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Abstract
Soft tissue adhesion on titanium represents a challenge for implantable materials. In order to
improve adhesion at the cell/material interface we used a new approach based on the molecular
recognition of titanium by specific peptides. Silk fibroin protein was chemically grafted with
titanium binding peptide (TiBP) to increase adsorption of these chimeric proteins to the metal
surface. Quartz Crystal Microbalance was used to quantify the specific adsorption of TiBP-
functionalized silk and an increase in protein deposition by more than 35% was demonstrated due
to the presence of the binding peptide. A silk protein grafted with TiBP and fibronectin-derived
RGD peptide was then prepared. The adherence of fibroblasts on the titanium surface modified
with the multifunctional silk coating demonstrated an increase in the number of adhering cells by
60%. The improved adhesion was demonstrated by Scanning Electron Microscopy and
immunocytochemical staining of focal contact points. Chick embryo organotypic culture also
revealed strong adhesion of endothelial cells expanding on the multifunctional silk-peptide
coating. These results demonstrated that silk functionalized with TiBP and RGD represents a
promising approach to modify cell-biomaterial interfaces, opening new perspectives for
implantable medical devices, especially when reendothelialization is required.
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Introduction
The adhesion of cells or tissues at the surface of implanted materials requires specific
surface modifications [1]. Different strategies have been tested that use a physical or
chemical modification such as abrasion or acid etching of the metal [2],[3]. More recently, a
new approach was developed, using the specific biological activity linked to short peptidic
sequences. Since 1984, it has been realized that a large number of glycoproteins of the extra-
cellular matrix including fibronectin, contain the tripeptide arginine-glycine-aspartic acid
(RGD) as cell recognition sites [4]. Integrins are highly selective and generally bind to
« GRGDSP » with high affinity to the α5/β1 integrin [5]. Thus, functionalization of implant
surfaces with a specific RGD peptide can selectively direct one type of cell adhesion
receptor [6].

Different strategies have been proposed to bind these peptides to metallic implants,
especially widely used titanium. It has been suggested that stable linking of the RGD peptide
to the surface was essential to promote strong cell adhesion [6],[7]. Indeed, titanium dioxide
(TiO2) is one of the most widely explored bio-related materials, particularly in relation to
medical implants. Forming a stable layer on the surface of titanium-based implants provides
a highly active oxide that mediates interactions with surrounding proteins, in turn governing
the integration of the implants with the surrounding tissues [8],[9]. A number of extracellular
matrix proteins (e.g., fibronectin) and plasma proteins (e.g., fibrinogen and albumin)
strongly interact with TiO2. These interactions are often mediated via weak associations,
including ionic forces and hydrogen bonds, resulting in unstable, highly reversible protein
adsorption to TiO2 [10],[11]. However, the adherence of proteins on the surface of metallic
materials largely relies on nonspecific hydrophobic interactions, which generally results in
the destruction of the protein structure and inactivation of bound biomolecules.

Recently, several groups used combinatorial display technologies to identify amino acids
sequences conferring to phages or bacteria the ability to bind to inorganic and synthetic
materials [12],[13]. Among these peptides, some demonstrated high affinity for
titanium [14],[15]. These peptides provide new opportunities to develop novel interfaces of
biomolecules and inorganic materials to increase cell adhesion. Among the different carriers
that can be used to support the grafting of titanium binding peptide (TiBP) and RGD
peptides, silk-based biomaterials provide a unique platform to study functional material-
tissue outcomes. In brief, biomaterials formed from silk fibroin protein provide:

i. Biocompatibility and Controlled degradation rate – The material degrades slowly
with minimal negative impact on the surrounding tissues. Silks, used as sutures, are
biocompatible and less immunogenic than collagens or polylactic/polyglycolic
acids [16],[17],[18].

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 [16].

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, with available amino acid side chain chemistries for facile chemical
functionalization.

The goal of the present study was to functionalize silk fibroin protein with TiBP and RGD
peptide to improve cell and soft tissue adhesion on titanium discs. This approach to
functionalization of titanium as a way to improve cell interactions could provide a relatively
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simple yet very effective strategy to modify the surface chemistry of the implant and lead to
the development of completely new strategies in the biomaterial field.

Material and methods
Substrates

Commercially pure titanium discs (CP-Ti, 20-mm diameter, 4-mm thick, surface polished)
were kindly provided by Dr. Brigitte Grosgogeat (University of Lyon, France) and were
thoroughly washed with distilled water, dried and sterilized with 70% ethanol for 30 min
before use. All chemicals were purchased from Aldrich, Sigma or Fluka and used as
supplied without further purification.

Silk fibroin and subsequent chemical modification
Bombyx mori silkworm cocoons were cut in small pieces and boiled for 1 h in aqueous
solution of 0.02 M Na2CO3, rinsed once with boiling DI water, three times with cold DI
water and dried in air using our previously published procedures [19]. The silk fibroin was
solubilized in 9M LiBr solution at 60°C to 20wt%, filtered through 5 μm syringe filter,
dialyzed for 1 day against deionized water (membrane MWCO 3,500 g.mol−1; Pierce,
Woburn, MA), and for two days against BupH™ MES buffered saline (Pierce) at pH 6.5.
The final concentration of silk solution in MES buffer was 6–9 wt%. Silk fibroin was
modified with RGD peptide (RGD): H-CSSGRGDSP-OH and the titanium-binding peptide
(TiBP): H-CGHTHYHAVRTQT-OH (Biomatik USA, LLC Wilmington, DE) at two
different concentrations: 1.1% and 6.4%. The carboxyl groups of aspartic and glutamic acid
(1.1 mol %) of silk fibroin were used for EDC/NHS catalyzed reaction (NHS: N-
Hydroxysuccinimide, EDC: 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride) with the free amine group of the N-terminus of the peptide. Briefly, 0.25 g of
NHS and 0.4 g of EDC per gram of dry silk protein was added to the silk fibroin solution
and reacted for 30 min; the unreacted EDC was quenched with 2-mercaptoethanol. Next, the
peptides were added at 1:1 molar ratio, with respect to available carboxyl groups, and the
reaction was allowed to proceed for 3 h. The addition of NaOH to increase the pH to 9
stopped the coupling reaction. The modified silk fibroin solutions were dialyzed against DI
water for 2 days, changing water 3 times a day. The final products were silk fibroin
modified with (1) RGD, (2) TiBP, and (3) 50:50 mix of RGD and TiBP. Additionally, the
tyrosine residues of silk fibroin were modified using diazonium coupling chemistry as we
have described previously [20], to increase the carboxyl group content by 5.3 mol% to a total
of 6.4 mol%. The EDC/NHS catalyzed reaction was used as described above to prepare the
corresponding silk fibroin/peptide constructs at higher peptide loads.

Amino acid composition analysis
Amino acid composition analysis was performed at the W.M. Keck Foundation
Biotechnology Resource Laboratory (Yale University, New Haven, CT). Samples analyzed
were Silk-TiBP 5.3%, Silk-RGD 5.3%, and Silk-TiBP/RGD 5.3%, along with the starting
unmodified silk (referred to as Silk(Y)-COOH, with carboxyl group content ~ 5.3%).
Aliquots of 10 μl of 1mg/ml aqueous solution from each sample were lyophilized and
hydrolyzed in vacuum for 16 h at 115°C in 6N HCl/0.2% phenol with 1 nmole/100 % μl
nVal as an internal standard. Samples (10% of each aliquot) were quantified using a Hitachi
L-8900PH Amino Acid Analyzer (Ion-exchange separation followed by post-column
derivatization with ninhydrin for detection at 570 nm and 440 nm). Data were analyzed with
EZChrom Elite for Hitachi data acquisition software.
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Functionalization of titanium discs
2.5% (w/v) silk fibroin solutions were cast onto the titanium discs for one hour at room
temperature. The discs were rinsed in PBS for 10 minutes and dried in an oven for one hour
at 55°C. The dried discs were treated with 70% methanol for 2 hours to ensure insolubility
of the silk in aqueous media and allowed to dry in air under a laminar flow hood overnight.
Titanium discs were sterilized with 70% ethanol for 30 min before use.

Quartz Cristal Microbalance with Dissipation measurements
Measurements were performed with the Q-Sense E1 instrument (Q-Sense, Gothenburg,
Sweden) as described in [21]. Protein solutions (2 mL, 100μg/mL) were pumped through the
sensor chamber by a peristaltic pump at a flow rate of 500μL/min. After the protein
injection, the flow was stopped for 4 min, before the buffer rinsing step. The buffer solution
was pumped through the sensor cell at 500μL/min during 4 min.

Cell culture
Swiss 3T3 albino fibroblast 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
10270–098) and 100 U/mL penicillin 100 μg/mL streptomycin (Penicillin–Streptomycin,
Gibco 15140), in incubator under 10% CO2/90% air. Confluent cells were detached with
0.25% (w/v) trypsin-EDTA (Gibco, 25200), washed and suspended in serum-free medium
and used for the experiments described below. The Swiss 3T3 mouse fibroblasts were used
in the cell adhesion assays. Experiments with Titanium discs were carried out in both the
absence of serum proteins and the presence of 10% FBS (after 4h). The titanium surfaces
were seeded at 2×104 cells/cm2 in 1500 μl of serum-free medium for 4 h at 37°C and 10%
CO2, then the serum-free medium was replace with DMEM containing 10% FBS and cells
were grown for 4 days with medium replaced with fresh one after 3 days.

Scanning Electron Microscopy
The cells were rinsed in PBS, fixed in 3% glutaraldehyde in Rembaum buffer (pH 7.4) [22]

for 1 hour, dehydrated in a series of graded alcohols, critical-point dried from CO2 (Polaron
Instrument Inc., Nottingham UK), sputter-coated with gold (Polaron) and examined in a
Philips ESEM-FEG XL30 Environmental Scanning Electron Microscope.

Immunofluorescence imaging
Cells were fixed 4h post-seeding in 1mL of 4% paraformaldehyde solution in phosphate-
buffered saline (PBS) for 10 min at room temperature then rinsed three times with PBS.
Samples were permeabilized in 0.5% Triton X-100 in PBS for 5 min at room temperature
and rinsed twice with PBS before 1h incubation at RT in 1% bovine serum albumin in PBS
to minimize non-specific staining. Primary monoclonal antibody mouse IgG1 anti-vinculin
(1:100, Chemicon MAB 3574) was added in PBS/BSA 0.1% (w/v) and incubated at RT for
1 h in the dark. The cells were washed with PBS three times. Cy3-conjugated secondary
antibody (cy3 goat anti mouse IgG 115-165-146, Jackson Immunoresearch), DAPI (1μg/
mL, D95-64, Sigma) and Phalloïdin-X5-505 (0.16 nmol/mL, FP-AZ0130, Fluoroprobes)
were added and incubated at RT in the dark for 1 hour. The samples where then rinsed twice
with PBS and observed using a LEICA DMI 6000 microscope. For focal contact points’
quantification, more than 80 cells on 9 different areas from three independent experiments
of each condition (bare titanium or Silk-TiBP/RGD) have been analyzed and vinculin spots
counted in a double blind test. Results were compared using a Mann–Whitney test with p <
0.001 (***).
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Cell counts
For cell quantification on figure 3, ImageJ analysis software was used (NIH, http://
rsb.info.nih.gov/ij/). The raw image was converted to an 8-bit file and then converted to a
binary image by setting a threshold. Threshold values were determined empirically giving
the most accurate image for a subset of randomly selected photomicrographs. Cell number
was calculated in randomly selected 400μm squares by “analyze particles” in ImageJ. Five
samples per condition were analyzed and this procedure was repeated five times (n = 5) and
the results were compared using a Mann–Whitney test. Differences were considered as
significant when p < 0.05 (*).

Organotypic Culture Model
This method is usually used to assess the cytocompatibility of biomaterials as a function of
cellular migration, proliferation, and adhesion. Briefly, from chick embryos, aortic tissue
was isolated and sectioned in 1 mm2 pieces. After longitudinal sectioning, the vessel was
opened so that the endothelial side faced upwards. The epithelial side of a chick embryonic
aorta is placed in contact with a solid nutrient culture matrix (i.e. gel made of culture
medium, serum and agar solidified on the bottom of a culture dish). A titanium disc was
placed on the upper-endothelial side of this explant. Since the matrix does not allow cellular
adhesion, cells from the explant preferentially grow along the titanium. Typically after 7
days incubation at 37°C, migration was determined by measuring the area covered by the
cells on the titanium disc (Neutral Red staining) with imageJ software. Some samples were
fixed in 3% glutaraldehyde solution and prepared for SEM. The cells that detached from the
sample surface after incubation for 5, 10, 20, 30 and 60 min were harvested and counted.
The samples were then placed in (0.25%) trypsin-EDTA for 15 min. For the cell
proliferation assessment we measured the cell layer areas on the different materials using a
stereomicroscope fitted with a camera and the ImageJ software. After that, the cells were
removed from the materials slowly by using an enzymatic digestion (diluted trypsin). The
cell number of the different cell layers were counted at each step of the treatment (5mn,
10mn, 20mn, 30mn and 60mn) and the cell proliferation is assessed by calculating the cell
density of the cell layer grown around the initial explant (number of cells per mm2) [23],[24].

Results/Discussion
Silk-peptide and diazo-carboxy-silk -peptide derivatives

To improve adsorption of proteins and cells on titanium, silk fibroin was chemically grafted
with titanium binding (TiBP) and RGD peptides.

Silk grafted with TiBP and/or fibronectin-derived RGD were synthesized by the covalent
conjugation of the carboxyl groups of silk (1.1 mol %) with the N-terminal amino group of
the peptides, via EDC/NHS chemistry. In order to increase the level of peptide grafting, the
same reaction was subsequently performed from diazo-carboxy-modified silk, a silk
derivative with higher carboxyl group content (6.4 mol%). Diazo-carboxy-silk was
synthesized, as we have previously reported [20], by modifying the tyrosine side chains of
silk via diazonium coupling with the p-aminobenzoic acid diazonium salt. The derivative
was characterized by 1H-NMR and the analyses (not shown) were in agreement with our
previous results [20].

Degree of substitution of the silk-peptide derivatives
In order to confirm the degree of substitution with the peptide derivatives of diazo-silk,
amino acid composition analysis was performed. The starting protein, the diazo-carboxy-silk
fibroin (Figure 1) and the peptide derivatives, Silk-TiBP 5.3%, Silk- RGD 5.3%, and Silk-
TiBP/RGD 5.3% were analyzed. The amount of serine and arginine increased in the

Vidal et al. Page 5

Acta Biomater. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/


derivatives bearing the RGD peptide (Silk-RGD and Silk-TiBP/RGD), while the relative
amount of threonine, valine, histidine and arginine increased in the derivatives bearing the
Ti-binding peptide (Silk-TiBP and Silk-TiBP/RGD). Table 1 shows the estimated degree of
substitution of the Silk-diazo derivatives modified with Ti-BP and RGD, as calculated from
the relative increase of the nmoles of threonine, histidine or arginine, in the silk derivatives
with TiBP or RGD, based on the amino acid composition analysis. Cysteine and tryptophan
were eliminated from the analysis because cysteine is partially destroyed by HCl hydrolysis
and it is usually detected as a combination of cysteine (co-eluting with or just after proline)
and cystine (elutes after alanine), and tryptophan degrades during the HCl hydrolysis.
During the hydrolysis step, glutamine and asparagine are converted to glutamic acid and
aspartic acid, respectively. The degree of substitution thus calculated is consistent with the
theoretical values, based on a maximum amount of reactive carboxyl groups ~5.3 mol %,
and the results confirm the chemical conjugation.

Protein adsorption on titanium
To investigate in real time the interaction of unmodified and 1% TiBP-functionalized silk
proteins with the titanium (TiO2) substrate, we used the Quartz Crystal Microbalance with
Dissipation (QCM-D) technique. This method measures simultaneously two properties of
adsorbed layers onto the sensor surface. It is sensitive to the changes in frequency (Δf) as
well as the changes in energy dissipation (ΔD) that occurs when molecules binds to an
oscillating quartz crystal sensor. The frequency shift is related to the mass uptake and the
dissipation shift is characteristic of the viscoelastic nature of the protein layer formed on top
of the substrate. This technique has been used in many studies of macromolecule adsorption
at liquid-metal interfaces [25]. The QCM-D curves obtained upon binding of unmodified and
1% TiBP functionalized silk proteins onto a TiO2 surfaces are shown in Figure 2. Changes
in frequency (Δfn) and energy dissipation (ΔDn) obtained at the three overtones (n) were
measured simultaneously: n = 3 (15 MHz), n = 5 (25 MHz) and n = 7 (35 MHz) were plotted
as a function of time. For both sets of frequency curves (panel B), an initial frequency
change was observed upon injection of unmodified or 1% TiBP silk proteins (arrow 1). This
frequency shift corresponded to the mass change associated with protein binding to the
titanium surface.

In order to facilitate the comparison of the frequency shifts measured at the different
harmonics, the frequency values were divided by the overtone number (Δfn/n). Concerning
the set of unmodified silk binding curves, saturation was reached at −36, −35 and −33 Hz for
the normalized frequency data at the third, fifth and seventh harmonics respectively, and at
~5.6 × 10−6 for the dissipation values (figure 2, panel A). With reference to the set of 1%
TIBP silk protein binding curves, saturation was obtained at −49, −45 and −42 Hz for the
frequency shifts at the third, fifth and seventh overtones, respectively, and at ~8 × 10−6 for
the dissipation data. These dissipation values were high enough to consider the protein
layers viscous and to explain the absence of superposition in the frequency curves at the
different harmonics. Indeed the viscoelastic properties of the adsorbed film have an impact
on the frequency measurement. Furthermore, due to the high viscosity of absorbed protein
films, the recorded frequency shifts cannot be converted to protein mass adsorbed onto the
crystal surface. The Sauerbrey equation is not relevant for nonrigid adsorbed films [26].

The buffer rinsing (arrow 2) was performed until the frequency and dissipation values were
stable. There was an increase and decrease in Δf and ΔD, respectively, at all harmonics for
the unmodified silk adsorbed on TiO2, stabilized at −28 Hz (n=3), −26 Hz (n=5) and −24 Hz
(n=7) for the frequency values and at ~4.7 × 10−6 for the dissipation values. For the 1%
TiBP silk protein, negligible protein material was desorbed during the washing step
(stabilization at −47 Hz (n=3), − 44 Hz (n=5) and −41 Hz (n=3) for the frequencies and at
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~7.5 × 10−6 for the dissipation) suggesting a stronger interaction of the functionalized
protein with the surface compared to the control of unmodified surface.

In conclusion the QCM-D results showed that functionalization with 1% TiBP increased the
affinity of the silk protein for titanium surfaces by 37.6 ± 7.5 % (standard errors obtained
from three independent measurements, independent protein solutions and sensors).

We wanted to investigate the specificity of TiBP interaction with other surfaces using the
QCM technique and found that the binding affinity of the TiBP was similar for titanium,
gold and silica (data not shown). A number of recent studies have implicated electrostatic
interactions as an important contributor in the adhesion of peptides to such varied substrates
as SiO2, gold, aluminum, titanium and titanium oxide [13],[27]. Sano et al [28] suggest that the
epitope, or set of molecules recognized by Titanium binding peptide-1 (TBP-1), reflects a
local electrochemical geometry on the oxide surface that is shared among Ti, Ag, and Si.
Chen et al [27] have shown that a dominant peptide sequence (STB1) emerged with cross
binding affinity to SiO2 and TiO2, and is enriched with basic amino acid residues. Also, the
structural flexibility of a linear metal oxides-binding peptide enables it to explore a wider
range of conformations to maximize its interaction with TiO2 and SiO2 [29].

Therefore, surface functionalization with these peptides could be of particular interest for
glass-derived biomaterials especially to increase the bioactivity of scaffolds used in bone
reconstruction [30]

Cellular spreading and adhesion
Cellular adhesion was evaluated using mouse Swiss 3T3 fibroblasts proteins on titanium and
titanium functionalized with TiBP and RGD-grafted silk. Using a computer-assisted cell
counting program, it was determined that after 48h of culture the total number of cells per
mm2 was increased by 60% when titanium was coated with the TiBP and RGD-grafted silk
as compared to the control bare titanium (Figure 3). The cell counting data prompted us to
perform morphological analysis until 96h of culture of the different samples, non-coated or
coated with Silk-TiBP/RGD. After 48h (Figure 4, titanium 48h) few cells were observed
leaving the irregular surface of the sample visible (especially circular crevices resulting from
the polishing). Some cell debris was found on the surface and higher magnification images
of the non-coated surface (titanium 48h) confirmed the presence of the cellular debris
(arrow). Nevertheless, few intact cells could be detected and some extracellular matrix
deposits were observed.

In contrast, the Silk-TiBP/RGD coated surface (Silk-TiBP/RGD5.3%, 48h) was covered
with cells, with a higher density at the center of the sample. At higher magnification, (Silk-
TiBP/RGD5.3%, 48h) these cells are well spread and present many pseudopods helping to
anchor the cells to the surface for adhesion. Some traces of extracellular matrix proteins
could be seen on the titanium. After 96h, (titanium 96h) the material was scattered with cell
and extracellular matrix debris (arrow). At higher magnification a few cells were observed
spread on the titanium. A completely different situation appeared was observed when the
titanium was coated (Silk-TiBP/RGD5.3%, 96h) where a dense and compact cellular layer
covered the surface. At higher magnification these cells appear spread. The fibroblasts
appeared elongated, adhering with many pseudopods to the surface as well as between
themselves. Because the surface was hardly visible, we could not assess the presence of
extracellular matrix proteins on the titanium surface.

To further define potential modifications in the cell-material interactions, immunostaining of
proteins involved in early cell adhesion were performed 4h after seeding. Especially we
labeled the vinculin, an actin filament (F-actin) binding protein involved in cell-matrix
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adhesion [31]. In all the experiments, cells presented a flat morphology and appeared
intimately adherent to the surface. However, fibroblasts cultured on Silk-TiBP/RGD were
spread and mainly spindle-shaped and elongated with no clear orientation (Figure 5B and
D). Cells on bare titanium had a less-defined morphology than cells on the silk which
showed strong expression of vinculin (arrows) in the peripheral area and had more typical
cell morphology as seen by the strong actin architecture and stress fibers. Decreased
expression of vinculin and cytoplasmic localization, lack of focal contact points and weaker
continuity of F-actin were observed on bare titanium controls (Figure 5A and C).
Quantification analysis confirm that focal contact points occur almost exclusively on Silk-
TiBP/RGD functionalized titanium with an average density of 3 spots per cell 4h after
seeding (figure 5E).

Cell adhesion and spreading assays showed that TiBP increased the immobilization of the
RGD grafted-silk fibroin on the titanium surface while preserving functionality as a
recognition site for cells. Next to proper peptide immobilization on the different materials,
the design of the RGD peptide itself, as well as its density and arrangement on surfaces,
contribute to successful cell attachment. The GRGDS peptide has comparable affinity to
αvβ3, α5β1 and αIIβ3 at an intermediate level [32] and is useful as no specific integrin is
targeted for cell adhesion in our study. Similar to the presentation of the RGD sequence in
an exposed loop of a protein [4], the RGD peptide must stand out from an artificial surface in
order to reach the binding site of the integrin. With the results presented here (Figure 5) we
can conclude that the RGD density grafted on silk is efficient in promoting integrin binding,
focal contacts and actin stress fibers formation. The focal adhesion complex is composed of
a high density of proteins that attach the extracellular portion of the cell to the intracellular
cytoskeletal portion. Integrins attached to the ECM and connected indirectly to the actin
filaments through protein assemblies of talin-paxillin-vinculin. These protein assemblies
stabilize the focal adhesion structure, as well as relay signals from the ECM to the nucleus.
As shown in Figure 5, cells adhering on the multi-grafted silk-functionalized titanium discs
present focal contact points, located at the edge of cells. The strong expression of vinculin
emphasizes the RGD-Integrin recognition in Swiss3T3 cells grown on multi-grafted silk-
functionalized titanium.

Endothelialization testing
Therapeutic success in implantation can be highly dependent on an appropriate colonization
of the material by endothelial cells. In this context, we conducted the culture of endothelial
side of chick explants on both unmodified and TiBP and RGD-grafted silk -modified
titanium. The experiments were carried out after 7 days of culture and showed continuous
tissue layers around the explant for both titanium surface compositions (Figure 6). However
SEM showed that cells growing on functionalized titanium formed a denser layer compared
to the control samples (Figure 6C and F). Migration area and cell density were also the same
for explants growing on both control and silk-grafted titanium (Figure 7A and B). To assess
endothelial cell adhesion, detachment of the cells was monitored with 10min of diluted-
trypsin action. The enzymatic treatment, led to 40% of cells detachment on control titanium
whereas only 17% (p < 0.001) of cells adhering on multi-grafted silk-coated titanium were
detached (Figure 7C) under the same time frame. As a result, we observed stronger
endothelial cell adhesion on the titanium functionalized with Silk-TiBP/RGD 5.3%,
suggesting better anchoring of the cells. This result is in accordance with the
immunolabelling of focal contact points on fibroblasts adhering on grafted-silk coated
titanium. Furthermore, this increase in adhesion strength highlight the significance of
grafting both Titanium-binding and RGD peptide, as an increase in detachment strength
provided with RGD-modified materials is not obvious [6,33].
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All together these results reinforce the idea that multi-grafted silk represents a promising
tool to modify the surface of implantable medical devices, not only to improve tissue
attachment to anchor an implant to surrounding soft tissues but also for complex
applications such as blood vessel stenting, when the reendothelialization of the inner part of
the stent is needed [34].

Conclusions
We have successfully functionalized silk fibroin protein both with titanium binding peptide
(TiBP) and the integrin-binding peptide RGD. This multifunctionalization resulted in
increased silk binding to titanium and consequently in improved fibroblast adhesion and
proliferation on silk-coated titanium, supporting that RGD density and conformation grafted
on silk fibroin is efficient in promoting integrin binding. The bioengineering potential of this
modified silk fibroin is reinforced with the results of cultures of endothelium of chick
explants showing a strengthened adhesion force. Indeed, coating of a metal biomaterial by
endothelial cells is often necessary for success in material implantation. The results
presented here could be of major interest for cardiovascular devices such as metallic stents.

Supplementary Material
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Figure 1. Chemical modification of Silk Fibroin with titanium-binding (TiBP) and RGD peptides
Two methods were used to graft the silk with peptides:
1- Carbodiimide coupling: silk fibroin contains a significant number of aspartic acid (0.5
mol%) and glutamic acid (0.6 mol%). Coupling reactions of the amine group of either TiBP
and RGD was carried out with the carboxylic acid group of aspartic and glutamic acids of
the soluble silk protein in aqueous solutions through carbodiimide coupling, resulting in 1.1
mol% modified silk fibroin. 2- Diazonium coupling: silk fibroin contains also 5.3 mol% of
tyrosine. Methods to functionalize silk fibroin using diazonium coupling chemistry resulted
in a 6.4 mol% modified silk fibroin.
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Figure 2. QCM-D analyses of the unmodified and the 1% TiBP functionalized silk protein
binding to a titanium coated quartz crystal
Binding of unmodified silk and binding of 1% TiBP-silk protein on TiO2 coated quartz
crystals, detected by dissipation (ΔDn, panel A) and frequency (Δfn, panel B) shifts at three
overtones, n= 3 (15 MHz), n=5 (25 MHz) and n=7 (35 MHz). Arrow 1: Protein injection;
Arrow 2: buffer rinsing.
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Figure 3. Influence of titanium-coating on adherent cell density
Fluorescence micrographs of DAPI-stained nuclei of fibroblasts grown for 48h on a) control
titanium, b) titanium+Silk-TiBP/RGD 5.3%, c) Average cell density adhering 48h after
seeding (*p<0.01). Scale bar: 500μm.
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Figure 4. SEM images of cell adhering and spreading on titanium discs
SEM micrographs of the attachment and spreading of fibroblasts on titanium discs and
titanium functionalized with Silk-TiBP/RGD 5.3% after 48 and 96h.
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Figure 5. Fluorescence microscopy images of adherent cells on titanium discs and focal contact
points’ quantification
Immunolocalization of vinculin (red), actin (green) and nuclei (blue) in Swiss 3T3 cells
grown for 4h on uncoated titanium control (A, C) and Silk-TiBP/RGD 5.3% (B,D). Cell
spreading is evidenced by the actin staining in green. Vinculin staining was observed as dots
with punctuate distribution around the membrane periphery for cells grown on Silk-TiBP/
RGD 5.3%. Dots are localized at the end of actin fibers to form focal contacts (B and D).
Focal contact points’ quantification (E) was realized as described in material and methods.
Results were compared using a Mann–Whitney test with p < 0.001 (***).
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Figure 6. Endothelial tissue culture
Organotypic tissue culture was realized on unmodified titanium discs (a, b, c) or
functionalized with silk-TiBP/RGD 5.3% (d,e,f). Images a and d show the tissue expanding
on titanium surface. SEM micrographs of explant at low magnification (b,e) and higher
magnification (c,f) reveal the growing cells layer. Scale bars: a,d: 5mm; b,e: 200μm; c,f:
20μm.
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Figure 7. Endothelial cells migration, proliferation and adhesion
Cytocompatibility of titanium (white) and titanium+Silk-TiBP/RGD 5.3% (black) as a
function of cellular migration (a), proliferation (b) and adhesion (c). Titanium n=12,
titanium+Silk-TiBP/RGD 5.3%, n=16. *** p< 0.001. Kruskal–Wallis one-way analysis of
variance test.
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Table 1

Degree of substitution of the Silk-diazo derivatives modified with RGD and or Ti-BP as calculated by the AA
composition analysis:

sample DS in RGD (mol %) DS in Ti-BP (mol %)

Silk-RGD 5.3% 4.8 %a -

Silk-TiBP 5.3% - 2.2b – 2.7 %c

Silk-TiBP/RGD 5.3% 1.4 %a 1.6b – 2.0c %

a
based on the increase of Arg

b
based on the increase of Thr

c
based on the increase of Hys
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