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Titanium (Ti) and its alloys are among the most successful implantable materials for dental and orthope-
dic applications. The combination of excellent mechanical and corrosion resistance properties makes
them highly desirable as endosseous implants that can withstand a demanding biomechanical environ-
ment. Yet, the success of the implant depends on its osteointegration, which is modulated by the biolog-
ical reactions occurring at the interface of the implant. A recent development for improving biological
responses on the Ti-implant surface has been the realization that bifunctional peptides can impart mate-
rial binding specificity not only because of their molecular recognition of the inorganic material surface,
but also through their self-assembly and ease of biological conjugation properties. To assess peptide-
based functionalization on bioactivity, the present authors generated a set of peptides for implant-grade
Ti, using cell surface display methods. Out of 60 unique peptides selected by this method, two of the
strongest titanium binding peptides, TiBP1 and TiBP2, were further characterized for molecular structure
and adsorption properties. These two peptides demonstrated unique, but similar molecular conforma-
tions different from that of a weak binder peptide, TiBP60. Adsorption measurements on a Ti surface
revealed that their disassociation constants were 15-fold less than TiBP60. Their flexible and modular
use in biological surface functionalization were demonstrated by conjugating them with an integrin rec-
ognizing peptide motif, RGDS. The functionalization of the Ti surface by the selected peptides signifi-
cantly enhanced the bioactivity of osteoblast and fibroblast cells on implant-grade materials.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium (Ti) and Ti alloys have become some of the most
widely used medical materials, particularly as orthopedic and den-
tal implants. The combined properties of relatively low density,
high toughness, strength, elastic modulus and excellent corrosion
resistance make Ti alloys good candidates as a biomaterial to re-
place bone tissue or the roots of teeth without compromising func-
tional performance. Over the past decades, there has been much
improvement in medical-grade Ti and its alloys, with a focus on
the metal surface intended to increase their biocompatibility and
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service life [1-3]. The surface topography and chemistry-related
surface properties have been investigated frequently in order to
enhance bioactivity [1,2]. Modifying the surface topography
through roughening by means of grinding, sand blasting, etching
or some combination thereof to a root mean squared (rms) rough-
ness, measured in micrometers and nanometers, have generally re-
sulted in surfaces that are more favorable for cell adhesion [2,4-6].
Also, coating the implant surfaces with calcium phosphate, in the
form of tricalcium phosphate or hydroxyapatite (HAP) has been
widely used [7-12]. A major concern for these ceramic coatings
has been that the bonding strength between the coating and the
metal is typically not strong and often results in cracking and spall-
ation, therefore limiting their broad use in clinical settings [13,14].

Immobilization of bioactive molecules on implant surfaces has
also been widely studied as a means of enhancing surface biocom-
patibility. Among bioactive molecules, extracellular matrix (ECM)
proteins or synthetic peptides derived from native matrix proteins
have been demonstrated as potential molecules to control cell re-
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sponse on implant surfaces. A short peptide fragment derived from
the ECM protein fibronectin, arginine-glycine-aspartic acid (RGD)
has been used widely, owing to its capacity to stimulate cell adhe-
sion through activation of the integrin receptors. The first exam-
ples of synthetic peptide immobilization on Ti surfaces using
silane chemistry were investigated by Xiao and colleagues
[15,16]. The peptide composed of Arg-Gly-Asp-Cys (RGDC) se-
quence was covalently attached to the Ti surface using 3-amino-
propyltriethoxylsilane and N-succinimidyl-3-
maleimidopropionate [16,17]. Although these strategies improved
the biocompatibility of Ti implant surfaces at various levels, they
have limitations, owing to their need for an extensive chemical
process or their use of organic solvents, as well as their low cou-
pling efficiencies with bioactive molecules, which led to dimin-
ished activity and stability of the bioactive moiety. Moreover, the
low material selectivity properties of these coupling agents restrict
their use to a limited variety of materials. Furthermore, the behav-
ior and stability of the modified surface under physiological condi-
tions are not well understood [18,19]. Therefore, controlling the
inorganic surface properties remains a challenge to induce en-
hanced interaction at the biomaterial interface, despite the avail-
ability of established biofunctional molecules, e.g., arginine-
glycine-aspartic acid (RGD), polyethylene glycol (PEG) and bone
morphogenetic protein 2 [20-25]. As a result, in order to advance
the surface functionalization, techniques targeting the controlled
biomaterial interface with material selectivity and coupling flexi-
bility will positively impact the functional performance of implant
materials.

During the last decade, inorganic binding peptides possessing
affinity and specificity to select inorganic surfaces have been gen-
erated using phage and cell surface display techniques [26,27].
Their potential use was increasingly demonstrated in various sci-
entific disciplines including surface functionalization [28-32], bio-
mineralization [33,34], tissue engineering [31] and regenerative
medicine [35,36]. Application of surface-binding peptides to hard
tissue regeneration and restorative medicine is particularly
intriguing and, consequently, there has been a great deal of interest
in identifying and characterizing peptides that bind to various
materials, such as TiO;[37], Au [38,39], SiO,[40,41], HAP
[33,42,43] and select polymers [44]. Recently, several research
groups selected peptides that are specific to Ti/TiO, surfaces, using
phage display techniques. Among them, Sano et al. reported their
experience with Ti binding peptides (TiBP) and investigated the ef-
fect of specific residues to contribute to binding by mutating amino
acids within the oligopeptide [37]. Vreuls et al. identified selected
peptide binding to amorphous TiO, plasma-vapor-deposition coat-
ing on a stainless steel substrate using phage display technology
[45]. The potential of peptide-based functionalization is undoubt-
edly appealing for implant materials because of the added return
on investment provided by the biological relevance of the peptide
to contribute to molecular recognition, self-organization and ease
of conjugation with other biomolecules for enhanced functionality.
Commercially pure (cp) Ti implants have been commonly used in
restorative dentistry and orthopedics. These are available in four
different grades, depending on the amount of interstitial elements
in the Ti lattice and, hence, the compression of the Ti structure
[46]. Among them, cp Grade 4 Ti, with the most interstitial concen-
tration, exhibits the highest strength (~550 MPa tensile strength,
~250 MPa Vickers hardness). However cp Grade 1 Ti with the low-
est yield strength (240 MPa tensile strength, ~120 MPa Vickers
hardness) has better formability compared with those with higher
interstitial content [46].

In the present study, it was hypothesized that TiBP generated by
cell surface display on implant-grade Ti are capable of binding to Ti
with high affinity, and they can be conjugated to other bioactive
molecules without losing their surface-related function, resulting

in the enhancement of the bioactivity obtained on the Ti surface.
To test this hypothesis, peptides for cp Grade 4 Ti were selected
using a FliTrx cell surface display library. Each of the selected TiBP
was then characterized semi-quantitatively via fluorescence
microscopy (FM) for affinity to their respective Ti surface. Peptides
chosen because of their strong (TiBP1 and TiBP2) or weak (TiBP60)
affinities were further subjected to quantitative binding character-
ization via quartz crystal microbalance (QCM), as well as analysis
of their molecular conformation properties by protein structure
interrogation techniques. The selected subset of TiBP was then
examined for cytotoxicity. Building upon their affinity for the im-
plant-grade Ti surface and their favorable cytotoxicity analysis,
the TiBP modularity was evaluated by conjugating them with an
integrin recognition sequence, Arg-Gly-Asp-Ser (RGDS). It was
demonstrated that the conjugated TiBP-RGDS not only retain their
surface binding affinity, but also gain enhanced bioactivity to
osteoblast and fibroblast cells. Bioenabled implant surface func-
tionalization using peptide-based linkers provides a platform for
integrating the modular domains for multifunctional probe attach-
ment on the surfaces in a single-step process under biologically
relevant environments.

2. Materials and methods
2.1. Implant-grade Ti preparation

Implant-grade Ti sheets of cp Grade 1 and cp Grade 4 (A.D. Mac-
Kay, Red Hook, New York) were prepared as disks 19 mm in diam-
eter. These disks were used to mimic an implant surface. Surface
roughness was achieved through hand polishing with a 600-grit
finish silicon carbide metallurgical paper [47]. Disks were cleaned
by first soaking in 1% sodium dodecyl sulfate (SDS) buffer over-
night, followed by sonication for 1 h. Disks were washed in dou-
ble-distilled water four times before and after passivation in 30%
nitric acid for 1 h. Disks were sterilized by 15 min irradiation to
each surface with UV light prior to cell culture experiments [47].

2.2. Surface characterization

Surface properties of cp Grades 1 and 4 Ti disks were deter-
mined using atomic force microscopy (AFM) and scanning electron
microscopy (SEM). The rms of the prepared Ti disks was examined
using a Nanoscope Il[/MMAFM system (Veeco Instruments, Santa
Barbara, CA). Scans of size 30 x 30 um were made in contact mode
using standard SiN AFM tips with a nominal tip radius of 20 nm at
a scan resolution of 512 x 512 pixels, or 60 nm pixel~'. The rms
values were calculated from these scans using software provided
by the manufacturer. The gross surface morphology of the pre-
pared disks was examined using a JSM 7000 SEM (JEOL USA, Pea-
body, MA) at 10 keV by a LaBg filament.

2.3. Cell surface display

The FliTrx bacterial cell surface display system [48] (Invitrogen,
Carlsbad, CA) was used to select peptide sequences against the cp
Grade 4 Ti surface [49,50]. Four selection rounds were applied in
the biopanning process for Ti binding clone enrichment, and the
DNA nucleotide sequence analysis of each of the 60 clones was per-
formed (Fig. S1). The binding affinities of the isolated clones were
further characterized by quantitative fluorescent microscopy
employing a Nikon Eclipse TE-2000U fluorescent microscope (Mel-
ville, NY) equipped with a Hamamatsu ORCA-ER cooled CCD cam-
era (Bridgewater, NJ), imaged using a FITC filter (exciter 460-
500 nm, dichroic 505 nm, emitter 510-560 nm) and METAMORPH
software (Universal Imaging, USA). The affinity level for each clone
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was established by calculating the average number of adherent
cells on the Ti surface in triplicate samples. Consequently, the TiBP
were grouped as strong, moderate or weak binders, according to
their binding level.

2.4. Peptide synthesis

A standard solid phase peptide synthesis technique was per-
formed on Wang resin (Novabiochem, San Diego, CA) using F-
moc chemistry. A CSBio 336S automated peptide synthesizer (C S
Bio Co., Menlo Park, CA) with HBTU activation was used for the
synthesis. The resulting resin-bound peptides were cleaved and
side chain de-protected using Reagent K (TFA/thioanisole/H,0/
phenol/ethanedithiol, relative ratio: 87.5:5:5:2.5) and precipitated
by cold ether. The crude peptides obtained were purified by re-
versed-phase high-performance liquid chromatography at > 98%
purity (Gemini 10u C18 110A column). The purified peptides were
checked by mass spectroscopy, using a MALDI-TOF mass spectrom-
eter (Bruker Daltonics, Billerica, MA) A representative chromato-
gram and the mass spectrum of the resultant pure peptide can
be found in the Supplementary Data (Figs. S3-S5).

Bifunctional peptides were designed by conjugating the TiBP
with the integrin binding domain, RGDS, via a three peptide flexi-
ble linker consisting of the amino acid glycine.

2.5. Circular dichroism spectroscopy

A solution containing 30 uM peptide, 100 mM Tris-HCl at pH
7.4 and varying volumes of 2,2,2-trifluoroethanol (TFE) (99.8% pur-
ity, Acros Organics, Pittsburgh, PA) was prepared for circular di-
chroic analysis. The spectrum, an average of eight scans from 185
to 260 nm, with a scan rate of 0.5 nms~', was collected at 20 °C
for each sample, using an AVIV Stopped Flow 202SF circular
dichroism (CD) Spectropolarimeter (Lakewood, NJ, USA). Appropri-
ate background buffer subtraction was performed on each sample.
The CD instrument was carefully calibrated using (1S)-(+)-10-cam-
phorsulfonic acid (99%, Sigma-Aldrich, St. Louis, MO). Ellipticity is
reported as mean residue ellipticity (M (deg cm? dmol~!). All spec-
tral smoothing (Savitzky-Golay algorithm) was executed using
commercial graphing software (IGOR Pro. 6.0). For secondary
structure estimation, a section of the smoothed spectrum (from
190 to 240 nm) was compared with a five-component reference
spectra database [(1) alpha helix, (2) beta sheet, (3) beta turn,
Type-I, (4) beta turn, Type-II, and (5) random coil] using a con-
strained least-squares fit [51]. The standard spectra do not con-
sider any aromatic or disulfide dichroic contributions, since the
peptides analyzed do not contain significant non-structural fea-
tures (TiBP2 is the only peptide with an aromatic residue, Y). The
secondary structure estimates are reported as the fractional
weight + the standard deviation.

2.6. Molecular modeling studies

Three different TiBP were modeled, TiBP1 and TiBP2 as strong
binders and TiBP60 as a weak binder. To model these three pep-
tides, linear forms were built using molecular modeling software
(Hyperchem 7.5, Gainesville, FL). The energy minimizations of
these peptides were carried out under implicit solvent conditions
to reduce the otherwise huge computation time required to model
individual water molecules. To analyze the energy landscape and
thus to detect the minimum-energy structures, the chosen dihe-
dral angles were first varied randomly, and then these newly
formed initial peptide structures were minimized using the Po-
lak-Ribiere conjugate gradient method. This process was reiterated
until convergence of the gradient (0.01 k] mol~!) was achieved
using the CHARMM 27 force field [52]. In each round of energy

minimization, unique low-energy conformations were stored,
and high-energy and duplicate structures were discarded. Using
the conformational search module, 1000 different local minima
on the potential energy surface were found, and the lowest one
was chosen as the global minimum or the lowest-energy confor-
mation [53,54]. The lowest energy conformations were next sol-
vated with TiP3P water explicitly and, finally, the overall system
was energy minimized using the Polak-Ribiere conjugate gradient
method by means of the convergence criterion and the force field
parameters, as previously provided [52]. The final configurations
and the corresponding Ramachandran plots were generated using
VMD (Visual Molecular Dynamics) software (NIH) [55].

2.7. Binding affinity measurement

A QCM system was used to quantify the binding strength of the
three Ti-binding peptides (TiBP1, TiBP2 and TiBP60) on the Ti sur-
face. Five-megahertz quartz crystals (Q-Sense, Linthicum, MD)
were coated with 25 nm of Ti film formed, via physical vapor depo-
sition, and the coated crystals were used in a KSV QCM-D Z500 par-
allel flow system (Instrument Ltd, Helsinki, Finland), which
monitors frequency change over time. Phosphate buffered saline
(PBS) at various concentrations was used to dilute the peptides
and to introduce the peptide to the crystal surface within a flow
cell. Fluid flow was stopped to allow the peptide in solution to bind
to the surface until equilibrium was reached. Binding was observed
via the frequency shift, a parameter that is related to the mass of
the adsorbed peptide. To determine the dissociation constant (Ky)
of each peptide on Ti, the equilibrium frequency shift caused by
peptide binding was measured at several concentrations. The
resulting values were fit using the Langmuir adsorption model.
Peptide concentrations of 0.1-2 uM and 2-15 uM were used for
all binders initially; they were then adjusted to be in a similar
range according to the Ky value for each peptide. After testing, each
Ti surface was cleaned using a surfactant solution (1% SDS, 1N
NaOH) and all the surfaces were ozone cleaned for 15 min before
their reuse.

2.8. Cell culture

MC3T3-E1 preosteoblast (CRL-2593™, ATCC, Manassas, VA) and
NIH3T3 (CRL-1658™, ATCC, Manassas, VA) were cultured in alpha
minimum essential medium (MEM) supplemented with 10% fetal
bovine serum, 2 mM glutamine and 1% antibiotic solution (all med-
ia ingredients used were from Gibco, Carlsbad, CA). Cells were
incubated at 37 °C in air supplemented with 5% CO, for 1 week.
The cells were then enzymatically detached from the surface of
the cell culture dishes using 0.25% trypsin-EDTA solution (Gibco,
Carlsbad, CA) and collected by centrifugation (2000 rpm for 5 min).

2.9. Cytotoxicity assay (MTT assay)

The peptides were dissolved and diluted to 200 pM in 1x PBS
(Gibco, Carlsbad, CA), and 750 pl of each peptide solution was
incubated on sterilized cp Grades 1 and 4, implant-grade Ti sur-
faces. As a control, each Ti surface was also incubated with 1X
PBS for 4 h at 37 °C in 5% CO,. Following incubation, all Ti speci-
mens were washed twice in 1X PBS to remove unbound peptides.
A total of 2 ml of 8 x 10° cells ml~' MC3T3-E1 cells were plated
in each well of the 12-well plates with the Ti disks functionalized
with either the TiBP or PBS (negative control). To avoid fibronectin
arising from animal serum sources, the test cultures were main-
tained in serum-free alpha-MEM with 1% antibiotic solution at
37 °C in 5% CO, for 24 h. Following incubation, 200 pl media was
removed from each well, 200 pl of an MTT (Sigma-Aldrich, St.
Louis, MO) reagent (5 mg ml~!) (1:10 ratio) was added to each well
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and incubated for 3 h. At the end of incubation time, purple forma-
zan crystals were observed using an inverted light microscope with
Kohler illumination. Each Ti surface was transferred to a clean well,
and the formazan crystals were dissolved and incubated with
1.5 ml DMSO and 0.1 M glycine, NaCl pH 10.5 (10:1) ratio for
5 min. Absorbance of the converted formazan dye was measured
at a wavelength of 570 nm with background subtraction. Relative
cell viability (%) was calculated and compared based on the PBS
control bare Ti surface area for each group. Experiments were re-
peated in triplicate using three different Ti disk samples.

2.10. Cell adhesion and spreading

The MC3T3-E1 cells (10% cells ml~!) in serum-free media were
inoculated on cp Grade 1 and 4 Ti surfaces at 37 °C and maintained
for 2 h, as described above. Following the incubation period, the
cells were fixed in 500 pl of 2% glutaraldehyde (Ted Pella, Redding
CA) solution in PBS for 20 min at room temperature and dehydrated
with a series of increasing ethanol solutions (10-30-60-90-100%).
The Ti disks with cells were rinsed twice with PBS and treated with a
stock solution of Alexa Fluor488-Phalloidin (Invitrogen Co.) diluted
prior to use to obtain a working solution of ~33 nM. Then, 500 pl of
the final working solution was added to each sample and kept at
room temperature away from light for 20 min. The samples were
then rinsed twice with distilled water, dried under N,, and observed
using a TE 300L microscope. Metamorph and Image ] Software (NIH)
was used to analyze cell number and cell spreading. Similar proce-
dures were used for NIH3T3 cells plated on Ti-coated glass surfaces.
All experiments were repeated with three unique samples, with
data determined in triplicate for each sample.

3. Results

The cell surface display of peptides that bind to implant-grade
Ti surfaces resulted in the selection of two high-affinity binding se-
quences, TiBP1 and TiBP2. These high-affinity peptides and a weak
binding sequence, TiBP60, were analyzed in detail for subsequent
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structural properties, binding kinetics parameters and bioactivi-
ties. The results of the findings are discussed as follows.

3.1. Selection and characterization of TiBP

A cell surface display technique [48] was applied on cp Grade 4
Ti surfaces [47] to select peptides that could serve as potential bio-
molecular surface linkers to improve cell responses to these im-
plant materials (Supplementary Data, Fig. S1a). Throughout the
cell surface display selection, four successive rounds of biopanning
were performed, resulting in 60 unique clones, which were then
subjected to DNA sequence analysis (Fig. 1). Semi-quantitative ini-
tial binding analysis based on the FM technique was applied to as-
sess the affinity level among the selected clones. The binding
affinity level for each of the individual clones was obtained by
incubating them with the Ti surface, staining them with Syto 9
dye, which binds to nucleic acids, and evaluating their numbers
by imaging with fluorescent microscopy. The bound bacterial cells
expressing Ti-binding sequences were visualized as uniformly dis-
tributed bright green rods on a dark background, as opposed to
GI826 plasmid-free control cells (Fig. 1a), which fail to bind. Bind-
ing affinity of the selected peptide clones was estimated by enu-
merating the adhered cells over three random regions in
triplicate experiments. Based on these results, all the identified
peptides were successfully categorized as strong, moderate and
weak binders (Fig. 1b). The role of amino acid distribution on bind-
ing affinity was explored next. To calculate the relative abundances
of amino acids, the observed amino acid distribution among strong
and weak binder groups was compared with respect to the native
(unpanned) library peptide sequences [39]. Based on the amino
acid distribution analysis, the presence of polar (Ser, Asn) and basic
(Arg) amino acids were evident (Supplementary Data, Fig. S2).

3.2. Conformational properties of TiBP

TiBP were synthesized by solid phase synthesis, and their con-
formational properties were investigated. First, the presence of or-
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Fig. 2. (a) CD spectra of 30 uM TiBP (TiBP1, TiBP2, TiBP60) in the presence of varying volume percentages of TFE in 100 mM Tris-HCl, pH 7.4. Arrow indicates increasing TFE
concentration (0, 10, 20, 30, 40, 50, 75%). (b) Overlapped ribbon and CPK models of the predicted structures of the TiBP1, TiBP2 and TiBP60 (from top to bottom respectively).
The residues are colored according to residue type (basic, blue; acidic, red; polar, green; non-polar, gray). The backbone is colored according to secondary structure (turn,

cyan; random coil, gray; isolated bridge, tan). Water molecules are omitted for clarity.

dered or disordered structure was assayed within each sequence
and, second, the folding propensity of each sequence in the pres-
ence and absence of the structure-stabilizing solvent TFE was
determined. As shown in Fig. 2a, at 0% TFE in aqueous media, each
peptide exhibits a strong negative ellipticity band representing the
pi-pi* transition [51,56]. For TiBP1 and TiBP2, this band is centered
near 198 nm and is characteristic of random coil conformation in
equilibrium with other secondary structures such as alpha-helix
and beta turn that are featured in these sequences (Table S1)
[33,39,51,56,57]. The presence of beta turn structures may arise
from the Arg, Gly and Ser residues in TiBP1 and TiBP2 that would
promote turn or loop-like regions in either sequence
[51,56,58,59]. In addition, TiBP2 possesses a second, slightly posi-
tive ellipticity band centered near 218 nm, representing the n-pi*
transition. Under the same conditions, the weak binding TiBP60
peptide sample features a pi-pi* band centered near 200 nm, and
this reflects a shift away from random coil conformation towards
other secondary structures. As shown in Table S1, TiBP60 possess
more beta strand structure and reduced beta type Il content com-
pared with either TiBP1 or TiBP2, and this may be due to the pres-
ence of an extended beta strand forming a tetramer amino acid
sequence cluster, -PRPQ-[60], located near the middle of the
TiBP60 sequence. Thus, the -PRPQ tetramer sequence found in
TiBP60 is not found in the collapsed random coil/beta turn struc-
tures of TiBP1 or TiBP2. From these data, it is concluded that each
TiBP exhibits intrinsic disorder, with TiBP1 and TiBP2 adopting a
combination of coil, turn or loop structures in solution, whereas
TiBP60 adopts a more extended conformation under the same con-
ditions. With the addition of TFE, it is noted that, for each peptide,
the pi-pi* transition ellipticity band is reduced in intensity as a
function of TFE addition and undergoes a 7-8 nm red shift in
absorption wavelength. This red shift is indicative of a shift in sec-
ondary structure population away from a random coil towards
other secondary structures. Thus, like other intrinsically disordered
inorganic binding sequences, each TiBP undergoes some degree of
conformational reordering in the presence of TFE. This fact is re-
flected in Table S1, where the percentage of random coil structure

is observed to decrease for each peptide at 75% v/v TFE compared
with 0% v/v TFE. In addition, it is noted that TiBP60 exhibits an iso-
chromic transition point [51] centered at 215 nm, and this is not
observed for either TiBP1 or TiBP2. From this transition point, it
is inferred that the conformational transition for TiBP60 differs
from that of TiBP1 and TiBP2, and this difference may arise from
the presence of the extended —-PRPQ- sequence in TiBP60.

The structural models of the three different Ti-binding peptides,
two of them strong (TiBP1 and TiBP2) and one of them weak
(TiBP60), were obtained using CHARMM force field parameters
for the peptide and TIP3P parameters for the solvent. All three pep-
tides exhibit mainly turn and random coil conformations, lacking
regular secondary structure elements such as an alpha helix or a
beta sheet (Fig. 2b).

3.3. Adsorption behavior of TiBP on Ti surfaces

The adsorption behavior of TiBP1, TiBP2 and TiBP60 was quan-
tified via QCM by measuring the maximum vibration frequency
shift (AFnax) as a consequence of peptide binding. By measuring
AFnax at several peptide concentrations, two types of binding data,
the disassociation constant (Ky) and free energy of adsorption
(AG,qgs), were obtained by the following relationships based on
the Langmuir adsorption model:

—AF = AFnaC/(C +Ky) 1)

where AF;. is the frequency shift when the surface is saturated,
and C is the concentration of the bulk solution. The unknown con-
stants, AFq.x and Ky, were fit to the data using a least squares
regression. The dissociation constant can then be related to the free
energy of adsorption by the following relationship:

AG.gs = RT In(Ky) (2)

where Ky values represent the concentration necessary to achieve
50% surface coverage on a given surface. While not intended to ac-
count for the absolute absorbed dry mass [61-66], these calculated
Kq and AG,qs values serve the purpose of comparison, e.g., the lower
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Fig. 3. Surface coverage and observed K4 and AG values (inset) of TiBP1, TiBP2 and TiBP60 determined using the QCM with on Ti-coated quartz crystal.

the Ky value, the more strongly the peptide binds to that surface. It
was also assumed that the peptide films were rigid, resulting in a
proportional frequency shift to the overall film mass, and that there
was no significant difference between the wet and dry film masses,
which were reasonable, given the small size of the peptide [66].
TiBP1, TiBP2 and TiBP60 showed vast differences in their binding
affinity to Ti-coated quartz crystals. In the case of TiBP1 and TiBP2,
both of which showed strong binding by FM analysis, the peptide
saturated the surface at relatively low concentrations (Fig. 3), yield-
ing Ky values of 0.90 uM and 018 puM, respectively, as shown in the
inset in Fig. 3. Both these peptides can be characterized as strong
binders from these Ky values compared with other TiBP in the liter-
ature [37]. However, TiBP60 showed much weaker binding, result-
ing in a K4 value of 14.76 uM (Fig. 3 inset), confirming the results
obtained from FM analysis (Fig. 1). TiBP60 requires a ~100-fold
greater concentration in solution to achieve the same surface cover-

(a)

age as TiBP2 (Fig. 3). There is a significant difference in the binding
strengths between the two strong binding peptides. TiBP2 showed a
fivefold lower Ky value than TiBP1. The free energy of adsorption
(AG,qs) values (Fig. 3 inset), however, did not display such signifi-
cant differences. Here, TiBP60 yielded greater binding energy
(—6.59 £0.12 kcal mol~!) compared with the value calculated for
TiBP1 or TiBP2 (—8.25 + 0.08, —9.19 + 0.11 kcal mol !, respectively).

3.4. Surface topography of Ti surfaces

The biocompatibility of a biomaterial is closely related to the
cellular functions it elicits, particularly cell viability and adhesion,
i.e., cell properties that are important during the early stage of cell-
surface interactions [67]. This interaction is limited and dependent
on the surface characteristics of the materials, such as topography,
chemistry and surface energy. Both material composition and sur-

(b)

Fig. 4. AFM scans in 3D view over a 30 x 30 um region: (a) cp Grade 4 Ti; (b) cp Grade 1 Ti. SEM scans of Ti implant surfaces: (c) cp Grade 4 Ti; (d) cp Grade 1 Ti.
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face morphology influence protein adsorption and, therefore, the
resulting adhesion and proliferation of cells. First, the surface
roughness of implant-grade Ti (cp Grades 1 and 4) was examined
by AFM imaging. The data revealed that the Grade 4 surface was
relatively smoother than the Grade 1 surface, the rms roughness
value being 170 nm with a peak to valley range of 1.6 um, and
300 nm with peak to valley range of 2.6 um for cp Grade 4 and 1
surfaces, respectively. While both cp Grades 1 and 4 Ti were chem-
ically similar and both were polished with 600 grit SiC paper, the
roughness difference is attributed to the result of the hardness dif-
ference between the two grades. A depiction of the different sur-
face groove depths is shown by the 30 x 30 um cut-out of the
AFM scans in three-dimensional (3D) view shown in Fig. 4a and
b. From the analyses of SEM images, the general view of the surface
properties of these materials is evident. Grade 1 clearly reveals
deeper grooves than those of Grade 4 material. Larger SEM scans
revealed that the groove patterns are similar between the two
grades of Ti surfaces, with Grade 4 having a smoother surface
(Fig. 4c and d).

3.5. Potential cytotoxicity of the peptides under in vitro conditions

It was next evaluated whether there is any growth inhibition ef-
fect caused by the peptides under in vitro conditions. Cell viability
was first tested on peptide-functionalized implant-grade Ti surface
using an MTT assay. This is a colorimetric assay that measures the
reduction of a yellow 3-(4,5-dimethythiazol-2-yl)-2,5-diphenly
tetrazolium bromide enzymatically to dark purple colored forma-
zan product by the metabolically active cells. Following peptide
self-assembly on either of the two Ti surfaces, MC3T3-E1 cells were
exposed to peptide modified surfaces to carry out the MTT assay
(Fig. 5a). The results of the MTT assay demonstrate that cell viabil-
ity and growth have not been affected by the presence of either
TiBP1 or TiBP2 modified surfaces, compared with values obtained
from control groups (Fig. 5b and c).

Next, assays were targeted to showing the effect that peptide-
functionalized Ti surfaces exerted on cell adhesion. To test the ver-
satility of the TiBP, the MC3T3-E1 osteoblast-like cells were ex-
posed to peptide functionalized cp Grade 4 and 1 test surfaces
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including positive control groups. After 2 h of incubation, the cyto-
skeleton of adherent MC3T3-E1 was visualized with phalloidin
labeling under FM. At 2 h, in the control and experimental groups
the number of cells on both surfaces did not differ significantly
(Fig. 6a and b), but the cells were observed to spread more on
the peptide-coated Ti surfaces (Fig. 6a). Significantly more cells
had extended their surface contacts on cp Grade 4 than on Grade
1. However, the cells on cp Grade 1 were more elongated compared
with Grade 4 surfaces. In the case of TiBP functionalized cp Grade 4
surfaces, the number of cells on control and peptide-functionalized
surfaces was very similar. In contrast, the spreading of cells on pep-
tide functionalized surfaces was significantly different from the
control group. A slight increase in cell spreading was observed on
the cp Grade 4 Ti surfaces modified with TiBP1 and TiBP2 (Fig. 6a
and c, respectively). In case of TiBP functionalized cp Grade 1 sur-
faces, there was no significant change in cell number or spreading
among control and peptide-functionalized surfaces.

3.6. TiBP-RGDS mediated bioactive surface modifications

To demonstrate the modularity and flexibility of TiBP as molec-
ular surface linkers, a bifunctional peptide was designed by conju-
gating TiBP with an oligopeptide constituting an integrin binding
RGDS domain via a peptide linker consisting of three repeated gly-
cine residues. The effect of the combined TiBP-RGDS on cell viabil-
ity, adhesion and spreading was examined on cp Grade 4 Ti
surfaces as well as Ti-coated glass surfaces in the presence of
MC3T3-E1 osteoblast-like and fibroblast cells, respectively. First,
the efficiency TiBP1-RGDS and TiBP2-RGDS on cell adhesion and
spreading was explored on the implant-grade Ti surfaces that in-
cluded negative (bare surface) and positive control (RGDS) in the
presence of MC3T3-E1 (Fig. 7). A 1.5-fold difference was observed
in the adherent cell number among the two bifunctional peptides
functionalized surfaces (TiBP1-RGDS and TiBP2-RGDS), with
TiBP1-RGDS showing the enhanced binding. Negative (bare) and
positive control groups (RGDS) are shown in FM micrographs,
and their response is plotted in graphic form (Fig. 7a, b). A signifi-
cant difference in cell spreading behavior was also observed among
TiBP1-RGDS vs. TiBP2-RGDS with respect to all control groups, as

TiBP1 nBpP2 cp Grade 4
TiBP1 TiBP2 cp Grade1

Fig. 5. (a) Schematic representation of peptide functionalized implant surface in the presence of MC3T3-E1 cells for MTT assay. (b) TiBP1 and TiBP2 functionalized cp Grade 4

and (c) Grade 1 implant-grade Ti surfaces.
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Fig. 7. (a) FM micrographs of phalloidin stained MC3T3-E1 cells on RGDS, TiBP1-RGDS and TiBP2-RGDS-treated cp Grade 4 Ti surfaces. (b) The number of adhered MC3T3-E1
cells mm~2 in serum-free conditions on control and peptide-treated surfaces. (c) Average cell spreading on control and peptide-treated surfaces.

shown in Fig. 7c. Although both of the peptides resulted in better
cell spreading compared with controls, TiBP1-RGDS resulted in
an approximately threefold greater cell-spreading compared with
TiBP2-RGDS on the surface (Fig. 7c).

Next, a Ti-coated glass substrate was used as the test surface to
be functionalized with TiBP1-RGDS. The peptide’s effect on cell
adhesion and spreading in the presence of NIH3T3 mouse fibro-
blast was examined, compared with both negative control (bare
surface) and positive control (RGDS) surfaces. The adhesion and
spreading of the NIH3T3 cells on Ti surfaces were increased 3.5-

5-fold for TiBP1-RGDS functionalized surfaces compared with
unmodified negative controls (Fig. 8a, b). No significant change
was observed for cell adhesion on the surfaces incubated with
RGDS alone or with TiBP1 peptide alone. This outcome was ex-
pected, because the role of TiBP alone on promoting cell adhesion
and spreading is minor, since the residues promoting specific and
avid binding to a material surface are predicted to provide little
or no improvement in cell binding. Similarly, the integrin binding
domain, i.e., RGDS alone, is not competent to provide an interface
that promotes binding and spreading, since the integrin receptor li-
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Fig. 8. (a) FM micrographs of phalloidin stained NIH3T3 cells on RGDS, TiBP1-RGDS-treated glass-coated Ti surfaces. (b) The number of adhered NIH3T3 cells mm2 in

serum-free conditions on control and peptide-treated surfaces. (c) Average cell spreading mm~—2

gand is not immobilized to the surface, but rather it is only pas-
sively absorbed. Cell adhesion and spreading was significantly en-
hanced on the Ti surface coated with the bifunctional peptide
relative to surfaces of cp Grade 4 Ti and Ti thin-film treated with
RGDS alone. These results suggest that the structural conformation
of the peptide may allow the RGDS domain to be freely exposed, an
outcome resulting in better cell adhesion and spreading. Also pep-
tide charge and hydrophilicity may affect surface chemistry that
can alter cell behavior. Surface micro- and nanotopography may
have an effect not only on cell attachment and spreading, but also
on peptide binding and availability of RGDS domain. Cell adhesion
and spreading assays demonstrated that TiBP1-RGDS preserved its
dual functionality effectively, with one peptide domain facilitating
binding to the Ti surface, while the other peptide domain retained
its function serving as a recognition site for cells.

4. Discussion

In this study, a series of Ti binding peptides was developed by a
combinatorial cell surface display library. It demonstrated how
these peptides could be converted to a bifunctional peptide by
linking it to a bioactive molecule, RGDS, to enhance biocompatibil-
ity on the Ti surface for potential implant applications. In addition
to selecting the Ti binding peptides and demonstrating their bio-
compatibility, extensive binding and structural/conformational
characterizations were performed to elucidate the binding mecha-
nisms operating for these peptides.

4.1. Peptide structure and binding affinity

Following the peptide selection for Ti surfaces, the physico-
chemical properties of the peptides were analyzed further, to gain
additional insight into the mechanism of peptide binding on Ti sur-
faces. It was found that the presence of polar (Ser, Asn) and basic
(Arg) amino acids were prominent in the selected peptides. The
role of amino acid composition vs. amino acid positioning in the
sequence and the role of peptide net charge vs. local charge distri-
bution have been studied by different research groups, including
the present authors, to investigate the binding mechanism of pep-
tides to the desired surfaces [32,37,42,56,57,68,69]. A number of
related probing studies in the literature focused on the interactions
of peptides with metal, metal-oxide and mineral surfaces based on

on control and peptide-treated surfaces.

amino acid type and position relations [37,68,69]. For example, the
HAP mineral binding sequences are considered to be rich in acidic
residues (aspartate, glutamate and serine) resulting in a net nega-
tive charge that promotes binding to positively charged calcium
atoms in the apatite crystal faces [32,42,43]. In the case of metal-
oxide (e.g., Ti with native oxide surface and silica), peptides en-
riched with charged and polar amino acid residues (Lys, Arg, His,
Asp and Glu) have been claimed to have high affinity with the neg-
atively charged metal-oxide surfaces, probably because of their po-
sitive charge in an aqueous environment at neutral pH [37,68,69].
The observed abundance of Ser is remarkable among the strong
binders of the selected peptides compared with His, Lys and Arg,
which were considered as playing a role for peptide binding to me-
tal-oxide surfaces in earlier studies. However, the abundance of
Asp and Glu residues among the peptides is similar to the distribu-
tion described in previous studies (SupplementaryData, Fig. S2).
While there are various peptide sequences with affinity for metal,
metal-oxide and mineral surfaces, it remains a challenge to iden-
tify a clear contribution for each residue alone [37,40,68-70]. How-
ever, the overall folding on the solids is starting to be considered
one of the key factors playing a crucial role in binding and self-
assembly. The target surface and solution properties as well as
the biopanning technique applied, including the design of this pro-
cess, are the additionally important key factors.

In the literature, peptide sequences were reported as being se-
lected using phage display against various size particles of Ti oxide
powders, bulk Ti oxide (anatase) and even metallic Ti particles
with native surface oxide [37,68,70]. In general, during the selec-
tion of peptides, features of the phage or cell surface library, the
choice of biopanning protocol and strategy may collectively con-
tribute to the differences observed in amino acid distribution, pep-
tide generation efficiency and random sequence diversity. As
unique peptides are identified not only by binding different mate-
rials, but also by affinity to different types of similar materials, it
may be possible that amino acid sequence information may be
deciphered, and this knowledge could lead to the prediction of
the molecular recognition ability of a given peptide towards a gi-
ven inorganic surface. In this study, three different peptides, specif-
ically TiBP1, TiBP2 and TiBP60, were characterized in detail. TiBP1
and TiBP2 have a similar high affinity, despite their distinctive
physicochemical properties, but TiBP60 has the lowest affinity, de-
spite exhibiting physicochemical properties similar to those of the
higher affinity TiBP1 (Fig. 1b inset). This apparent paradox may
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arise from a lack of knowledge regarding the possible conformation
of the molecular structure of the peptide on the given solid surface
which then dictates the specific molecular interactions with that
surface, and has yet to be fully deciphered. Indeed, several mate-
rial-specific polypeptides exhibit some degree of intrinsic disorder
or unfolded structure [33,39,56,57,71,72]. In addition, it has been
shown that target- or environment-induced folding propensity
[60,71] is another molecular characteristic that functionally distin-
guishes different inorganic binding protein sequences from one an-
other [33,56]. In the study described here, this issue was further
investigated by studying the peptide conformational properties.

The CD studies revealed a significant conformational differences
between strong binding peptides (TiBP1 and TiBP2) and weak
binding peptides (TiBP60), and this difference may be a result of
the presence of the -PRPQ- sequence in TiBP60. These differences
in folding propensity may reflect the ability of each disordered TiBP
sequence to adapt to Ti surfaces and significantly contribute to
their observed binding propensities. Additional structural analyses
were also in agreement with the CD analysis and indicated that all
three peptides exhibited some degree of intrinsic disorder or un-
folded structure [33,39,56,57,71,72]. The plots shown in Fig. 2b re-
veal the structure of the peptides in water, which is omitted for
clarity, and reflects the CD experiments in the absence of the struc-
ture-stabilizing solvent (TFE). These plots indicate that, TiBP1 and
TiBP2 have slightly more compact structures than TiBP60, a finding
which may explain the differences in conformational transition
studied via CD experiments in TFE conditions.

Understanding the peptide binding mechanism on solid sur-
faces has been elusive for practical applications [29]. As a prelude,
selected peptides that can mediate cell adhesion were tested as ad-
sorbed or covalently attached domains on various biomaterial sur-
faces. However, these cell adhesive peptide sequences were not
designed with preferential affinity towards a specific material sur-
face. Weakly attached molecules can be displaced and redistrib-
uted by cells attempting to attach to the same surface. In this
case, formation of focal adhesion that influences cell attachment
and behavior will not occur. This demonstrates the need to design
a peptide including both material surface binding specificity and
cell adhesive domains, both acting at the interface cooperatively.
To understand better the behavior of peptide assembly on implant
material surfaces requires additional knowledge. Therefore, the
present authors further explored the binding affinities of the se-
lected peptides on implant-grade Ti surfaces, while also intending
to identify the means of increasing their cell adhesion behavior.

Correlating with the FM, CD and structural analyses, the QCM
data revealed that TiBP1 and TiBP2 displayed stronger binding
affinities (lower K4 and AG,q4s values) than TiBP60. While the Ti
surface used for QCM experiments was not the same one used in
peptide selection, i.e., cp Grade 4 Ti vs. >99.9% pure Ti, the aim here
is to quantitatively measure the relative binding differences among
the TiBP and elucidate their binding mechanisms in the light of
their structural conformation. Since both surfaces contain amor-
phous oxides, it is not anticipated that the resultant native oxide
would differ. The nature of the native Ti oxide is an underappreci-
ated and understudied issue. However, the parameter that would
influence the native oxide is the electrolyte. Since the same buffer
was used in the present studies, one expects the native oxide to be
the same for both Ti film and cp Ti. In the literature, the assump-
tion is that peptide binding adsorption relies on the formation of
a passivated oxide layer and charged group interactions contrib-
uted from amino acid residues. Identified peptides tend to exhibit
significant enrichment in histidine residues and hydroxyl-contain-
ing residues with high cationic charge [40,70]. However, the trends
observed by the present authors regarding the adsorption behavior
of TiBP indicate that it is not only the consequence of electrostatic,
hydrogen, hydrophobic and dipole interactions, or the combination

of these forces, but rather a more complex mechanism for binding
that lies beyond simple binding affinity, amino acid content and
peptide net charge correlation properties that normally specify
peptide inorganic interactions. The observed differences in binding
affinity, as revealed by QCM measurements, may be attributed to
the similarities in their molecular architecture, allowing conforma-
tional transition to play a critical role in the ability of these se-
quences to adapt to the Ti implant material surfaces.

4.2. Bioactivity assays

Osteoblast-like MC3T3-E1 cells were used to study cell activity
on the surface of implant-grade TiBP modified surfaces. There was
a difference in cell spreading on TiBP modified cp Grade 1 and cp
Grade 4 Ti surfaces. With respect to cell behavior, the parameter
of surface roughness is among the important factors to consider,
in addition to the chemical and wetting properties of the surfaces
[67,73]. In the present case, the peptides were selected on cp Grade
4 Ti only, although there are only minute differences in chemical
impurity content between the cp Grade 1 and cp Grade 4 Ti mate-
rials. However, the influences of these other factors were probably
small compared with a nearly twofold difference in roughness be-
tween the two grades of Ti. The less rough cp Grade 4 Ti surface re-
vealed a moderate increase in cell attachment number and cell
spreading when functionalized with TiBP peptides. However, the
more deeply grooved cp Grade 1 Ti revealed little difference in cel-
lular behavior between TiBP-coated surfaces and non-treated sur-
faces This was probably a result of the depths of the grooves in the
present cp Grade 1 Ti substrates being too severe to realize the
benefit of functionalization by the TiBP. Because the cp Grade 4
Ti revealed improvement in cellular activity when coated with
TiBP1 and TiBP2, the experiments with cp Grade 4 surfaces were
continued, where bifunctional TiBP was used for surface function-
alization to determine whether the cellular bioactivity could be
further enhanced. After conjugating the RGDS peptide domain with
either the TiBP1 or TiBP2, it was found that the TiBP1-RGDS func-
tionalized cp Grade 4 Ti surface outperformed that of the TiBP2-
RGDS functionalized surface. Altogether, the results indicated that
cell-implant material interactions can be enhanced using the sim-
ple, flexible and modular dual-functional peptide-based single-
step procedure for effective surface functionalization.

5. Conclusion

Deciphering the code for the physicochemical and structural
properties that permit short peptides to interact with affinity and
specificity with various inorganic surfaces is an important research
avenue requiring improvement so that the host response to various
biomedical device surfaces, whether they are used for soft or hard
tissue implantable devices, can be optimized. Here, the present
authors demonstrated an empirical approach to identifying such
peptides, using a strategy of biopanning for random peptides ex-
pressed by phage or bacteria to bind to a specific inorganic solid
material surface. Specifically, cell surface display was used to
screen a set of peptides that bind to implant-grade Ti, biomaterial
in frequent use for dental and osseous implantable devices. De-
tailed quantitative analysis on the subset of the two strong binding
peptides provided the affinity and concentration range for the pep-
tides to be used as novel implant-grade surface functionalization
molecules. While peptides were demonstrated as effective surface
linkers under the biological activity, their use as modular domains
in creating multifunctional peptides was also tested. Conjugating
these peptides to integrin recognition peptide sequence RGDS re-
sulted in a single molecule when coated on Ti surfaces in a single
step, and it enhanced the bioactivity of RGDS in the presence of
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pre-osseoblast and fibroblast cells. This combination of techniques
can be easily manipulated to provide high-throughput screening
for a variety of biomaterial surfaces, and the resulting binding pep-
tides can be coupled to domains active in directing cell behavior
that can be used to restore the function of tissues lost from disease,
injury and congenital anomaly.

Understanding the first principles that regulate short peptide
binding specificity and affinity responses to implant materials
leverages the approach of using surface functionalization through
single-step applications of biologically active coating under envi-
ronmentally friendly conditions. Such implant binding peptides
are candidates to serve as biomolecular linkers to functionalize im-
plant surfaces by providing modular domains that ease their con-
jugation to biologically active signaling molecules, while
retaining their remarkable binding and selectivity to the solid sub-
strate in the absence of cytotoxicity properties. Since material sur-
face binding peptides can be conjugated with a variety of bioactive
molecules that enhance cell attachment, cell proliferation, cellular
spreading and other fundamental properties of cell behavior, the
TiBP studied here offer a unique utility for tissue engineering stud-
ies. The proposed peptide-based surface coating is universal and
can be applied to induce various desired biological activity on
any implant material from dental to orthopedic applications, using
an easily adaptable single-step biologically relevant set of
conditions.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 2 and 4-8, are
difficult to interpret in black and white. The full colour images can
be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.11.004.

Appendix B. Supplementary data

Detailed experimental procedures are provided in Supplemen-
tary Data on the peptide selection, binding characterization, amino
acid distribution of all generated strong and weak TiBP, secondary
structure distribution of TiBP1, 2 and 60 and the MALDI/TOF mass
spectrum of synthesized Ti binding peptides.

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.actbio.2012.11.
004.
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