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⊥Institute for Research in Biomedicine (IRB-Barcelona), Barcelona Science Park, C/Baldiri Reixac 10, 08028 Barcelona, Spain
#Department of Organic Chemistry, University of Barcelona, C/Martí i Franques̀ 1-11, 08028 Barcelona, Spain
||School of Chemistry & Physics, University of KwaZulu-Natal, 4001 Durban, South Africa

*S Supporting Information

ABSTRACT: Biofunctionalization of metallic materials with cell adhesive
molecules derived from the extracellular matrix is a feasible approach to
improve cell−material interactions and enhance the biointegration of implant
materials (e.g., osseointegration of bone implants). However, classical
biomimetic strategies may prove insufficient to elicit complex and multiple
biological signals required in the processes of tissue regeneration. Thus,
newer strategies are focusing on installing multifunctionality on biomaterials.
In this work, we introduce a novel peptide-based divalent platform with the
capacity to simultaneously present distinct bioactive peptide motifs in a
chemically controlled fashion. As a proof of concept, the integrin-binding
sequences RGD and PHSRN were selected and introduced in the platform.
The biofunctionalization of titanium with this platform showed a positive
trend towards increased numbers of cell attachment, and statistically higher
values of spreading and proliferation of osteoblast-like cells compared to control noncoated samples. Moreover, it displayed
statistically comparable or improved cell responses compared to samples coated with the single peptides or with an equi-
molar mixture of the two motifs. Osteoblast-like cells produced higher levels of alkaline phosphatase on surfaces functionalized
with the platform than on control titanium; however, these values were not statistically significant. This study demonstrates
that these peptidic structures are versatile tools to convey multiple biofunctionality to biomaterials in a chemically defined
manner.
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■ INTRODUCTION

It is nowadays well-established that the biofunctionalization of
metallic materials with cell adhesive molecules derived from the
extracellular matrix (ECM) is a powerful approach to stimulate
and direct cell behavior (i.e., cell adhesion, proliferation and dif-
ferentiation), and thus improve and accelerate the biointegration
of an implant material within the organism.1−3 Such biomimetic
strategy relies on the interaction of short cell binding peptide
sequences of the ECM with cell-expressed receptors such as
integrins, which trigger intracellular biochemical signals and
mediate specific cellular functions.4 In regard to this, the
functionalization of Ti surfaces with proteins or peptides with
affinity for integrins expressed by osteoblasts has shown to
enhance osteoblast adhesion to these surfaces in vitro and
improve implant osseointegration in vivo.1,5,6

Nonetheless, there is a long-standing debate concerning which
is the best biomimetic approach to convey functionality to
biomaterials.7 The use of native proteins (e.g., fibronectin,8,9 type I
collagen10−12) or recombinant protein fragments (e.g. FNIII-
(7−10),13−15 FNIII(9−10)16) from the ECMprovidesmultiple and
dynamic bioactive epitopes that efficiently engage and activate
complex cellular responses. Nonetheless, this approach presents
some limitations related to the low stability of proteins towards
changes of pH and temperature, the risks of infection and
immunogenicity associated with their use, the difficulty in obtaining
chemically defined structures, and their high costs of production.17,18
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Using short synthetic peptides, encompassing only the amino
acids required to promote cell adhesion events like the tripeptide
sequence Arg-Gly-Asp (RGD),19,20 may overcome most
limitations associated with the use of proteins. However, single
peptide motifs often fail to recapitulate the full biological
potential of a protein and display poor selectivity pro-
files.1,5,6,17,18,21 In this regard, great effort has been devoted to
improve the biological activity and selectivity of cell adhesive
peptides through design of cyclic peptides and peptidomimetics.5,6,22

Such approaches have yielded surfaces with enhanced affinities
for integrin subtypes αvβ3 and αvβ5 (and selective against the
platelet receptor αIIbβ3),23,24 or even with the capability to
discriminate between αvβ3 and α5β1.25−27 Yet, as promising as
these approaches may be, it is unlikely that these molecules will
be able to emulate the intricate nature of cell-ECM interactions
that are necessary for complex cellular responses.
A simple, though useful approach to install multifunctionality

on surfaces while taking advantage of the optimal properties
offered by short synthetic peptides is to combine distinct bio-
active sequences having multiple, either complementary or
synergistic, biological effects. For example, the combination of
the integrin-binding RGD motif with heparin-binding sequences
such as FHRRIKA or KRSR28,29 has shown to enhance
osteoblast-like cell attachment and mineralization compared to
the use of the single peptides.30−32 Another well-documented
example is the use of the RGD sequence together with the
PHSRN motif, a sequence that was found in fibronectin to
synergize its RGD-mediated binding to α5β1.33 These two
synthetic sequences have been combined either as mixtures34−37

or in linear oligopeptides38−41 and peptide amphiphiles,35 and
their immobilization onto surfaces displayed improved cell
adhesive events in comparison with the RGD sequence alone.
The main limitation of this strategy is that it is difficult to
reproduce the expected spacing and orientation of the ligands,
and that the characterization of the exact ratio of molecules
bound to the surface is not trivial.
On the basis of these premises, the aim of our work was to

introduce a versatile and easy-to-synthesize peptide-based plat-
form to functionalize biomaterials, and simultaneously present two
distinct biologically-active peptide motifs in a chemically
controlled and defined fashion. This system contains the following
functional features, which are schematically depicted in Figure 1:

(i) Two bioactive sequences, which may be combined from a
wide range of biologically-relevant peptide motifs to exert
different biofunctionalities simultaneously: enhanced
and/or selective cell adhesion, activation of synergistic
domains, specific stimulation of stem cell differentiation,
anti-fouling and/or anti-bacterial properties, etc;

(ii) Spacer units to fine-tune the optimal spacing and
orientation of the active sequences, and ensure their
correct presentation and accessibility;

(iii) An orthogonally-protected lysine (Lys), which serves as
branching unit in the construction of the divalent architecture;

(iv) And an anchoring group to provide a chemoselective,
strong and stable binding of the molecule to the material.

Here, as a proof of concept study, the well known cell adhesive
RGD19 and PHSRN33 sequences were selected and introduced
in the peptide-based platform. To determine the feasibility
of this new strategy, the divalent platform was synthesized,
immobilized onto Ti samples, and the response of sarcoma
osteogenic (Saos-2) cells to these surfaces evaluated in vitro
by means of cell adhesion, proliferation, and differentiation
assays. The effect of the dual co-presentation of RGD and
PHSRN motifs in the platform was compared with the
immobilization of the single peptide motifs either alone or as a
mixture.

■ MATERIALS AND METHODS
Ti Biofunctionalization. General: Chemicals and Instrumenta-

tion. Commercially pure (c.p.) grade 2 Ti bars were obtained from
Technalloy S.A. (Sant Cugat del Valles̀, Spain) and silicon carbide (SiC)
grinding papers from Neuertek S.A. (Eibar, Spain) and Beortek S.A.
(Asua-Erandio, Spain). Fmoc-Rink amide MBHA resin, 2-chlorotrityl
chloride (CTC) resin and Fmoc-L-amino acids were purchased from Iris
Biotech GmbH (Marktredwitz, Germany). Coupling reagents were
obtained from Sigma-Aldrich (St Louis, MO, USA), Medalchemy
(Alicante, Spain), Luxembourg Industries Ltd. (Tel Aviv, Israel) and
Alfa Aesar (Karlsruhe, Germany). All other chemicals and solvents were
acquired from Sigma-Aldrich, Alfa Aesar and SDS (Peypin, France).
Analytical high-performance liquid chromatography (HPLC) was
performed using a Waters Alliance 2695 chromatography system
(Waters, Milford, MA, USA), a reversed-phase XBridge BEH130 C-18
column (4.6 mm × 100 mm, 3.5 μm) and a photodiode array detector
(Waters 2998). The system was run at a flow rate of 1.0 mL/min over
8 min at room temperature using water (0.045 % trifluoroacetic acid
(TFA), v/v) and acetonitrile (ACN) (0.036 % TFA, v/v) as solvents.
Semi-preparative HPLC purification was conducted on a Waters Delta
600 instrument with a dual λ absorbance detector (Waters 2487) using a
reversed-phase Sunfire OBD C-18 column (19 mm × 100 mm, 5.0 μm)
at a flow rate of 15 mL/min for 12 min. Mass spectra were recorded on a
MALDI-TOF Voyager DE RP spectrometer (Applied Biosystems,
Foster City, CA, USA).

Preparation of Ti Disks.Ti disks (2 mm thick, 10 mm diameter) were
obtained from c.p. grade 2 Ti bars. Mirror-like, smooth surfaces (Ra ≤
40 nm) were achieved by grinding with SiC papers of decreasing grit size
(from P800 to P2400 − European P-grade standard), followed by
polishing with suspensions of alumina particles (1 μm and 0.05 μm
particle size) on cotton clothes. Prior to functionalization, samples were
ultrasonically rinsed with cyclohexane, isopropanol, distilled water,
ethanol and acetone. Samples were stored dry under vacuum.

Solid-Phase Peptide Synthesis (SPPS). Synthesis of Linear Con-
trol Peptides (RGD and PHSRN). The linear peptides MPA-Ahx-Ahx-
Ahx-Arg-Gly-Asp-Ser-OH (RGD) and MPA-Ahx-Ahx-Ahx-Pro-His-
Ser-Arg-Asn-NH2 (PHSRN) (Ahx: aminohexanoic acid; MPA:
3-mercaptopropionic acid) were manually synthesized by SPPS meth-
ods following the Fmoc/tBu strategy and using CTC resin (200 mg,
1.0 mmol/g) or Fmoc-Rink amide MBHA resin (200 mg, 0.45 mmol/g),
respectively, as solid supports. The Fmoc group was removed by
treatment with piperidine/N,N-dimethylformamide (DMF) (20:80, v/v)
and coupling reactions were carried out with Fmoc-L-amino acids
(4 equiv), ethyl 2-cyano-2-(hydroxyimino)acetate (OxymaPure) (4 equiv),
and N,N′-diisopropylcarbodiimide (DIC) (4 equiv) in DMF for 45 min
at room temperature. Alternatively, the coupling of sterically more
demanding amino acids was performed using N-[(dimethylamino)-1H-
1,2,3-triazolo[4,5-b]pyridino-1-ylmethylene]-N-methylmethanami-
nium hexafluorophosphate (HATU) (4 equiv) and N,N-diisopropyl-
ethylamine (DIEA) (8 equiv) as coupling system. The efficiency of each
reaction was monitored using the Kaiser test and by analytical HPLC
analysis. After completion of the synthesis, peptides were cleaved from

Figure 1. Schematic representation of the peptide-based divalent
platform, consisting of (i) two distinct bioactive peptide sequences, (ii)
two spacer moieties, (iii) a lysine (Lys) residue as branching unit, and
(iv) an anchoring group.
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the solid support with concomitant deprotection of the side chain
protecting groups. To this end, the resin was washed with dichloro-
methane (DCM), dried, and treated with TFA/water/triisopropylsilane
(TIS) (85:10:5, v/v/v) for 1.5 h in the presence of small amounts of
dithiothreitol (DTT) to prevent from thiol oxidation. Peptides were
then precipitated with cold diethyl ether, centrifuged and washed twice
with diethyl ether. The crude peptides were finally dissolved inwater/ACN
(1:1, v/v) and lyophilized. Purification of the peptides was achieved by
semi-preparative HPLC using linear gradients from 10 to 40 % ACN
over 12 min (RGD) and 0 to 40 % ACN over 12 min (PHSRN). The
purified peptides were characterized by analytical HPLC and MALDI-
TOF. RGD: HPLC (10 to 40 % ACN over 8 min, tR = 4.345 min, purity
>99 %), MALDI-TOF (m/z calcd for C36H64N10O12S, 860.44; found,
861.78 [M + H]+); PHSRN: HPLC (0 to 45 % ACN over 8 min,

tR = 6.115 min, purity >99 % MALDI-TOF (m/z calcd for
C45H77N15O11S, 1035.56; found, 1037.01 [M + H]+).

Synthesis of the Dimeric Platform. The dimeric platform (Ac-Arg-
Gly-Asp-Ser-Ahx-Ahx)(Ac-Pro-His-Ser-Arg-Asn-Ahx-Ahx)-Lys-βAla-
Cys-NH2 was manually synthesized on Fmoc-Rink amide MBHA resin
(200 mg, 0.45 mmol/g) following the SPPS protocols described for the
synthesis of the linear peptides (Figure 2). The synthesis started with the
attachment of Fmoc-Cys(Trt)-OH to the resin, followed by the
coupling of Fmoc-βAla-OH as spacing unit. Next, the introduction of
Fmoc-Lys(Alloc)-OH and selective deprotection of the α-amino Fmoc
protecting group by piperidine treatment allowed the elongation of the
first branch of the platform (the RGD sequence). The N-terminus of
this peptide sequence was acetylated after treatment with Ac2O/DIEA/
DMF (10:20:70, v/v/v) (1 × 5 min, 2 × 10 min). To construct the
second active motif (the PHSRN sequence), the Alloc group was

Figure 2. Solid-phase peptide synthesis (SPPS) of the divalent platform. (a) Coupling of Cys (green) to Rink Amide MBHA resin. (b) Introduction of
the Lys branching unit (blue). (c) Selective deprotection of the α-amino and introduction of the spacer (brown). (d) Elongation of the RGDS motif
(grey). (e) Elongation of the second branch (spacer and PHSRN motif (red)). (f) Side-chain deprotection and cleavage from the resin (the complete
SPPS experimental protocols are described in the main text).
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removed after 3 × 15 min treatments of PhSiH3 (10 equiv) and
Pd(PPh3)4 (0.1 equiv) in DCM. The resin was then washed with sodium
dithiodiethylcarbamate (0.02 M in DMF, 3 × 15 min) to remove any
remaining palladium traces off the resin. The N-terminus of this branch
was also acetylated as previously described. Finally, the peptide was
cleaved from the resin by reaction with TFA/water/TIS (85:10:5, v/v/v)
for 3.5 h in the presence of DTT. The work-up of the peptide was
performed as explained above and finally purified by means of semi-
preparative HPLC (linear gradient from 0 to 40 % ACN over 12 min).
The peptidic platform was characterized by analytical HPLC (0 to 40 %
ACN over 8 min, tR = 5.572 min, purity >99 %, Figure S1 in the
Supporting Information) and MALDI-TOF (m/z calcd. for
C79H135N27O23S, 1861.99; found, 1863.71 [M + H]+).
Immobilization of Biomolecules onto Ti Disks. The bio-

molecules were dissolved in phosphate buffered saline (PBS) at 100 μM
and 100 μL of these solutions were deposited onto the Ti samples
overnight at room temperature. Control samples were only treated with
PBS. Fibronectin was used as positive control in the cellular studies and
coated to Ti disks at a concentration of 50 μg/mL in PBS. This
concentration of protein was shown to be sufficient to elicit optimal
cellular responses on Ti surfaces.42,43 After peptide immobilization,
samples were gently washed with PBS and dried with nitrogen. The
biofunctionalized samples, and their controls, are codified as follows:
Ctrol: noncoated Ti
RGD: Ti coated with 100 μM of RGD peptide
PHSRN: Ti coated with 100 μM of PHSRN peptide
MIX: Ti coated with an equimolar mixture of RGD and PHSRN

peptides (100 μM each)
Platform: Ti coated with 100 μMof the platform containing the RGD

and PHSRN sequences
FN: Ti coated with 50 μg/mL of fibronectin (positive control)
Physicochemical Characterization of the Biofunctionalized

Surfaces. Static Contact Angle Measurements and Surface Energy
Calculations. Static contact angle measurements on Ti surfaces were
performed using a contact angle system OCA15 plus (Dataphysics,
Filderstadt, Germany) with the sessile drop method. All measurements
were done at room temperature using ultrapure Milli-Q water and
diiodomethane as wetting liquids (drop volume of 1 μL). Static contact
angles were calculated using a Laplace−Young fitting with SCA 20 soft-
ware (Dataphysics). Contact angle values presented here represent the
mean of three measurements per disk for three sample replicates.
The surface energy (SE) and its dispersive and polar components

were determined using the Young−Laplace (1) and Owen−Wendt (2)
equations.

γ γ γ θ= + cosS SL L (1)

γ θ γ γ γ γ+ = +(1 cos ) 2(( ) ( ) )L L
d

S
d 1/2

L
p

S
p 1/2

(2)

Where γS is the surface tension of the solid (S), γL the surface tension of
the liquid (L), γSL the interfacial free energy or SE between L and S, θ the
contact angle between L and S, and γd and γp represent the dispersive
and polar components of the SE, respectively.
Roughness Analysis. The surface roughness of Ti samples was

determined using a white light interferometer microscope (Wyko
NT9300 Optical Profiler, Veeco Instruments, New York, NY, USA) in
vertical scanning interferometry mode. Data analysis was performed
with Wyko Vision 4.10 software (Veeco Instruments). Roughness
parameters weremeasured by triplicate for each sample. For each surface
treatment three disks were analyzed.
X-ray Photoelectron Spectroscopy (XPS). The chemical composi-

tion of the functionalized Ti samples was analyzed using an XPS
equipment (SPECS Surface Nano Analysis GmbH, Berlin, Germany)
with a Mg anode XR50 source operating at 150 W and
a Phoibos 150 MCD-9 detector. High resolution spectra were recorded
with a pass energy of 25 eV at 0.1 eV steps at a pressure below 7.5 ×
10−9 mbar. Binding energies were referred to the C 1s signal at 284.8 eV.
For each series three samples were studied. Data was analyzed using
CasaXPS software (Version 2.3.16, Casa Software Ltd., Teignmouth, UK).
Biological Characterization of the Biofunctionalized Surfaces.

Cell Culture. Cellular experiments were conducted using the human

osteosarcoma cell line (Saos-2) as osteoblast-like cellular model. Saos-2
cells were cultured in McCoy’s 5A medium (Sigma-Aldrich)
supplemented with 10% (v/v) fetal bovine serum (FBS), 50 U/mL
penicillin, 50 μg/mL streptomycin and 1% (w/v) L-glutamine. Cells
were maintained at 37 °C, in a humidified atmosphere containing 5%
(v/v) CO2, changing culture medium twice a week. Upon reaching
confluence, cells were detached by trypsin-EDTA and subcultured into a
new flask. All experiments were performed using cells at passages
between 25 and 35.

Cell Adhesion Studies. To characterize the efficiency of the
biofunctionalization of Ti substrates on short-term cell adhesion events,
both the number and the spreading of adherent Saos-2 cells was
analyzed. To this end, functionalized Ti samples were first transferred
into 48-well plates and blocked with 1% (w/v) bovine serum albumin
(BSA) in PBS for 30 min at room temperature. This step was done to
reduce non-specific interactions between the cells and the surface. Next,
Saos-2 cells were seeded at a density of 25 000 cells per disk and allowed
to attach in serum free medium. After 4 h of incubation at 37 °C, samples
were rinsed twice with PBS to remove non-adherent cells. To determine
the number of adherent cells, cells were lysed with 300 μL/disk of
mammalian protein extraction reagent (M-PER) and the activity of
lactate dehydrogenase (LDH) enzyme was measured by means of a
conventional colorimetric assay (Cytotoxicity Detection Kit (LDH),
Roche Diagnostics, Mannheim, Germany) using a multimode micro-
plate reader (Infinite M200 PRO, Tecan Group Ltd., Man̈nedorf,
Switzerland). To convert the absorbance read-out of the test into cell
numbers, a standard curve of defined cell concentrations was applied.
Alternatively, staining of nuclei, actin fibers and vinculin was performed
to provide additional information on spreading and focal contact
formation of adherent cells on the functionalized surfaces. To this end,
cells attached to the surfaces were fixed for 30 min with 4% (w/v) para-
formaldehyde (PFA). Next, cells were permeabilized with 500 μL/disk
of 0.05% (w/v) triton X-100 in PBS for 20 min and blocked with 1 %
BSA (w/v) in PBS for 30 min. Washings between steps were all per-
formed with PBS-Gly (PBS containing 20 mM of glycine) for 3 × 5 min.
Then, 100 μL/disk of primary antibody mouse anti-vinculin (1:100 in
1 % (w/v) BSA in PBS) were incubated onto the Ti samples for 1 h. The
secondary antibody, anti-mouse Alexa 488 (1:2000), and phalloidin-
rodhamine (1:300) were both incubated in triton 0.05 % (w/v) in PBS
for 1 h in the dark. In a final step, nuclei of cells were also stained with
500 μL/disk of DAPI (1:1000) in PBS-Gly for 2 min in the dark.
Metallic disks were then mounted on microscope slides and analyzed by
fluorescence microscopy (Nikon E600, Tokyo, Japan). The number and
spreading of cells attached on each surfaces was assessed using ImageJ
1.46R software (NIH, Bethesda, MD, USA). Cell numbers were
calculated by counting cell nuclei on five fields per disk and measuring
themean values. This analysis was done for three replicates. Spreading of
adherent cells was measured for at least 10 cells for each sample and
averaged for three samples for each condition. All cellular studies were
done using triplicates and repeated at least in two independent assays to
ensure reproducibility.

Cell Proliferation. To determine the proliferation of Saos-2 cells on
functionalized Ti surfaces, 10 000 cells were seeded on each sample and
incubated in serum free medium at 37 °C. After 4 h of incubation, the
medium was aspired and replaced by fresh medium supplemented
with 10% (v/v) FBS. Medium was then changed twice a week. After 3
and 14 days of incubation, adhering cells were lysed and cell numbers
calculated according to the previously described LDH colorimetric
assay.

Cell Differentiation. A colorimetric assay (SensoLyte pNPP Alkaline
Phosphatase Assay Kit, AnaSpec Inc., Fremont, CA, USA) was used to
determine the alkaline phosphatase (ALP) activity by Saos-2 cells, which
is known to be an early marker of osteoblastic differentiation. In brief,
cells were seeded on functionalized samples as described for the cell
proliferation assay and incubated for 14 days. At the end of the
incubation period, samples were rinsed twice with PBS, and remaining
cells were lysed as indicated above. The activity of ALP was determined
by measuring the conversion of p-nitrophenyl phosphate (pNPP) into
p-nitrophenol (pNP) according to the manufacturer’s instructions.
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ALP activity was expressed as nanograms of the enzyme and normalized
by the number of cells on each sample.
Statistical Analysis. All data presented in this study are given as

mean values ± standard deviations. Significant differences between
group means were analyzed by ANOVA test followed by post-hoc
pairwise comparisons using Tukey’s test, which corrects for experiment-
wise error rate. Differences were also analyzed by Kruskal−Wallis non-
parametric test followed by Mann-Whitney test, obtaining very similar
results. Confidence levels were set at 95% unless otherwise stated.

■ RESULTS AND DISCUSSION
Design and Synthesis of the Platform. The principal

structural features of the platform presented in this study are
shown in Figure 1 and classified as four main elements: (i) two
distinct bioactive sequences, (ii) spacer units, (iii) a Lys residue,
and (iv) an anchoring group.
As previously introduced, the grafting of biomaterials with the

combination of RGD and PHSRN cell adhesive sequences has
been extensively described to positively influence cell behavior
onto these functionalized surfaces. Thus, these two bioactive
motifs were excellent candidates to prove the feasibility of our
strategy. To ensure that a minimum distance between the active
sequences and thematerial is maintained, and that the twomotifs
are adequately accessible to interact with cell-expressed integrin
receptors, the use of spacer units is required.26,44 In this particular
case, the presentation of the RGD and PHSRN motifs in an
optimal conformation is crucial.38,45,46 The two motifs should
ideally be separated 35−40 Å, mimicking the orientation and
spacing found in the natural protein fibronectin.47,48 Different
research groups have attempted to mimic this distance by using
linkers of different length and chemistry. Although original
reports estimated a polyglycine linker of 6 glycine (Gly) units as
the optimal spacer length,38,39,49 further works described longer
linkers of 12 Gly40,50 or 5 serine (Ser)-Gly units35,51 as more
accurate systems. Our design selected 4 aminohexanoic acid
(Ahx) units linked via a Lys residue as spacer (Figure 2). Such
spacer covers approximately the same distance of 12 Gly, but has
enough flexibility to adopt other conformations.52 The presence
of the Lys, in addition to its crucial role in the synthesis (see
below), also helps to present these spacer units in a branched
configuration, allowing a better accessibility and orientation of
the active motifs, compared to that expected for a linear
presentation.21 The design of the platform also had to consider
the presence of a suitable anchor to bind the molecule to the
implant material (i.e., Ti). To this end, the amino acid cysteine
(Cys), which contains a thiol group as side chain functionality,
was chosen. Besides the well-characterized affinity that these
groups present for gold surfaces and other metals,25,27,53 thiols
have also shown the capacity to bind to titanium oxide (TiO2).

54

The process of peptide physisorption on TiO2 is mainly driven
by electrostatic interactions, van der Waals forces and/or
hydrogen bonds between the amino (NH3

+) and carboxyl
(COO‑) groups of the peptides and the TiO2 surfaces.55

According to molecular dynamic studies on the adsorption of
several amino acids on rutile (TiO2), more stable bindings may
be attained by the formation of chemical bonds between thiol
groups of Cys and Ti atoms of the surface.54 In this regard, thiols
have been used to immobilize RGD-based cyclic peptides and
peptidomimetics to Ti surfaces and retained the biological
activity of the bioactive molecules both in vitro24,44 and in
vivo.56,57 This method of immobilization allows a simple, one-
step coating of the Ti surface, and it does not require to conduct
excessive chemistry on the surface as with other methodologies
of functionalization.31,37 It should bementioned that phosphonic

acids are preferable anchors to bind to Ti because they establish
strong and very stable interactions with this metal;58 however,
their use is synthetically more demanding than thiols, which can
be easily incorporated as Cys residues.
Once the main elements of the design were established, the

peptidic platform was synthesized stepwise in solid-phase as
described in Materials and Methods (Figure 2). The
orthogonally protected Fmoc-Lys(Alloc)-OH represents the
key synthetic component in the preparation of the branched
structure due to its scheme of protecting groups. The α-amino
Fmoc protecting group is labile to the treatment with bases, and
can be easily removed by reaction with piperidine, without
affecting the integrity of the ε-amino Alloc group. This strategy,
frequently used in the design of cyclic peptides,59 allows
elongating the molecule only at the N-α position. It is important
to follow this order of deprotection because the removal of the
Alloc group in the first place has been associated with premature
and undesired elimination of the Fmoc group.60 After
completion of the synthesis of the first branch, the use of
catalytic amounts of palladium, Pd(PPh3)4, selectively removes
the Alloc group and thus permits the synthesis of the second part
of the platform. To ensure competitive yields at each reaction
step during the fabrication of the platform, the powerful HATU/
DIEA61 and OxymaPure/DIC62 coupling systems were used.
The final step entails the use of an acidic TFA-based mixture to
cleave the platform off the resin and deprotect the amino acid
side chains. This reaction needs to be done in the presence of
DTT, a reductive agent, to prevent from thiol oxidation (i.e.,
disulfide bridge formation).63 The final platform containing the
RGD and PHSRN motifs was obtained with good yield and
purity. This SPPS method represents thus a robust and straight-
forward approach to produce peptide-based divalent platforms,
and holds a great degree of flexibility to introduce other anchors,
spacer units, and bioactive sequences.

Biofunctionalization of Ti and Surface Character-
ization. The platform and the control peptides were dissolved
in PBS at 100 μM and physically adsorbed to Ti overnight. This
coating concentration was optimized for RGD-based cell
adhesive peptides in previous studies23,24,64 and validated in
our coating system for the platform (see Figure S2 in the
Supporting Information). Samples biofunctionalized with the
platform were also subjected to ultrasonication in distilled water.
Thismechanical challenge did not result in a significant loss of cell-
binding activity (see Figure S2 in the Supporting Information),
thereby indicating that the binding of the molecule to Ti is stable
enough under the conditions used in cell adhesion studies. This
stability was evidenced in previous investigations with Ti surfaces
coated with thiolated RGD-based peptides.24,44,56,57

The resulting biofunctionalized surfaces were characterized by
means of static contact angle measurements and surface energy
calculations (Figure 3), white-light interferometry (Table 1), and
X-ray photoelectron spectroscopy (XPS) (Table 2, Figure 4).
The immobilization of the platform and the control peptides

onto Ti resulted in a significant decrease in the values of static
water contact angle (Figure 3A). This reduction, which indicates
an increase in the hydrophilicity of the samples, was statistically
comparable for all peptides. In contrast, the contact angle of
diiodomethane with the surfaces remained unaltered upon
peptide functionalization. Consistent with these observations, a
clear increase in the polar component of surface energy of the
samples was detected (Figure 3B). Thus, the binding of all
peptides increased the polarity of the samples to the same extent.
Analysis of the surfaces by white light interferometry revealed
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that the roughness of Ti samples was not modified during
the process of peptide attachment. Therefore, physisorption,
unlike other methods of biomolecule immobilization that require
the use of acids or bases to activate the surface,2,6 did not alter the
topography of the surface at the nanometer-level. The wetta-
bility, surface energy and topography (i.e., roughness) of bio-
materials have been described to have a strong influence in cell
adhesion.42,44,65,66 The fact that all the biofunctionalized surfaces
in this study showed comparable values of surface energy and
roughness is of relevance, because it indicates that differences in
cell behavior on these surfaces may be attributed to the bio-
functionality of the molecules deposited onto it and not to other
physicochemical properties.
The surfaces were further characterized by XPS analysis, which

confirmed changes in the composition and chemistry of Ti
samples upon physical adsorption of the platform and control
peptides (Table 2). Control Ti samples displayed characteristic
signals of C 1s, O 1s, and Ti 2p. The presence of carbon is
attributed to atmospheric organic contaminants.67 A small
amount of N contamination was also observed. Functionalization
of the samples with peptides yielded an increase in the
percentage of C 1s and N 1s and a decrease in that of Ti 2p
and O 1s signals. Both effects have been described to be typical

indicators of peptide attachment:31,68,69 in particular, the
presence of nitrogen can be attributed to amide groups and
other amino functionalities characteristic of peptide sequences,
whereas the deposition of a peptide layer reduces the amount of
the detectable signal of TiO2 by XPS. The rate of reduction in the
signal of Ti 2p is consistent with the formation of a submonolayer
to monolayer of peptide on the surface, which typically shows a
thickness below 1 nm.31,68 In particular, analysis of the
attenuation of the Ti 2p3/2 signal after immobilization of the
platform revealed a layer thickness of 0.5 nm for this molecule
(see the Supporting Information for details). Such layer
thickness has been associated with peptide densities in the
range of 4−6 pmol/cm2,31 which are high enough to support
efficient cell adhesion and spreading.70

The most remarkable effects were found for the platform, con-
sistent with the higher molecular weight of this molecule.
However, the fact that all control samples contained C and N
contaminants makes impossible to define precise ratios to
quantitatively compare the efficiency of the attachment of the
different biomolecules, as can be done for instance when using
silicon as internal reference (i.e., study of N/Si ratios).68,69 Thus,
estimations of the extent of biofunctionalization for each surface
on this study should be taken with caution.

Figure 3.Contact angle measurements and surface energy calculations. (A) Static contact angle values on the biofunctionalized surfaces using water and
diiodomethane (CH2I2) as wetting liquids (1 μL). (*) p < 0.05 vs. Ctrol. (B) Surface energy (SE) values of the biofunctionalized surfaces, and their
dispersive (Disp.) and polar components. (*) p < 0.05 vs. Ctrol. Values are expressed as mean ± standard deviation.

Table 1. Average Roughness Values (Ra) of the Biofunctionalized Surfaces. Values are Expressed As Mean ± Standard Deviation

surface

Ctrol RGD PHSRN Mix Platform

Ra (nm) 39.1 ± 6.1 45.0 ± 7.8 42.3 ± 0.9 48.1 ± 16.9 42.7 ± 8.8

Table 2. Analysis of the Chemical Composition (atomic percentages) of the Biofunctionalized Surfaces by XPS. Each Atomic
Percentage Is Expressed As Mean ± Standard Deviation

Composition (atomic %)

SAMPLE C 1s O 1s N 1s Ti 2p

Ctrol 23.68 ± 1.12 59.15 ± 1.02 0.67 ± 0.10 16.49 ± 0.21
RGD 24.53 ± 0.93 58.30 ± 0.76 0.99 ± 0.07 16.18 ± 0.34
PHSRN 28.60 ± 0.67 54.19 ± 0.80 2.59 ± 0.11 14.61 ± 0.03
Mix 27.53 ± 1.53 54.60 ± 1.01 2.75 ± 0.14 15.11 ± 0.38
Platform 31.35 ± 0.88 50.92 ± 1.13 4.29 ± 0.63 13.44 ± 0.34
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Deconvolution of high-resolution spectra of the samples
proved useful to study the process of biofunctionalization. The
presence of hydrocarbon contaminants in the C 1s spectra of
Ctrol surfaces (Figure 4A) was characterized by a major peak at
284.7 eV assigned to aliphatic carbons (−CH2−CH2−). Two
more peaks were observed at higher binding energies. A peak at
286.1 eV is typical of carbons bound to amines (−CH2−NH2)
or alcohols/alkoxy groups (−CH2−OH/−CH2−OR), whereas
at 288.9 eV it designates more polar carbonyl groups. The attach-
ment of the platform to Ti significantly increased the intensity of
this peak (Figure 4B), which was shifted to 288.1 eV. This
binding energy is characteristic of amide groups (−NH−CO).
The presence of the platform was further confirmed by the
analysis of the O 1s and N 1s spectra (Figures 4C and 4D). The
O 1s peak has two main contributions at binding energies of
529.8 and 531.2 eV. The first peak is attributed to oxides (O2−) of
the Ti surface layer. The second peak can be assigned to carbonyl
groups (−CO), especially amides, and probably overlaps with
the signal of surface hydroxyl groups (Ti−OH, typically at 531-
532 eV). The intensity of this peak is significantly higher
compared to Ctrol samples (data not shown). The analysis of the
N 1s peak also revealed a major peak at 399.9 eV, which
corresponds to amide groups. The other minor peak appears at
401.2, a region of positively charged free amines, and may be due
to charged guanidine groups present in arginine (Arg).68 Because
the detection of amide groups can be unequivocally associated
with the presence of peptides sequences, the XPS analysis is

consistent with a successful attachment of the platform onto Ti.
Deconvolutions of the samples biofunctionalized with the
control peptides showed similar fittings and are not shown here.

Cell Response on the Biofunctionalized Surfaces. The
response of Saos-2 cells to the biofunctionalized surfaces was
evaluated in vitro by means of cell adhesion, proliferation and
differentiation assays. This cell system has been described as an
adequate model to study osseointegration in vitro.71

The results of early adhesion events (number of cells attached
and their spreading) are shown in Figure 5. After 4 h of
incubation, the presence of RGD peptides slightly increased the
number of cells attached onto the surfaces compared to Ctrol
samples (Figure 5A). As expected, this effect was not observed
when the synergy motif PHSRN was presented alone.33 The
combination of RGD and PHSRN sequences, either as a mixture
or presented in the platform, also displayed an enhancement in
the number of cells adhered in regard to controls, but to the same
extent than the RGD peptide. These results indicate that the
presence of the synergy sequence on these surfaces did not have a
measurable biological effect in terms of cell adhesion capacity for
this cell system. It should also be mentioned that statistically
significant differences were just observed for the positive control
FN, and thus these data may be regarded only as a trend. The
simultaneous presentation of the RGD motif and its synergy
sequence PHSRN, however, did have a remarkable influence
on the spreading behavior of these cells (Figures 5B and 6).
The RGD peptide significantly increased the area of the cells

Figure 4.Curve-fitting deconvolutions of high resolution XPS spectra. (A) C 1s spectrum of non-functionalized control surfaces; and (B) C 1s, (C)O 1s
and (D) N 1s spectra of surfaces functionalized with the platform. Dashed lines represent the fitting components and solid lines the sum of these
components. For each spectrum, the position, assignment and atomic percentage (At %) of the deconvoluted peaks are detailed.
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compared to Ctrol and PHSRN-coated samples, where cells were
clearly round and not spread. This effect was statistically
increased when this peptide was combined with PHSRN in the
platform, reaching levels of spreading close to those observed for
FN samples (Figure 5B and Figure S3 in the Supporting
Information). Such observation is in accordance with previous
studies andmay be attributed to a higher α5β1-binding activity of
the platform compared to the RGD sequence.35,39,40,51 Other
authors, in contrast, have reported an αvβ3-dependent activity

for a molecule containing RGD and PHSRN sequences
separated by a 13-Gly spacer.46 However, the elucidation of
the precise role of these integrins in cell adhesion studies is
complex and would require further experiments that are beyond
the scope of this work. Interestingly, this synergistic effect was
not observed when the two motifs were combined as a mixture
(Figure 5B). A closer analysis on the spreading behavior of Saos-2
onto surfaces coated with the platform and the mixture revealed
further differences (Figure 6). Whereas the platform supported a

Figure 6. Spreading of Saos-2 cells on biofunctionalized surfaces after 4h of incubation. (A) Ctrol, (B) RGD, (C) PHSRN, (D) MIX, and (E) Platform.
Cell spreading on FN-coated samples is shown in the Supporting Information as Figure S3. Images were acquired by fluorescence microscopy and show
only staining of actin filaments with phalloidin-rodhamine. Scale bars: 200 μm.

Figure 5.Adhesion of Saos-2 cells on biofunctionalized surfaces after 4h of incubation. (A) Number of cells attached (cells/cm2) was analyzed by means
of an LDH assay. (*) p < 0.05 vs. other conditions. (B) Area of cells attached (μm2) was studied by labeling of actin filaments with phalloidin-rodhamine
and fluorescence microscopy. (*) p < 0.05 vs. Ctrol and PHSRN; (#) p < 0.05 vs. RGD and MIX. Values are expressed as mean ± standard deviation.
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very homogeneous spreading all over the surface, with cells
displaying defined actin filaments and a clear cytoskeletal
organization, the spreading of cells onto the surfaces coated
with the mixture was not homogeneous, with some areas
presenting cells very well spread, and other areas with cells totally
round (Figure 6D, E). We hypothesize that this observation is
due to a random orientation and spacing of the RGD and
PHSRN binding motifs in the mixture, which in some cases
match the optimal distance and spatial conformation for receptor
binding, and in others not. On the contrary, the platform
presents the two motifs always at the same distance in a
chemically defined fashion. Moreover, the branched presentation
obtained with this architecture might ensure the correct
accessibility of the active motifs for cell-expressed surface
receptors. These results are not in agreement with a recent
work from Aparicio and coworkers, who showed enhancing
effects when combining mixtures of RGD and PHSRN onto Ti
surfaces.37 However, in their work, a different method of peptide
immobilization was used, and they were able to show an
homogenous co-localization of the two peptide sequences over
the surface. The importance of the relative orientation of these
two motifs to interact with integrins has already been
emphasized,21,38,45,46 but it represents a critical issue also for
other active sequences. For instance, in recent studies the com-
bination of RGD with the heparin-binding sequence KRSR did
not result in enhanced biological activities as was expected.72,73

The authors reasoned that these negative outcomes were due to
the fact that the peptides were anchored randomly on the
surfaces at distances and positions not defined, which did not
show an optimal conformation to interact with the target cells. In
another study, the linear presentation of the RGD and KRSR
sequences, separated by a short spacer, did not display either
increased cell adhesive properties on coated-surfaces. Again, the
specific spatial arrangement required for the two peptides to
interact with cell receptors was probably not present.74

The presence of focal adhesions onto the biofunctionalized
samples was also analyzed by immunostaining of vinculin.
However, clear focal adhesions could not be detected at this short
time point (4 h of incubation) for this cell line. Only some
nascent focal points were observed for FN-coated samples and to
a lower extent for some RGD- or platform-coated samples (data
not shown).

The capacity of adherent cells to proliferate on these surfaces
was also analyzed at two different time points (Figure 7). After 3
days of incubation, an increased proliferation rate was observed
on Ti surfaces coated with the RGD peptide, the mixture of
motifs and the platform, compared to Ctrol samples. Within
these treatments, the platform showed the highest values of cell
proliferation. Noteworthy, the same trend was maintained after
14 days of culture, with the platform showing values of
proliferation comparable to the positive control FN. Saos-2
cells are known to express high levels of ALP, a characteristic
osteoblastic phenotype, when cultured onto Ti surfaces.71 In our
study, the presence of the platform on the surfaces supported
good levels of ALP production by these cells after 14 days of
incubation (Figure 8). However, only RGD-coated samples
showed a statistically significant enhanced ALP activity
compared to Ctrol samples. Reduced phenotype expression
has been associated with high values of initial spreading and cell
proliferation,75 therefore the modest values of ALP expressed on
FN samples should not come as a surprise.
The results described here encourage further work. The

physical adsorption of molecules onto surfaces is useful to study
cell-material interactions, but it may not provide an anchoring to

Figure 7. Proliferation of Saos-2 cells on biofunctionalized surfaces. The number of cells was determined by LDH assays. (A) Proliferation after 3 days of
incubation. (*) p < 0.1 vs. Ctrol, PHSRN andMIX; (#) p < 0.1 vs. RGD. (B) Proliferation after 14 days of incubation. (*) p < 0.1 vs. Ctrol and PHSRN.
Values are expressed as mean ± standard deviation.

Figure 8. Production of ALP by Saos-2 cells on biofunctionalized
surfaces. The production of ALP was measured after 14 days of
incubation using a standard colorimetric method. (*) p < 0.1 vs. Ctrol
and FN. Values are expressed as mean ± standard deviation.
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Ti as stable as other methods of covalent immobilization.
Therefore, other approaches such as silanization should be
considered to use this platform for medical applications. In this
regard, the platform contains as anchoring group a thiol, whose
nucleophilic character allows the reaction with electrophilic
centers or with α,β-unsaturated carbonyl molecules (i.e.
maleimide groups used as crosslinkers with amino-functionalized
silanes). To corroborate that, we conducted a preliminary study
binding the platform to Ti via organosilanes (see the exper-
imental procedure and Figure S4 in the Supporting Information).
Noteworthy, this strategy significantly improved the adhesion of
Saos-2 cells compared to controls. These preliminary data prove
silanization as a viable future strategy. Moreover, the interaction
of this platform with αvβ3 and α5β1 integrins and its effect on
cell differentiation should be studied with detail. These two
approaches are ongoing work in our group.

■ CONCLUSIONS
In summary, we have described a reliable and flexible synthetic
protocol to produce peptide-based divalent platforms with the
capability to present two distinct bioactive motifs in a chemically
defined and controlled fashion. As a proof of concept, a platform
containing the RGD and PHSRN sequences was synthesized and
immobilized onto Ti by physical adsorption. The successful
attachment of the biomolecule was characterized by XPS
analysis. Surfaces coated with the platform efficiently supported
and promoted good levels of attachment, spreading, prolifer-
ation, and differentiation of osteoblast-like cells. These biological
effects were less pronounced when the twomotifs were randomly
distributed over the surface, stressing the importance of an
appropriate accessibility and spatial orientation of the ligands to
cell-expressed surface receptors. It has become evident that the
combination of functionalities may successfully emulate complex
and dynamic biological processes and may dramatically improve
the performance of implant materials. Thus, the use of this
platform to combine cell adhesive peptides with other bio-
logically relevant sequences opens new prospects for promising
applications in the fields of biomaterials and tissue engineering.
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