmwide zone next to the titanium surface was actually heterogenous ; the morphometric analysis
performed in light microscopy indicated that there were marked differences between a central
(0–40 mm) and a more laterally (40–200 mm) positioned region of this connective tissue
(Fig. 2) ; while the lateral region was characterized by its high collagen content (82.36-86%)
but low fibroblast (10-11.5%) and vascular (2-3.27%) densities, the ‘‘inner’’ region was
richer in cells (fibroblasts 31-33%) and had a relatively low proportion of collagen (63-66%)
and vascular structures (0.2-0.3%) (5, 9, 19, 20). Electron micrographs further showed that
fibroblasts occupied 28-42% of the inner region but only about 10-18% of the outer region.
Therefore, there are reasons to assume that the fibroblast-rich barrier along the titanium
surface, as opposed to what was first believed, has (i) a high turn-over and (ii) plays an
important role in the establishment and maintenance of a proper soft tissue seal between the
oral environment and the peri-implant bone (19).

Fibroblast Adhesion to the Titanium Stops Epithelial Downgrowth:
Studying the morphogenesis of the peri-implant mucosa in the animal model, Berglundh
showed that immediately after installation of the transmucosal component, a fibrin clot
occupies the compartment between the mucosa, the implant surface and the alveolar process
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and that the extracellular matrix proteins are adsorbed onto the titanium (21). At day 4 after
abutment connection, this blood clot is infiltrated by numerous polymorphonuclear
neutrophil and an initial mucosal seal is established at this early phase of healing. By the
second week of healing, this leukocyte-infiltrated fibrin tissue is found to be progressively
replaced in an apico-coronal direction by a well vascularized granulation tissue dominated by
collagen and fibroblasts. Concomitancy, in the external portion of the peri-implant mucosa,
epithelial downgrowth has occurred in order to form a junctional epithelium.
After 4 weeks of healing, a junctional epithelium has formed and occupies about 40% of the
mucosal interface to titanium and the connective tissue is well organized and composed
mainly of collagen and fibroblasts.
While the junctional epithelium is completely formed between the 6th and 8th week of
healing, connective tissue maturation and collagen fiber organization is clearly seen at 12
weeks. Fibroblasts are interposed between thin collagen fibers running mainly parallel to the
implant surface. Also, a dense layer of elongated fibroblasts is apparent along the titanium
surface with few vascular structures described as the fibroblast-rich-barrier. This barrier is
considered to be the principal factor which stops the epithelium from moving further apically
and it seems that mature connective tissue interferes more effectively with epithelial
downgrowth than granulation tissue (22, 23, 24).

Stability of Peri-Implant Crestal Bone: Role of the Connective Tissue
As the connective tissue interface including the fibroblast-rich-barrier is considered of great
importance to prevent epithelial downgrowth, its lack of mechanical resistance can
potentially lead to complications such as pocket formation and peri-implant bone loss (Fig.
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1a,b).
In the dog model, the implant’s connective tissue compartment has been reported to be about
1–2 mm high and independent of whether implant placement was performed using a
submerged or a non-submerged installation technique (4, 5, 6, 9, 25). However, still in the
dog model, additional studies have documented that the material used in the transmucosal
portion of the implant was of great significance. Although the surface topography of the
transmucosal abutment does not seem to influence the soft tissue interface, its chemical
composition seems to affect the healing; while abutments made of titanium and ceramic
provided similar conditions for a mucosal attachment, gold-alloy abutments did not promote
a proper integration of connective tissue to the implant component: the dimension of the
biologic width was consistently smaller (2.55 mm vs 3.32 mm) and no proper connective
tissue attachment formed at the abutment level (0.79 mm vs 1.30 mm) (17, 20, 26). As a
result, the junctional epithelium and the soft tissue margin receded, the implant fixture was
frequently exposed to the oral environment and bone resorption was dramatically increased
with the location of bone to implant contact being about 1 mm more apical (17).
The role of the connective tissue in supporting the peri-implant epithelium and in preventing
its apical migration and subsequent bone resorption is supported by a study conducted by
Berglundh (6). The authors investigated the soft tissue attachment that formed at sites with a
thin (about 2 mm or less) mucosa as compared to site with normal thickness. It was reported
that at sites where the ridge mucosa was made thin prior to abutment connection, wound
healing consistently included bone resorption. It was concluded that a minimum amount of
soft tissue attachment (epithelium and connective tissue) to titanium is required and if not
available, marginal bone resorption will occur to accommodate this attachment.
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B. ROLE OF EXTRACELLULAR MATRIX PROTEINS
As a general rule, cells do not bind directly to material surfaces but rather to extracellular
glycoproteins of the extracellular matrix (ECM). The survival, migration, growth and
biological functions of the cell depend on the adhesion to the ECM (27). Therefore many
researchers have attempted to improve the adhesion of human gingival fibroblasts (HGF) to
titanium implants by modifying its surface characteristics. Results from in vitro and in vivo
studies indicate that titanium surface roughness improves the formation of a superficial fibrin
network and the adsorption of ECM proteins providing a more suitable environment for
fibroblasts to adhere to the implant surface (28, 29). Unfortunately, it has also been
demonstrated that surface texture promotes biofilm formation and peri-implant inflammation
(14).
Titanium dental implants are known to be inert. A distinctive trend has been to associate
agents to obtain a bioactive titanium surface to optimize the biologic response during the
integration mechanism. Functionalization of dental implants was first successfully attempted
with the cell adhesive proteins fibronectin (FN) and laminin, collagen and chondroitin sulfate
(30, 31, 32). Dean showed that human gingival epithelial cells and fibroblasts had a strong
affinity to laminin and fibronectin respectively, suggesting possible advantages of
functionalizing dental implants with fibronectin to prevent epithelial downgrowth (30).
However, natural ECM proteins are large molecules that also contain many different cell
recognition motives. It is difficult to produce them in a full-length form using a microbial
expression system and the differences in codon usage between mammals and bacteria may
also elicit undesirable immune responses (33). In addition, they are prone to proteolytic
degradation (34). Since 1984, it has been shown that a large number of glycoproteins of the
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ECM including fibronectin, contain the tripeptide arginine-glycine-aspartic acid (RGD) at
their cell recognition sites (35). The different RGD sequences are recognized by an integrin,
a cell adhesion molecules (CAM’s), and several studies suggest that integrin binding also
initiates several internal cell signaling pathways (27, 36). The use of RGD sequences was
shown not only to support short and long-term fibroblast attachment and growth in a serumfree environment but also displayed superior fibroblast’s adhesion ability compared to
natural ECM proteins (33, 35, 37, 38, 39). Integrins are highly selective and have been found
to generally bind to only one specific RGD sequence (35). Thus, functionalization of dental
implant surfaces with a specific RGD peptide can, compared to natural ECM proteins,
selectively address one particular type of cell adhesion receptor (34). Immunohistological
localization of integrins in the periodontium has been investigated. These studies have
demonstrated that the α2/β1, α3/β1, α6/β1, and α6/β4 integrins were all expressed in human
gingival epithelium whereas the α5/β1 integrin was located on gingival fibroblasts (40, 41).
In addition, the RGD sequence - GRGDSP - has been shown to have a high affinity to α5/β1
and thus promoted fibroblast attachment (42).

Different strategies have been proposed to bind these peptides to titanium implants and it has
been suggested that a stable linking of the RGD peptide to the surface was essential to
promote strong cell adhesion because formation of focal adhesions only occurs if the ligands
withstand the cells contractile forces (34). Furthermore, it was demonstrated that chemically
bonded RGD onto the surface shows better antiwashout ability than adsorbed RGD’s (43).
Covalent binding of the RGD peptide to titanium implants through silanization, a reactive
star-shaped poly(ethylene glycol) prepolymers, a non-fouling poly(L-lysine)-graft-
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poly(ethylene glycol) molecular assembly system and an hydroxyapatite coating have been
reported (43, 44, 45, 46). While several studies have investigated bone and osteoblast’s
reactions to RGD functionalized dental implants, only Schuler and Groll reported effects on
fibroblasts (32, 45, 46, 47, 48, 49).

Among the different materials that can be used to support the grafting of RGD peptides, silkbased biomaterials provide a unique platform to control functional material-tissue outcomes.
In brief, biomaterials formed from silk fibroin protein provide:
i.

Biocompatibility and degradation – The material degrades slowly (due to the

formation of beta-sheet physical crosslinks) with minimal negative impact on the
surrounding tissues. Silks, used as sutures (FDA approved) are biocompatible and less
immunogenic and inflammatory than collagens or polyesters such as polylactic acid (50, 51,
52).
ii.

Mechanical and thermal integrity - Native silk fibers exhibit tensile properties and

resistance to mechanical compression that exceed all other natural fibers and rival synthetic
high performance fibers. Silks can also be autoclaved without any loss of integrity due to
their thermal stability (50).
iii.

Plasticity in processing and functionalization - The hydrophobic nature of silk fibroin

provides stability in the shape and size of the fibers under physiological conditions.
Although silks have been used in a variety of applications, they have never been considered
for dental implants applications. Because of the specific biophysical properties,
biocompatibility and strength of the silk fibers, this material seemed perfectly adapted for
this project to create a new bioactive surface.
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IV. Specific Aims
In this pilot study, we have developed a bioactive titanium surface aimed at promoting in
vitro fibroblast attachment and proliferation. To this purpose, we have created a new type of
molecule made of a backbone of silk fibroin grafted with peptides aimed at increasing the
adhesion of fibroblasts to titanium surfaces. Silk fibroin was grafted with two types of
peptides:
(i)

RGDS peptide to increase the adhesion of fibroblasts to the silk

(ii)

Titanium binding peptide (TiBP), known to attach preferentially to titanium
surfaces (53)

The double grafted silk will act as an adherence-specific agent at the interface between the
mucosal tissues and the titanium surface of the transmucosal abutment.

Specific aim #1: Material characterization and functionalization
Can TiBP-functionalized silk fibroin adhere to polished titanium?
Step 1 – Fabrication of the Silk-TiBP
Our approach was to develop a 1.1% and 5.3% TiBP-functionalized SF using two different
methods.
Step 2 – Adherence to flat titanium discs
The adherence of the TiBP-grafted silk fibroin to titanium surface was verified and compared
to that of non-functionalized silk.
Specific aim #2: cell culture
Can RGD/TiBP - functionalized silk fibroin be used as a support for fibroblast growth?
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Step 1 – Fabrication of the silk-TiBP/RGD
Step 2 – Compare viability and adherence of fibroblasts between functionalized titanium
surfaces and machined titanium.

V. Hypothesis:
We hypothesize that this new bioactive surface will allow in vitro, better fibroblast adherence
and growth to titanium surfaces.

VI. Significance
Currently, practitioners are still facing numerous esthetic and biological complications
despite recent improvements in dental implants. The creation of a bioactive titanium surface
may improve adhesion of human gingival fibroblasts and soft tissue integration to the
transmucosal component of implants, thus reducing complications such as soft tissue
recessions and peri-implantitis.
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VII. Materials and Methods
1. Substrates
Commercially pure titanium discs of different dimensions (5 mm and 20 mm in diameter, 4mm in thickness) (Fig. 3) with a machined surface were kindly provided by Dr. Brigitte
Grosgogeat (University of Lyon, France). The discs were cleaned successively in acetone,
1% Triton X-100 and 100% ethanol for 10 minutes each, then rinsed with sterile distilled
water. Titanium discs were then placed in P-100 dishes, air-dried under a laminar flow hood
overnight and stored in a plastic bag.

2. Silk fibroin - purification
Silk fibroin was prepared and modified at the Department of Biomedical Engineering of
Tufts University. In brief, dry cocoons (Fig. 4) of Bombyx mori (Tajima Shoji Co,
Yokohama, Japan) were boiled for 1 h in 0.02 M Na2CO3 (Fisher Scientific, Pittsburgh, PA)
solution to extract sericin from fibroin. Silk fibroin was then washed thoroughly with
distilled water to remove sericin and subsequently air-dried.

3. Silk fibroin - Chemical modifications
The RGD peptide: H-CSSGRGDSP-OH catalog # 155257 and the titanium-bonding peptide:
H-CGHTHYHAVRTQT-OH catalog # 189715 were purchased from Biomatik corporation.
The appearance was a white to off white, lyophilized powder with a purity of 98.08%. Two
methods were used to graft the silk with those two peptides (Fig. 5).
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3.1 Carbodiimide coupling chemistry
Silk fibroin contains a fair number of aspartic acid (0.5 mol%) and glutamic acid (0.6 mol%).
Coupling reactions between the amine group of either TiBP and RGD was carried out with
the carboxylic acid group (-COOH) of aspartic and glutamic acids of the soluble silk protein
in aqueous solutions through carbodiimide coupling, resulting in 1.1 % modified Silk.

3.2 Diazonium coupling chemistry
Silk fibroin contains 5.3 mol % of tyrosine. Methods to graft silk using diazonium coupling
chemistry will result in a 5.3 % grafted silk.

3.3 Characterization and notation
The two coupling reactions resulted in silk fibroin grafted with 1.1% and 5.3% of TiBP.
Furthermore, silk fibroin was grafted with 5.3% of a mixture of TiBP and RGDS-peptides.

4. Functionalization of titanium discs
4.1 Discs and silk preparation
For all experiments a concentration of 2.5 mg/ml of silk was used. The different silk fibroin
were cast onto the 5-mm-diameter titanium discs for 60 minutes. The discs were then rinsed
in PBS for 10 minutes and dried in the oven for 60 minutes at a temperature of 55°C. Once
dried, the discs were treated with 70% methanol for 2 hours to ensure insolubility of the silk
in aqueous media. Finally, the discs were sprayed with 70% ethanol to sterilize and left to dry
in air overnight under a laminar flow hood.
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4.2 Stability tests, PBS flow
In a duplicate experiment Scanning Electron Microscopy (SEM), Atomic force microscopy
(AFM) and Quartz Cristal Microbalance with Dissipation measurements were employed to
test and compare the adherence of the different silks to the titanium discs:

Test groups:
Group 1: titanium disc coated with silk functionalized with 1.1% of TiBP (SF-TiBP-1.1%)
(n=2)
Group 2: titanium disc coated with silk functionalized with 5.3% of TiBP (SF-TiBP-5.3%)
(n=2)

Control group:
Group 3: titanium disc coated with non-functionalized silk (SF) (n=2)

4.2.1 Scanning electron microscopy (SEM)
SEM was performed at Tufts University. The discs were sputter-coated with
platinum/palladium using a 208 HR Sputter Coater (Cressington, UK) before being examined
using a FESEM ultra 55 (Zeiss, NY) at 5 kV.

4.2.2 Atomic force microscopy (AFM)
AFM was performed at the University of Compiègne, France using commercial AFM
(NanoScope III MultiMode AFM, Veeco Metrology LLC, Santa Barbara, CA) equipped with
a 125 µm × 125 µm × 5 µm scanner (J-scanner). Topographic images were recorded in
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contact mode using oxide-sharpened micro-fabricated Si3N4 cantilevers (Microlevers, Veeco
Metrology LLC, Santa Barbara, CA) with a constant spring of 0.01 N/m, minimal applied
force (<250 pN) and a scan rate of 5–6 Hz. The curvature radius of silicon nitride tips was
∼20 nm. To determine the thickness of the layers, the AFM tip was used to scratch holes in
the sample by imaging small areas of 1 µm × 1 µm at high scanning rate (10 Hz) and at high
loading force (>17 nN). Images were obtained at room temperature (21–24 °C).

4.2.3 Quartz cristal microbalance with dissipation measurements (QCM-D)
QCM-D was carried out at the University of Compiègne, France, to monitor in real time the
interaction between silk fibroin and titanium in a liquid environment. Measurements were
performed with the Q-Sense E1 instrument (Q-Sense, Gothenburg, Sweden) in a triplicate
experiment. To avoid contamination, the titanium sensors (QSX 310, Qsense, Gothenburg,
Sweden) were first treated by immersion in a 1% Hellmanex II solution for 30 minutes at
room temperature, then rinsed with distilled sterile water, and immersed and sonicated in
ethanol (99%) for 10 minutes. Subsequently, the sensors were intensely rinsed with ultrapure
water and dried in a nitrogen stream. Finally, prior to the experiments, the sensors were
treated by UV/ozone for 10 min.
For protein binding measurements, the crystals were mounted in the sensor chamber. Protein
solutions (2 mL, 1 mg/mL) were pumped through the sensor chamber by a peristaltic pump at
a flowrate of 500 µL/min for 4 minutes. The flow was stopped for 4 minutes before the
buffer solution was pumped through the sensor cell at 500 µL/min for 6 minutes. Changes in
frequency, related to attached mass (including coupled water), and dissipation, related to
frictional (viscous) loss in the adsorbed protein layer to the sensor, were recorded as a
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function of time. Resonance frequency and dissipation were simultaneously measured at
several harmonics (n= 3 (15 MHz), 5 (25 MHz), 7 (35 MHz)).

5. Cell culture
Swiss 3T3 albino fibroblasts cells were obtained from the American Type Culture Collection
(ref CCL-92) and cultured in Dulbecco’s modified Eagle medium with 4 mM L-glutamine
(GIBCO 25030), 4500 mg/L D-glucose and 0.11 g/L sodium pyruvate (DMEM, Gibco
21969), supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS, Gibco 10270098) and antibiotics (Penicillin: 100 U/mL, Streptomycin: 100 µg/mL, Gibco 15140).

5.1 Cell adhesion and spreading analysis
For these experiments, titanium discs measuring 20 mm in diameter were utilized. Swiss 3T3
mouse fibroblasts were used in the cell adhesion assays to assess and compare the ability of
non-coated titanium discs with titanium discs coated with silk fibroin grafted with of both
RGD and TiBP peptides to promote fibroblast attachment and growth. Cells were detached
from the growth surface with a 0.25% (w/v) trypsin-EDTA solution (Gibco, 25200), washed
and suspended in serum-free medium.
The titanium discs were seeded with 2.104 cells/cm² in 1500 µl of serum-free medium, and
then incubated up to 4 days at 37 °C in a humidified atmosphere of 90% air and 10% CO2.
5.1.1 Scanning electron microscopy
The discs were rinsed in PBS to remove loosely bound cells. The cells were fixed in 3%
glutaraldehyde in Rembaum buffer solution (pH 7.4) for 1 hour, then dehydrated in a series
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of graded alcohols. The discs were then sputter-coated with gold before being examined
using a Philips ESEM-FEG XL30 environmental scanning electron microscope.
5.1.2 Immunofluorescence microscopy
The discs were rinsed in PBS and the cells fixed in 4% paraformaldehyde solution in PBS for
10 min at room temperature then rinsed three times with PBS. Next, cells were permeabilized
with 0.5% Triton X-100 in PBS for 5 min and non-specific staining was blocked with 1%
bovine serum albumin in PBS.
In order to detect focal contacts and vinculin, samples were incubated for 1 h with the
primary monoclonal antibody mouse IgG1 anti-vinculin (1:100 dilution, Chemicon MAB
3574) in 0.1% bovine serum albumin followed by incubation with the secondary antibody
(Cy3 goat anti-mouse IgG 115-165-146, Jackson immunoresearch) for 1h at room
temperature. For the detection of actin fibers, the cells were stained with Phalloïdin-X5-505
(0.16 nmol/mL, FP-AZ0130, Fluoroprobes). Cell nuclei were labeled with the nuclear stain
DAPI (4’,6-diamidino-2-phenylindole; 1µg/mL, D95-64, Sigma). The samples where then
observed using a LEICA DMI 6000 microscope.
5.2 Calculation of cell number
For cell number quantification, ImageJ analysis software was used (NIH,
http://rsb.info.nih.gov/ij/). Raw images were converted into an 8-bit file. The resulting
images were converted into a binary image by setting a threshold. Threshold values were
determined empirically giving the most accurate image for a subset of randomly selected
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photomicrographs. Cell number was calculated in randomly selected 400-µm square by
‘‘analyse particules’’ in ImageJ.

6. Data Analysis
Data were analyzed using the software program SPSS (version for Windows; SPSS, Chicago,
IL). The calculation of cell number was repeated five times (n = 5) and the results were
analysed using Mann–Whitney test. A level of p < 0.05 was adopted for assessing statistical
significance.

VIII. Results
1 Functionalization of titanium discs:

1.1 Scanning electron microscopy (SEM)
The SEM analysis of non-coated machined titanium discs revealed an irregular surface
harboring concentric circles due to the turning process and perpendicular lines of unknown
origin (Fig. 6). Surface debris could also be visualized.
Regarding coated surfaces, as concentric circles and debris could still be visualized (Fig. 6),
perpendicular lines were no longer observed among all samples. To better visualize film
deposition, a cut with a scalpel blade was made at the disc surface prior to SEM processing
and analysis (Fig. 7). A film deposition was evidenced on both SF-TiBP 5% and SF-TiBP
1% discs (Fig. 7 a,b,c,d). In contrast, no proper silk adsorption could be identified with nonfunctionalized silk fibroin (Fig. 7 e,f).
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1.2 Atomic force microscopy (AFM)
To further investigate film deposition among the different groups, AFM was employed to
provide a three-dimensional surface profile. As opposed to SEM, AFM does not require any
special treatment and is less affected by charging artifacts. During AFM analysis, the
cantilever was intentionally brought in contact with the surface. Scratching of the surface was
obtained with discs coated with SF-TiBP 5% and never with the other groups (Fig. 8).

1.3 Quartz cristal microbalance with dissipation
To further investigate SF-TiBP 1% adsorption capacity to the titanium, the Quartz Crystal
Microbalance with Dissipation (QCM-D) technique was carried out to investigate in real time
the interaction of non-grafted silk (NF) and grafted silk (SF-TiBP 1%) with a titanium-coated
quartz crystal.
The simultaneously measured changes in frequency (∆fn) and energy dissipation (∆Dn)
obtained at three overtones (n = 3 (15 MHz), n = 5 (25 MHz) and n = 7 (35 MHz)) are shown
in Figure 9.
For both groups, the curves followed a similar pattern: upon injection of the silk (Fig.
9; arrow 1), an initial frequency change and dissipation change were immediately detected
corresponding to film deposition and mass change. Less than 2 minutes after silk injection, a
plateau was reached and a saturation occurred 4 minutes after the beginning of the
experiment.
Comparing the frequency and dissipation changes in the two groups, the following
values were obtained: concerning the set of non-grafted silk binding curves (Fig. 9 curve a),
the saturation was reached at -36, -35 and -33 Hz for the normalized frequency data at the
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third, fifth and seventh harmonics respectively and at ~ 5.6 x 10-6 for the dissipation. As for
the set of 1% TIBP silk protein binding curves (Fig. 9 curve b), the saturation was obtained at
- 49, - 45 and - 42 Hz for the frequency shifts at the third, fifth and seventh overtones
respectively and at ~ 8 x 10-6 for the dissipation data.
The buffer rinsing (Fig. 9; arrow 2) was performed until the frequency and dissipation
values were stable (approximately 6 minutes). While the frequency and dissipation stabilized
at – 28 Hz (n=3), - 26 Hz (n=5), – 24 Hz (n=7) and ~4.7 x 10-6 in NF group, they stabilized at
– 47 Hz (n=3), - 44 Hz (n=5), – 41 Hz (n=7) for the frequency and at ~7.5 x 10-6 for the
dissipation in the SF-TiBP 1% group.

2 Cell adhesion assay
2.1 Scanning electron microscopy
SEM examinations of Swiss 3T3 fibroblasts cultured for 48 h and 96 h revealed a great
disparity in cell morphology, cell adhesion and cell growth between titanium discs coated
with SF-TiBP/RGD and machined titanium discs.
Machined titanium discs:
48 h post-seeding, some cells were visible leaving apparent the surface of the discs. Higher
magnifications revealed polygonal-shaped cells presenting microspikes, many cellular debris
and some extracellular matrix deposit as well (Fig. 10 a,b). The 96 h- examinations were
consistent with the previous observations: the control machined titanium discs were still
scattered with few polygonal cells and extracellular matrix debris (Fig. 11 a,b).
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Coated titanium discs (SF-TiBP/RGD 5%):
Unlike machined surfaces, SF-TiBP/RGD 5%-coated surfaces appeared at 48 h covered with
fibroblasts with no clear orientation (Fig. 10 c). The highest density was detected at the
center of the discs. At a higher magnification, cell morphology was quite homogeneous: cells
were flat and more elongated than on machined surface, polygonal or spindle-shaped (Fig.
10d). The cells appeared intimately adherent to the surface and to other cells with numerous
strong lamellapodia.
After 96h of growth, SF-TiBP/RGD 5%-coated discs were covered with a dense cellular
layer (Fig. 11c) preventing visualization of extracellular matrix proteins. At a higher
magnification, cells demonstrated a normal cell morphology. The great variety and number
of cytoplasmic projections were again observed and attested strong anchorage of the cells to
each other and to the titanium surface (Fig. 11d).
2.2 Immunofluorescence microscopy
2.2.1 Early cell attachment (4 h):
Cell morphology:
Cells presented a flat morphology and appeared intimately adherent to the surface (Fig. 12 af). However, the difference of substrata clearly affected cellular morphology under
fluorescence microscopy: while fibroblasts cultured on coated discs (Fig. 12 a-c) were well
spread and elongated, mainly polygonal or spindle-shaped with no clear orientation, cells
cultured on machined titanium (Fig. 12 d-f) presented a less well-defined morphology.
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Immunolocalization of vinculin, actin fibers and nucleus:
Focal adhesion contacts were qualitatively analyzed for both surfaces. Even though vinculin
expression was found on both coated and non-coated surfaces, prominent vinculin expression
on cell-to-substrate contacts and cell-to-cell contacts was noted for cells cultured on silkcoated titanium discs (Fig. 12 a-c). For cells cultured on control titanium discs, in addition to
low vinculin and focal adhesion contacts expressions, a weak continuity of F-actin was
observed inferring a low interaction with the substrate and less spreading capacities (Fig. 12
d-f).
On the contrary, actin fibers were widely distributed within the cells cultured on silk-coated
titanium discs. Actin fibers architecture was clearly identified throughout the cytoplasm and
attaching to focal adhesion contacts providing the cell with a well-defined morphology and a
robust attachment to the substratum (Fig. 12 a-c).

2.2.2 Cellular attachment at 24 h:
Cellular adhesion at 24 h (Fig. 13) was compared between machined titanium and silk-coated
titanium discs using the nuclear stain DAPI (4’,6-diamidino-2-phenylindole). As shown in
table 1, adhesion of swiss 3T3 cells to coated titanium surfaces was increased by 60% as
compared to control titanium discs.
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IX. Discussion
Currently, there is convincing evidence that the fibroblast-rich barrier next to the titanium
surface plays an important role in the establishment and maintenance of a proper soft tissue
seal between the oral environment and the peri-implant bone (19). It has also been reported
that mature connective tissue interferes more effectively than granulation tissue to prevent
epithelial downgrowth (24). Therefore, to optimize fibroblast adhesion during soft tissue
healing, a trend has been to coat titanium implants with ECM proteins and more recently
with the RGD tri-peptide to obtain a bioactive surface (30, 31, 32, 45, 46). In this pilot study,
a new bioactive titanium surface aimed at promoting fibroblast attachment and proliferation
was developed. To this purpose, a new molecule made of a backbone of silk fibroin grafted
with the RGDS and the TiBP peptides was created.

Functionalization of titanium discs
Because it has been suggested that a stable linking of the bio-coating to the titanium surface
was essential to promote strong cell adhesion, the first aim of the present pilot study was to
test the stability of the silk in PBS flow (34).
SEM observations evidenced a film deposition with both SF-TiBP 5% and SF-TiBP 1% (Fig.
7 a,b,c,d). However, no silk adsorption could be identified on titanium treated with nonfunctionalized SF (Fig. 7 e,f).
Atomic Force Microscopy was then carried out and attempts to scratch the coating with the
cantilever was made. AFM analysis partially corroborated SEM observations: while a scratch
was detected on the SF-TiBP 5% - coated discs (Fig. 8 c,d), none was found for nonfunctionalized SF (Fig. 8a) revealing film deposition for the SF-TiBP 5% group only.
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However, contradicting results were obtained for the discs coated with SF-TiBP 1% (Fig.
8b). AFM did not document any scratch suggesting that no silk deposition occurred for this
group. Another explanation for this is that SF-TiBP1% adsorption did occur but was
relatively low and stood below AFM detection limit. To further investigate the capacity of
SF-TiBP 1% to adsorb onto the titanium and attempt to clarify why SEM and AFM
observations had shown conflicting results, the Quartz Crystal Microbalance with Dissipation
(QCM-D) technique was carried out in liquid environment to investigate in real time, the
respective interactions and affinities of non-grafted silk (NF) and grafted silk (SF-TiBP 1%)
with a titanium-coated quartz crystal (Fig. 9).
A quartz crystal microbalance measures a mass per unit area by measuring the change in
frequency of a quartz crystal resonator. The resonance is disturbed by the addition or removal
of a small mass and QCM is therefore useful for monitoring the rate of film deposition at the
surface of the acoustic resonator. In addition to measuring the frequency, the dissipation is
often measured to help analysis. The dissipation is a parameter quantifying the damping in
the system, and is related to the sample's viscoelastic properties.
The simultaneously measured changes in frequency (∆fn) and energy dissipation (∆Dn)
obtained at different overtones were plotted as a function of time. Upon injection of silk
fibroin (Fig. 9; arrow 1), an initial frequency change due to film deposition onto the titaniumcoated quartz crystal was observed for both sets of frequency curves. A greater change for
SF-TiBP 1% (curve b) was interpreted as a greater film deposition as compared to NF.
Moreover, the buffer rinsing (Fig. 9; arrow 2) was performed until the frequency and
dissipation values were stable (approximately 6 minutes). While the frequency and
dissipation stabilized at - 28 Hz (n=3), - 26 Hz (n=5), - 24 Hz (n=7) and ~ 4.7 x 10-6 for NF
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group, they stabilized at - 47 Hz (n=3), - 44 Hz (n=5), - 41 Hz (n=3) for the frequency and at
~ 7.5 x 10-6 for the dissipation. When comparing these values with the values obtained at
saturation, it appeared for SF-TiBP 1% that they were very close. Thus SF-TiBP 1%,
displayed negligible protein material desorption as opposed to NF during the washing out
step, suggesting a stronger affinity of SF-TiBP 1% compared to NF. Data analysis showed
that the functionalization with SF-TiBP 1% increases the affinity of the silk protein to
titanium surfaces by 37.6 ± 7.5 %.
Analysing the information gathered from SEM, AFM and QCM-D observations, it is
suggested that the different silks can adhere to titanium surfaces, and that grafting TiBP onto
silk fibroin increases significantly silk affinity and stability to titanium. This is desired since
it has been suggested that a stable linking of the RGD peptide to the surface was essential to
promote strong cell adhesion because formation of focal adhesions only occurs if the ligands
withstand the cells contractile forces (34). The limitations of our study is that no QCM-D
analysis was undertaken to test SF-TiBP 5%. It would have been interesting to compare this
group to SF-TiBP 1% and measure any beneficial effect of grafting more TiBP molecules.

2 Cell adhesion assay
The second aim of this study was (i) the fabrication of the silk grafted with both the TiBP and
RGD peptides (SF-TiBP/RGD 5%) and (ii) to verify its capacity to support fibroblast growth
in vitro. The use of RGD sequences has proven not only to supports short and long-term
fibroblast attachment and growth in a serum-free environment but has also displayed superior
fibroblasts’s cell adhesion ability than natural ECM proteins (33, 35, 37, 38, 39).
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Moreover, the RGD sequence –GRGDSP- has been shown to have a high affinity to the
α5/β1 integrin and thus promoted fibroblast attachment (42).
SEM and fluorescence microscopic examinations of the swiss 3T3 fibroblasts cultured on
titanium discs coated with SF-TiBP/RGD 5% and machined titanium discs have revealed
great differences in term of cell growth, cell morphology and cell attachment.

Cell growth:
Cell growth at 24 h was compared between machined titanium and silk-coated titanium discs
using the nuclear stain DAPI. As shown in figure 13, growth of swiss 3T3 cells onto coated
titanium surfaces (Fig. 13b) was increased by 60% as compared to control machined titanium
discs (Fig. 13a). SEM observations at 48 h and 96 h were consistent with preceding findings:
unlike control machined titanium discs which were scattered with few cells until 96 h postseeding (Fig. 10 a,b and Fig. 11 a,b), SF-TiBP/RGD-coated discs appeared already 48 h postseeding, covered with fibroblasts (Fig. 10 c,d). After 96 h of cultures, SF-TiBP/RGD-coated
discs were covered with a dense cellular layer (Fig. 11 c,d), and confluence was reached. In
general, a higher cell growth was observed on the bioactive surface than on machined
titanium. Silk fibroin grafted with both TiBP and RGD peptides have demonstrated high
capacity to support fibroblast attachment and growth onto titanium surfaces in vitro. Despite
the limited sample size of our study, these results contrast with the results published by Groll
in 2005 and Schuler in 2006. In those studies, the similar RGD sequence employed to test
fibroblast growth were stabilized onto a Star PEG-modified surface (Groll) and a PLL-g-PEG
polymers (Schuler). Although, the use of RGD proved to support fibroblast’s adhesion and
growth, when comparing to regular titanium surfaces, no clear superior results were obtained
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in term of cell number (45, 46). This absence of superior results might have been related to
the nature of the molecules used to immobilize the RGD sequence onto the titanium surface.
Also, it is well known that similar to the presentation of the RGD sequence in an exposed
loop of a protein, the RGD peptide must stand out from an artificial surface in order to reach
the binding site of the integrin, underlying the importance of spacers and coupling reagents.
In our study, the positive results might have been related to the biocompatibility of the Silk
Fibroin used to immobilize the RGD sequence.

Cell morphology:
Difference of substrata clearly affected cellular morphology. Contrasts were already detected
4 h post-seeding with fluorescence microscopy: fibroblasts cultured on coated discs (Fig. 12
a-c) were more elongated, mainly polygonal or spindle-shaped and presented numerous
lamellapodia. Actin architecture could be clearly identified throughout the cytoplasm. On the
contrary, actin expression was found to be poor in cells cultured on machined titanium and
no actin architecture could be visualized indicating a lesser cellular activity (Fig. 12 d-f).
Moreover, as evidenced by immunofluorescence microscopy at 4 h and SEM observations at
48 and 96 h, fibroblasts cultured on machined titanium consistently presented a less welldefined morphology and small microspikes (Fig. 10 b, 11 b and 12 d-f).

Cell attachment:
Similarly, fibroblast attachment was clearly affected by the substratum. Immunolocalization
of vinculin was carried out to identify focal adhesion contacts for both surfaces (Fig. 12 a-f).
Even though vinculin staining was evidenced for both coated and non-coated surfaces,
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prominent vinculin expression on cell-to-substrate contacts and cell-to-cell contacts was
noted for cells cultured on bioactive titanium discs. SEM observations performed at 48 h and
96 h were in agreement with preceding findings: cells cultured on bioactive surface displayed
stronger and more numerous cytoplasmic projections than cells cultured and machined
titanium (Fig. 10, 11 and 12). These observations suggest a higher interaction with the
substrate and thus support a more robust attachment of the cells to bioactive surfaces.

X. Conclusions
In this pilot study, we have developed and tested a new bioactive titanium surface aimed at
promoting in vitro fibroblast attachment and proliferation. To this purpose, we have created a
new type of molecule made of a backbone of silk fibroin grafted with the RGDS and TiBP
peptides. Despite the study’s limitations, our findings demonstrate that this new molecule has
excellent capacities to adsorb onto titanium surfaces and shows adequate anti-washout
properties. Moreover, this new surface strongly influences the morphology, the attachment
and the growth of Swiss 3T3 fibroblasts. In general, an increase in cell number and growth is
observed on bioactive surfaces compared to machined titanium surfaces.
Within the scope of this pilot study, no clinical consideration can be drawn and further
investigations are needed to determine the applicability of this new bioactive titanium surface
modification in clinical practice.
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