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ABSTRACT: A series of multivalent dendrons containing a bioactive
osteogenic growth peptide (OGP) domain and surface-binding catechol = 0GP-{Catl,
domains were obtained through solid phase synthesis, and their binding . % 2 0%(:

affinity to hydroxyapatite, TiO,, ZrO,, CeO,, Fe;O, and gold was Vi Incubation-and
characterized using a quartz crystal microbalance with dissipation | -rinse &
(QCM-d). Using the distinct difference in binding affinity of the
bioconjugate to the metal oxides, TiO,-coated glass slides were
selectively patterned with bioactive peptides. Cell culture studies
demonstrated the bioavailability of the OGP and that OGP remained
on the surface for at least 2 weeks under in vitro cell culture conditions.
Bone sialoprotein (BSP) and osteocalcein (OCN) markers were
upregulated 3-fold and 60-fold, respectively, relative to controls at 21
days. Similarly, 3-fold more calcium was deposited using the OGP
tethered dendron compared to TiO,. These catechol-bearing dendrons
provide a fast and efficient method to functionalize a wide range of inorganic materials with bioactive peptides and have the
potential to be used in coating orthopaedic implants and fixation devices.

OGP-(Cat), 1M

Frequency Shift (Hz)

B INTRODUCTION

Immobilization of bioactive peptides onto surfaces has been
proven to be an effective avenue to improve cell attachment,"
influence proliferation,” and direct differentiation in tissue
engineering.>* Physical adsorption/encapsulation and chemical
conjugation have both been applied to derivatize tissue
engineering scaffolds with bioactive peptides.”™® Most of
these methods were developed for polymeric materials, while
the surface decoration of inorganic surfaces has received less
attention, due to the lack of diversity in presenting functional
groups for highly efficient chemical reactions.'®™'* However,
many inorganic materials are useful in the medical applications
field. For instance, titanium and zirconia are widely used in

. . . 13,14 . .
prosthetic devices and dental implants; cerium oxide - - M o
nanoparticles are potent antioxidants in therapeutics;'>'® and utilized to covalently conjugate the bioactive moieties onto the

iron oxide magnetic nanoparticles are used to enhance the titanium implant surface, which requires C.omplicatedlprc.)ce—
magnetic resonance imaging contrast in disease diagnostics.'” dures and changes the 31'1rface properties du'rlng the fabrlcat19n.
Thus, the development of efficient and convenient methods to . The presence of 3,4-.d1hydroxypheny1€11amne (]?OPA), which
immobilize bioactive peptides onto the surface of metal oxide is found abundantly in mussel adhesive proteins, has been

Titanium is the most widely used material in bone implants
and dental fixations due to its low density, high strength and
high resistance to erosion. In physiological conditions, the
oxide passivation lagrer of 2—20 nm TiO, is quickly formed on
titanium implants.'” Several methods have been developed to
decorate titanium implants with bioactive peptides/proteins.
Modifications can be achieved through physical interactions,
such as protein-encapsulated coating,”® erosion and subject
protein adsorption,”" and peptide-grafted polycation adsorp-
tion.”* However, the diffusion of loaded bioactive components
may require high doses, and lead to low drug efliciency, and
other adverse reactions.”> > Chemical conjugation by
generating reactive functional groups using electrochemical
anodization,”’ acid—etching,28 and oxidation,””*° have been

materials (TiO,, ZrO,, CeO,, Fe;0, and so on) will not only
influence the cell behavior locally but will also contribute to the
improvement of diagnostic and therapeutic techniques in the
clinic.'®
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connected to the strong adhesion of mussels onto multiple
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Scheme 1. Molecular Structures of OGP-(Cat), and OGP-PEG-(Cat),, n = 1, 2, 4
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surfaces in wet conditions.®" Catechol group is the functional
group of DOPA, which is known to interact with titanium oxide
surface through coordination bond or H-bond with pH
sensitivity.>>* Catechol is also cross-linked together under
oxidative or basic conditions to form coating layers on
surfaces.>® Thus, it has served as adhesive building blocks in
the surface coating of a variety of materials, including metal
oxides, as well as organic polymers.>>~>* Besides titanium oxide,
the interaction of catechol with other metal oxides has also
been studied, including iron oxide,” chromium(III) oxide,*
manganese dioxide,*® aluminium oxide*' and zirconia.*'
Antifouling ethylene glycol dendrons** and glycocalyx*’ layers
have been successfully coated onto titanium oxide surfaces with
catechol-functionalized oligomers as the surface-anchoring
domain in the pioneered work. However, sequestering bioactive
moieties, such as peptides that are known to direct cell
behaviors, with catechol-bearing molecules on the surfaces of
biomaterials has not been reported.

Modular peptides are conjugated molecules containing
several different peptide sequences that are known to have
specific biofunctionality. The Murphy group has successfully
applied this molecular design in the modification of
hydroxyapatite surfaces with osteoconductive peptides using a
cost-effective dip-and-rinse procedure.**™* In the modular
peptides, there are two active components, the surface-binding
peptide that sequesters the whole molecule on the hydrox-
yapatite surface and the bioactive subunit that influences the
cell behavior. The loading concentration and retention time of
the peptides on the surface are critical parameters that

determine whether molecular signaling in the cell will be
triggered. In many studies it was shown that the cell response
to specific peptides is concentration-dependent.”*” However, in
most applications, the concentrations that are required to
trigger and sustain the cell response are less understood. Strong
adsorption is the prerequisite to realize efficient immobilization
with bioconjugate solutions at low concentration, and to retain
the peptides on the surfaces over extended periods. Thus, the
key issue in the modification of surfaces with modular peptides
is identifying the motifs that have strong binding affinity to the
targeted surface and quantifying the binding affinity. Strategies
and functional moieties that provide strong binding affinity are
highly sought after.

Between two objects (e.g, molecules, proteins, surfaces of
substrates and nanoparticles, cell membranes and so on), when
there are more than one pair of ligand—receptor interaction
binding simultaneously, a synergistic augment rises in binding
affinity with an order of magnitude enhancement over the
corresponding monovalent ligand.***’ This multivalent binding
strategy has been used extensively in nature and synthetic
molecules to enhance their respective binding affinity.*”>*
Dendrimers are ideal platforms to construct multivalent binding
ligands due to their abundant functional groups in the
periphery region.> Studies have shown that the molecular
structure of the multivalent hgands, including binding
valency,56 58 the flexible hnkage units,”® molecular architec-
ture®®®" and receptor density®* all play significant roles in the
ultimate association constant of the multivalent ligand with its
receptor. Models combining the macroscopic thermodynamics
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Scheme 2. Fmoc Solid Phase Synthesis of OGP-PEG-(Cat),
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with microscopic probabilistic arguments based on the
intramolecular reaction were employed to rationalize some
experimental results.**** The optimization of molecular
structures for the strongest binding is important in the
understanding of multivalent binding process, as well as the
design of strong adhesive motifs for drug targeting and
sequestering purposes.

Osteogenic growth peptide (OGP) is an endogenous
regulatory tetradecapeptide present in mammalian serum with
concentrations at the micromolar scale.”> Native or synthetic
OGP regulates proliferation, alkaline phosphatase activity and
matrix mineralization in studies of osteoblastic cell lines derived
from human and other mammalian species.’® As its active
portion, the carboxy-terminal pentapeptide, OGP(10—14)
directs rat bone marrow mesenchymal stem cells to differentiate
to osteoblasts.”® OGP or OGP(10—14)-functionalized bio-
materials, including scaffolds for bone tissue engineering,67’68
gradient substrates,” and peptide nanofibers,*””® have been
prepared, and shown to promote both cell proliferation and
osteogenic differentiation, in vitro and in vivo. Therefore,
OGP(10—14) is a good candidate to be utilized in our attempts
to enhance the osteoinductivity of conjugate-derivatized metal
oxide implants.

In this paper, a series of modular peptides containing
bioactive OGP(10—14), and a multivalent catechol-function-
alized dendron were synthesized using solid phase synthesis.
The relationship between molecular structure, including
binding valency (number of catechol groups in the molecule)
and flexible linkage, and binding affinity was well elucidated to

optimize the molecular structure for strong binding. The

successful immobilization and retention time of peptides on the
surface after a simple incubation-and-rinse procedure was
studied using fluorescein-labeled peptides and X-ray photo-
electron spectroscopy (XPS) analysis. The tetravalent ligand
remained bioavailable on the surface in buffer at physiological
pH for more than 2 weeks. The modular peptide exhibits
strong interactions with several medically relevant materials
(zirconia, cerium oxide, and iron oxide), demonstrating its
usefulness in the surface modification of other biomedical
devices. With the catechol-bearing modular peptides, selective
surface modification was achieved on a patterned TiO,-coated
glass slide, which demonstrates a new method to fabricate
surface with locally restricted peptides. The immobilized
OGP(10—14) was able to stimulate cell proliferation and
promote osteogenic differentiation and mineralization for
MC3T3-El cells cultured on the substrates.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Catechol-Bearing
Modular Peptides. Lysine-based dendrons were used as the
platform to construct the catechol-bearing multivalent binding
ligands with a bioactive peptide at the core as shown in Scheme
1. In the periphery of the dendron, tunable numbers of catechol
(Cat) functional groups were attached with valencies equal to 1,
2, or 4. In the focal point of the dendron, an osteoconductive
peptide, OGP(10—14), with the amino acid sequence YGFGG
was linked. The two domains are connected with or without a
hexaethylene glycol flexible linkage. We envision that the
surface-binding domain will sequester the bioconjugate on the
surface of metal oxide implants due to strong binding affinity,
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and the bioactive domain will interact with cells and influence
their behavior in a concentration dependent manner.

The synthesis of OGP-(Cat), and OGP-PEG-(Cat), (n =1,
2, 4) were carried out using Fmoc based solid phase synthesis,
and the synthesis of OGP-PEG-(Cat), is shown in Scheme 2 as
an example. The last coupling step of acetonide-protected 3,4-
dihydroxyhydrocinnamic acids with amines in the peptide chain
terminus cannot tolerate microwave-assisted conditions, and
the protection of catechol groups is essential for successful
synthesis. No intervening purification was required, and
synthetic process only took 6 h in all. After RP-HPLC
purification, the OGP(10—14) peptide-functionalized catechol-
bearing dendrons were achieved with high purity with the yield
of 9—25% as shown in ESI or MALDI-ToF mass spectrometry
(Figure S1, Supporting Information).

Adsorption to TiO, Measured by QCM-d. The
adsorption processes of all molecules to TiO, surfaces at 25
°C and pH 7.4 were monitored by quartz crystal microbalance
with dissipation (QCM-d). Multivalent binding effects that
enhanced the binding affinity were clear. In Figure 1, to obtain

0.0 ——0.16 uM OGP-PEG-(Cat), 108
——0.32 uM OGP-(Cat),
1.5+ = 13.2 yM OGP-Cat J04

o
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Figure 1. Adsorption of catechol-functionalized dendrons, OGP-Cat,
OGP-(Cat), and OGP-PEG-(Cat), onto TiO, surface monitored by
QCM-d. The experiment contains three processes: (i) baseline in
HEPES buffer; (i) adsorption of ligands; (iii) buffer washing the
adsorbed ligands, as indicated by the small peak due to the stop of
flow. To reach similar level of frequency shift, tetravalent ligands
OGP-(Cat), and OGP-PEG-(Cat), requires solution at much lower
concentration compared to monovalent ligand, OGP-Cat, indicating a
stronger binding affinity. Signals from different overtones were close
due to the rigidity of the adsorbed film, and those of n = 7 were shown
here.

a similar level of adsorption, ~6 Hz frequency shift, the
concentration of monovalent ligand, OGP-Cat, is 13 yM, while
that of tetravalent ligand, OGP-(Cat), and OGP-PEG-(Cat),,
is 0.32 and 0.16 uM, respectively, due to the mass differences. A
much smaller amount of sample (~80-fold less) is needed for
the tetravalent ligand OGP-PEG-(Cat), compared with the
monovalent ligand OGP-Cat to achieve the same level (mass)
of surface adsorption. Moreover, the tetravalent ligands
remained on the TiO, surface under buffer washing, as no
frequency shift was observed after switching the solution to
HEPES buffer. This indicates that the tetravalent ligands are
sequestered on the TiO, surface and are unlikely to diffuse
away after being implanted into the body. Under similar
conditions, the monovalent ligand was partially washed away.
The adsorption kinetics were recorded by QCM-d, with regard

to OGP-PEG-(Cat),, 2 h are needed to reach the equilibrium
state at a concentration of 0.16 yM.

Binding Affinity and Maximum Adsorption. To
quantitatively compare the binding affinities of the multivalent
binding ligands, the adsorption properties at several different
concentrations were measured. The solutions at higher
concentrations were switched to flow above the sensor, until
the adsorption of previous solution at lower concentration
reached the equilibrium state (the change in frequency shift is
smaller than the signal fluctuation, 0.05 Hz/min), taking OGP-
Cat as an example shown in Figure 2A. The corresponding
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Figure 2. Adsorption of OGP-Cat onto TiO, surface and its
adsorption isotherm. (A) The adsorption of OGP-Cat onto TiO,
surface at different concentrations was measured by QCM-d, while the
concentration was increased sequentially (¢, = 0.068 ymol/L, ¢, = 0.34
pumol/L, ¢; = 1.8 ymol/L, ¢, = 7.3 pmol/L, ¢5 = 13 pymol/L, and ¢z =
34 pmol/L). At last the adsorbed layer was washed with 25 mM
HEPES buffer. The flow rate was 0.150 mL/min. Three independent
measurements were shown. (B) The disassociation constant of OGP-
Cat was 5.7 & 0.2 uM by fitting the adsorption isotherm with single-
site specific binding model, as representing with the dash line. The
adsorbed area mass was calculated from Sauerbrey equation. Each dot
with error bar was calculated on the basis of three independent
measurements.

frequency shift was calculated using Sauerbrey equation to get
the adsorbed area mass. The adsorption isotherm of each
molecule was drawn and fit with a single-site specific binding
model to get the apparent disassociation constant (Kj) and
maximum adsorption (B,,,) (that of OGP-Cat as in Figure 2B
and others in Figure S2) from the adsorbed area mass at the
respective concentrations. The results are summarized in Table
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2. The K, decreases as the valency changes from 1, to 2, and to
4. This clearly proved that multivalent binding ligands provide a

Table 2. Apparent Disassociation Constant (K,), Maximum
Adsorption (B,,,,), and Enhancement Parameter (f) of
Catechol-Functionalized Dendrons to TiO, Surface

ligands to TiO, Ky (uM)“ B, (ng/cm?)® s
OGP-Cat S7+02 S4+4 -
OGP-PEG-Cat 1.0+ 0.1 59 +2 -
OGP-(Cat), 1.1 +03 55+3 S
OGP-PEG-(Cat), 0.08 + 0.01 73+ 4 12
OGP-(Cat), 0.031 + 0.003 160 + 6 184
OGP-PEG-(Cat), 0.028 + 0.008 196 + 23 36

“Adsorption isotherm was fit with single-site specific binding model,
Am = (B X C)/(K4 + C)) where Am is the amount of adsorbed
analyte, ¢ is the concentration of the analyte solution, B, is the
maximum adsorption, and Ky is the apparent dissociation constant.
Enhancement parameter is defined as the ratio of association constant
of multivalent ligand to that of monovalent ligand, f = (K, puu/
K, mono)s and it was calculated on the basis of two sets of molecules
with or without PEG linkage.

stronger binding affinity. The enhancement parameters were
calculated for the two series of molecules, with or without the
PEG linkage. There is a 184-fold enhancement in binding
affinity for OGP-(Cat), with the Kj of 31 + 3 nM, when
compared to OGP-Cat. Surprisingly, the PEG linkage also
influences the binding affinity. When the valency equals 1 or 2,
the molecules with PEG showed a 6-fold and 14-fold stronger
binding compared with molecules without PEG. This is most
likely because the PEG linkage serves as a spacer and weakens
the effect of any intramolecular H-bond that may form between
catechol groups and the OGP(10—14) peptide chain. From the
quantification results of apparent K3 and B, for the
tetravalent ligand, the binding is strong enough to saturate
and sequester the whole molecule on TiO, surface at very low
bioconjugate concentrations. A solution of OGP-(Cat), at 2.8
UM (100K;) covers 99% of the binding sites on TiO, surfaces,
at an OGP(10—14) concentration of 103 pmol/cm® The
immobilization procedure simply involves immersing the TiO,
surface in the solution for more than 2 h.

Binding Ability of OGP-(Cat), to Versatile Surfaces.
The adsorption of tetravalent binding ligand OGP-(Cat), to a
wide range of materials was tested to identify the common
features of materials that catechol-bearing ligands strongly bind
to. As shown in Figure 3, OGP-(Cat), showed the strongest
binding to CeO,, TiO, and ZrO,, strong binding to iron oxide
(Fe;0, and Fe,0;), some adsorption to gold, and weak
adsorption to SiO,. This is because the coordination bond
between catechol and metals with empty d-orbitals or f-orbitals
provides a stronger interaction than Hydrogen bonding.
Limited adsorption of OGP-(Cat), with materials of
compounds from main group elements, including SiO,, Al,O;
and hydroxyapatite (HA), was confirmed even when applying a
solution at 10-times higher concentration (Figure S3). Stronger
adsorption was observed for transition metal and transition
metal oxide, which was attributed to coordination bonding.
Despite the strong binding with TiO,, OGP-(Cat), showed
similar strong binding affinity and persistence under buffer
washing to other biomaterial-related surfaces, including
zirconia, ZrO,, a widely used material in prosthetic devices,
cerium oxide, CeO,, and iron oxide, Fe;O,. Therefore, we
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Figure 3. Tetravalent binding ligand OGP-(Cat), (c = 1 uM) shows
strong binding affinities to versatile metal and metal oxide surfaces due
to coordination bond, including Fe,O;, Fe;0,, ZrO,, TiO, and CeO,
surfaces as measured by QCM-d.

envision OGP-(Cat), as highly useful for the functionalization
of transition metal oxides.

OGP-(Cat), on TiO, Surface. To directly prove the
existence of OGP-(Cat), on TiO, surface, XPS and fluorescein
labeling experiments were carried out. The TiO, layer was
prepared by RF sputter coating on glass slides or silica wafers.
The thickness of TiO, layer was measured to be around 36 nm
with O/Ti ratio equaling to 2.0 (Figure S4 and Figure SS). The
surfaces roughness of deposited TiO, was measured by atomic
force microscopy (AFM) with an RMS roughness around 1 nm
(Figure S6).

Immobilization of peptides onto TiO, surfaces was
completed by immersing the TiO, substrates into the
corresponding modular peptide solution and incubating
overnight at ambient temperature. The successful immobiliza-
tion of OGP-Cat and OGP-(Cat), onto TiO,-coated substrates
were confirmed by XPS. Nitrogen is the element contained
only in the modular peptides while not in bare TiO,, as shown
in the XPS survey scan of bare TiO, and OGP-(Cat), in Figure
4A. Thus, N 1s signal at 400.3 eV corresponding to the amide
in peptides can be used to prove the immobilization of OGP-
(Cat), onto TiO, surfaces (Figure 4A). The adsorbed OGP-
(Cat), layer was readily removed with Ar* plasma treatment for
1 min, indicating that the N 1s indeed came from the very top
adsorbed peptides layer (Figure 4B). It is noted that the N 1s
peaks in Figure 4B are normalized to the highest intensity (O
1s) for comparison of the signal-to-noise ratio.

To quantify the increase in nitrogen due to adsorption of
OGP-Cat and OGP-(Cat),, the nitrogen content (N 1s) was
normalized with Ti content (Ti 2p), and compared with TiO,
substrate after incubation in HEPES buffer overnight (TiO, as
control), as shown in Table 3. The N/Ti ratio increased from
0.03 (TiO, control) to around 0.4 (OGP-Cat: 0 h incubation
in buffer, OGP-(Cat),: 0 day incubation). The presence of
modular peptide OGP-(Cat), was further proven by the
significant change of C 1s and O Is signatures in high
resolution XPS spectra before and after the immobilization. In
Figure 4C and 4D, the C 1s signals were fit with Gaussian
model into three components based on their respective binding
energy, including carbon of C—C bond (C1, 284.8 V), of C—
O bond (C2, 286.1 eV), and of amide bond (C3, 287.8 V).
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Figure 4. XPS characterization confirmed the successful immobilization of OGP-(Cat), on TiO, surface. (A) Survey scan of bare TiO, surface,
OGP-(Cat),, and OGP-(Cat), immobilized TiO,. The N 1s signal comes from amide bonds in peptides. (B) 1 min of Ar* plasma treatment to the
OGP-(Cat), immobilized TiO, surface removed the adsorbed OGP-(Cat), layer. The N 1s peaks are normalized to the highest intensity (O 1s) for
comparison of the signal-to-noise ratio. The signal changes in high resolution XPS spectra of O 1s (C) and C 1s (D) demonstrates the successful
immobilization of OGP-(Cat), on TiO, substrates. The multiple peaks were fitted with a Gaussian model. The atomic ratios of C2/C1, C3/C1, 02/
01, 03/01 and C3/N of respective surfaces were calculated on the basis of the integrated area of each peak.

Table 3. Immobilization of OGP-Cat and OGP-(Cat), and Their Retention on TiO, Substrates®”*

surface TiO, OGP-Cat on TiO, OGP-(Cat), on TiO,
buffer incubation time 0 h (bare) 12 h (control) 0h 12 h 36 h 0 day 3 day 7 day 14 day
N/Ti 0 0.03 0.41 0.34 0.21 0.43 0.44 0.45 0.24

“Atomic Ratios of N/Ti for the TiO, surface, the surfaces after OGP-Cat and OGP-(Cat), immobilization, and the OGP-Cat and OGP-(Cat),
bearing surfaces after incubation in HEPES buffer. bStandard deviations are typically below 10% relative. “0 h incubation in 25 mM HEPES buffer
(pH = 7.41 at 25 °C) means surfaces just after TiO, coating or OGP-(Cat), (n = 1,4) immobilization without incubation in buffer.
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Figure S. Immobilization of modular peptides was viewed by labeling the peptide with fluorescein, and due to multivalent binding effect, the
retention time of OGP-(Cat), on titanium oxide surface in buffer at physiological pH was longer than 2 weeks, which is long enough to trigger the
cell responses. (A—E) The immobilized FITC-labeled OGP-Cat on TiO, surface was observed under fluorescence microscope, and the mean
intensity of fluorescence decreased after incubating the substrates in pH = 7.4 25 mM HEPES buffer due to the diffusion of FITC-labeled OGP-Cat.
TiO, substrates were incubated in the solution of 0.5 mM (A) FITC-labeled OGP-Cat and (B) FITC overnight, then thoroughly washed with water
and dried with N,. FITC-labeled OGP-Cat immobilized TiO, pattern on glass slides observed under (C) bright field microscope and (D)
fluorescence microscope. The scale bar is S0 ym. (E) Mean intensity of FITC-labeled OGP-Cat immobilized surface after incubation for different
duration. The control sample is incubating TiO, substrates in the solution of FITC for overnight. The mean intensity was calculated on the basis of
10 randomly chosen sites observed under the same conditions. (F,G) The immobilized OGP-(Cat), preserved on the surface for more than 2 weeks
in buffer at physiological pH, in comparison, the diffusion of monovalent ligand OGP-Cat was detected after 12 h. XPS spectra of N 1s signals taken
after incubation of (F) OGP-(Cat), and (G) OGP-Cat immobilized TiO, substrates in HEPES buffer (pH = 7.4) for different duration, respectively.
The control is taken after incubation of TiO, substrates in 25 mM HEPES buffer. To compare the signal-to-noise ratio, all spectra were normalized

to the peak of highest intensity (O 1s).

Similarly, the O 1s signals were deconvoluted into three peaks:
oxygen of Ti—O bond (O1, 530.2 eV), of C=0 bond (02,
531.5 eV), and of C—O bond (03, 533.0 eV). The significant
increase in the atomic ratios of C2/C1, C3/C1, 02/01, and
03/01 (table inserted in Figure 4) indicates the amide bonds
and phenol rings contained in the OGP-(Cat),. The C3/N
ratio, from amide bond of OGP-(Cat),, is 0.93, which is closed
to the theoretical value of 1.

Fluorescein-labeled modular peptide FITC-labeled OGP-
Cat was also synthesized to visualize the presence of the
immobilized peptides on TiO, surface using fluorescence
microscopy. After immobilization of FITC-labeled OGP-Cat
onto TiO, surfaces, the fluorescence intensity was much
stronger compared to the control sample, which incubating
TiO,-coated substrates in a solution of FITC at identical
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concentration, as shown in Figure SA and 5B. When a TiO,
pattern was present on the glass slides, it was observed that the
TiO, region showed a significantly stronger fluorescence signal
due to the stronger binding affinity of FITC-labeled OGP-Cat
to TiO, compared with SiO,, Figure SC and Figure 5D.
Retention of OGP-(Cat),, on TiO, Surface. To study the
stability of sequestered modular peptides on targeting surfaces,
the modular peptide immobilized TiO, substrates were
immersed in 25 mM HEPES buffer (pH= 7.4 at 25 °C) and
incubated for different duration, respectively. The mean
intensity of FITC-labeled OGP-Cat immobilized TiO,
substrates after incubation was quantified to detect the diffusion
of FITC-labeled OGP-Cat into surrounding solution, Figure
SE. After 3 days incubation, the intensity deceased by about a
half of the original intensity coming from FITC-labeled OGP-
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Cat on surfaces, indicating the dissociation of monovalent
ligand. Because the N 1s signals were assigned to the modular
peptides, the decrease of N 1s corresponds to the dissociation
of adsorbed peptides from TiO, surface. In Figure SF,
tetravalent ligand OGP-(Cat), showed a longer retention
time on the targeted surface, the decrease of N 1s signal was
not detected until after 14 days, while that of monovalent
ligand OGP-Cat showed a reducing in N 1Is signal after 12 h
(Figure SG). The atomic ratio of N/Ti were calculated, as
shown in Table 3, the half-life time of immobilized OGP-Cat
and OGP-(Cat), presenting on TiO, surface is around 36 h
and 14 days, respectively. The mismatch of retention time of
monovalent ligands was attributed to the sensitivity difference
of XPS and fluorescence microscopy. The tetravalent ligands
OGP-(Cat), are clearly present on the TiO, surface beyond 2
weeks, which is enough to trigger the cascade signaling
reactions in adjacent cells.

Preferential Immobilization of OGP-(Cat),. We have
shown that the catechol-bearing dendrons have strong binding
to transition metal compounds due to coordination bond, while
weak binding to materials when only H-bond or other weak
noncovalent interactions exist. Thus, immersing materials with
both SiO, and TiO, present on the surface into the solution of
OGP-(Cat),, the OGP-(Cat), will preferentially adsorb onto
TiO, region. This provides a method to preferentially
functionalize selected regions on the surface, which is useful
in the fabrication of surfaces with locally restricted functionality
of peptides. It was demonstrated with a partially coated glass
slides containing SiO, region in the middle and TiO, in the
surrounding region. After incubating the slides in the solution
of OGP-(Cat), (c = 1 uM) overnight, the elements present on
the surface in the respective regions were detected by XPS. As
shown in Figure 6, the green spots are positions where X-ray
was directed on the surface. The signals from SiO, and TiO,
regions are quite different. The local existence of Si and Ti was
confirmed in XPS. And notably, the TiO, region showed a
much stronger signal in N 1s, which corresponds to the
adsorbed OGP-(Cat),. The atomic percentage of nitrogen
from N Is in TiO, and SiO, region were 8 + 1% and 1.7 +
0.8%, respectively.

Cytotoxicity. MC3T3-El cells were seeded on the TiO,
substrates with immobilized FITC-labeled OGP-Cat and
cultured for 24 h. Cell viability was studied (Figure S7). The
dominant green fluorescence (viability >98%) from live cells in
the live/dead cell staining demonstrates the modular peptide
bioconjugates are not toxic when tethered to the surface. The
cells were well spread on the peptide-bearing surfaces, which is
a consistent with an adherent proliferating cell population.

XPS of OGP(10—14) Immobilized TiO,-Coated Sub-
strates. The loading amount was calculated on the basis of the
adsorption isotherm fitted with signal site specific model as
shown in Table 2. The XPS characterization was applied to
detect the immobilized peptides from the N 1s signal, which is
the element only contained in the amide bond in OGP-PEG-
(Cat),. The nitrogen content normalized with total amount of
elements on surface is 5.8 + 0.3 for OGP-99% substrates, while
that of OGP-50% is not distinguished from noise due to low
content (Figure S8).

Effects of Immobilized OGP(10—14) on Cell Adhesion
and Morphology. Because the capacity for cells to interact
with growth factors is an important cell behavior,”" the
MC3T3-El cells were fluorescently stained to visualize actin
and vinculin proteins, to assess the organization of cytoskeleton

|_o OGP-(Cat),
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Figure 6. Preferential adsorption of OGP-(Cat), to the TiO, region of
a partially TiO,-coated glass slide observed with XPS. The green spots
on the substrates are positions where XPS spectra were taken (three in
SiO, region and three in TiO, region). The stronger signal of N 1s in
the TiO, region compared with that of the SiO, region indicates
peptides preferentially adsorbed to the TiO, surface. The XPS signals
were normalized with the strongest peak intensity (O 1s). The atomic
percentage of nitrogen in TiO, and SiO, region were 8 & 1% and 1.7
+ 0.8%, respectively.

and the spatial distribution of focal adhesion contacts,
respectively. After 24 h, the MC3T3-El cells were attached
on both OGP-99% and bare TiO, substrates and the focal
adhesion contacts between cells and substrates formed, as
shown in Figure 7A and 7B. There is no statistic difference in
cell area and aspect ratio for the cell adhesion to OGP-99% and
bare TiO, substrates, because OGP peptides, immobilized or
dissolved, show no effects in the adhesion of MC3T3-E1 cells
as described in our previous work.”

Effects of Immobilized OGP(10—14) on Cell Prolifer-
ation. The OGP-99%, OGP-50% and TiO, substrates were
seeded with preosteoblast MC3T3-El cells with cell density of
18 cell/mm?. In the first 24 h, the cells were mostly attaching to
the surface and adjusting to the new environment; therefore,
the cell number after 1 day for all three substrates was
comparable. After 3 days, the MC3T3-El cells on OGP-99%
substrates showed the highest cell number compared with the
others, indicating that the OGP(10—14) peptide promoted a
faster cell proliferation rate in a concentration dependent
manner, as shown in Figure 7.

Effects of Immobilized OGP(10—14) on Osteogenic
Differentiation. Bone sialoprotein (BSP) constitutes approx-
imately 8% of all noncollagenous proteins found in bone, and is
important in the nucleation process of hydroxyapatite
formation.”” Osteocalcin (OCN) is expressed solely by the
osteoblast; thus, it is the most sEeciﬁc protein for osteoblast
differentiation and mineralization.”* The fluorescent staining of
BSP and OCN, the maker proteins of osteogenic differ-
entiation, reveals that the MC3T3-E1 cells on the OGP-99%,
OGP-50% and TiO, substrates secreted abundant amounts of
BSP and OCN after 2 weeks, as indicated by the strong
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Figure 7. Adhesion of MC3T3-El cells were not significantly
influenced by the immobilized OGP(10—14) peptides, while they
proliferated faster on OGP-bearing surface with dose-dependency.
After 24 h, MC3T3-E1 cells were well spread on substrates with or
without immobilized OGP(10—14) and formed focal adhesion
contacts with the substrates, as indicating by the immunohistochemical
staining of adherent cells on (A) OGP-99% and (B) bare TiO,
substrates. Red corresponds to F-actin in cytoskeleton; green
corresponds to vinculin in focal adhesion complex; and blue
corresponds to the nuclei (scale bar is S0 gm). (C) The immobilized
OGP-PEG-(Cat), promoted the cell proliferation, and this effect was
dose-dependent. Cell number on substrates after day 1 and day 3 were
evaluated by PrestoBlue Assay. The error bar was calculated from three
replicates.

fluorescence of red (OCN) and green (BSP) on the substrates.
In Figure 8, the immunohistochemical staining of cells on
OGP-99% substrates is shown. Similar results were observed
for OGP-50% and TiO, substrates. From the enlarged images, a
difference in the distribution of OCN and BSP was observed.
The amount of BSP in the cytoplasm and extracellular matrix
(ECM) is similar (Figure S9A), while the OCN showed a
higher concentration in the cytoplasm (Figure S9B). This is
consistent with the fact that BSP is a component in bone
matrix, while OCN is secreted by osteoblasts to regulate the
metabolic activities and bone-building process.”? Using RT-
PCR, a quantitative comparison of the expressed mRNA level
of BSP and OCN demonstrated a significant increase in
expression of these osteogenic genes in cells on OGP-99%
substrates. With enough OGP(10—14) present on the surface,
the osteogenic differentiation of MC3T3-El cells was
enhanced.

Effects of Immobilized OGP(10—14) on ALP Activity.
Alkaline phosphatase (ALP) plays a critical role in the process
of mineral formation in tissues such as bone, cartilage, and
dentin.”* ALP activity is the most widely recognized
biochemical marker for bone forming ability. A standard
colorimetric assay was performed to quantify the ALP activity
after culture for 18 days, and the values were normalized with
total amount of protein to account for the difference of cell
number in samples. The immobilized OGP(10—14) at high
concentrations exhibited an enhancement effect on the ALP
activity (Figure 9A). MC3T3-El cells on OGP-99% showed a
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Figure 8. Bone sialoprotein (BSP) and osteocalcin (OCN), late
markers of differentiation to osteoblast, were secreted by MC3T3-El
cells on OGP-99% substrate, as demonstrated by the immunohis-
tochemical staining after 2 weeks. (A) blue corresponds to the nuclei;
(B) red corresponds to osteocalcin (OCN); (C) green corresponds to
bone sialoprotein (BSP); and (D) is the merged image of the three
channels (scale bar = 50 gm). Similar results were observed on OGP-
50% and TiO, substrates. However, the cells on OGP-99% substrate
expressed a much higher gene level of BSP and OCN, compare to cells
on bare TiO,, as shown in the (E) mRNA levels of transcription factor
genes of BSP and OCN, in MC3T3-El cells measured by real-time
PCR after cell culture for 18 days. Data represent relative expression to
the level of the control (cells on TiO,), set at 1, and mean value and
standard deviation calculated from triplicates.

3-fold higher ALP level compared with those on OGP-50% and
TiO,. This up-regulation of ALP activity indicates the
immobilized OGP(10—14) preserves its ability to stimulate
the dephosphorylation, which is an essential activity involved in
the mineralization process. The mRNA expression level of ALP
in cells on OGP-99% is also higher in comparison with those
on OGP-50% and TiO, as indicated in RT-PCR (Figure 9B).

Effects of Immobilized OGP(10-14) on Mineraliza-
tion. The appearance of calcium deposition is the phenotypic
marker for the last stage of mature osteoblast. The extent of
mineralized extracellular matrix (ECM) formed on OGP-99%,
OGP-50% and TiO, substrates after 2 weeks was examined by
staining with Alizarin Red S., a red dye that forms a complex
with calcium depositions in ECM.”® The cell films on all three
substrates were positively stained red, indicating the MC3T3-
El cells differentiated to osteoblast and secreted mineralized
ECM. Under the microscope, the mineralized osteoids,
spherulites with dark red color, ranging from 0.5 to 2 pum,
were observed on all three substrates (Figure 9D, 9E and 9F).
But only cell films on OGP-99% substrates showed the dark
mineralized chunks, ranging from 2 to 10 um, which is
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Figure 9. Immobilized OGP(10—14) peptide on OGP-99% substrates
up-regulated the alkaline phosphatase (ALP) activity and mineraliza-
tion of MC3T3 cells. (A,B) The ALP activity and its mRNA level of
MC3T3 cells on OGP-99% substrate was significantly higher
compared to substrates with lower concentration or none. (A) ALP
activity of MC3T3 cells cultured on OGP-99%, OGP-50%, and TiO,
substrates, respectively, on day 18. (B) mRNA levels of transcription
factor gene of ALP, in MC3T3-El cells measured by real-time PCR
after cell culture for 18 days. (C) Ca® accumulation in the cell films
quantified with ICP-OES and normalized with total amount of protein.
The cell films on OGP-99% exhibited 2-fold higher content of Ca**
compared with those on other substrates. The error bar was calculated
from three replicates. (D—F) Mineralization of MC3T3-E1 cells on
substrates studied by Alizarin Red S. staining on day 14 and Ca®
quantification by ICP-AES on day 18. Larger sized calcified nodules
were observed on OGP-99%, indicating promoted mineralization
results from the higher concentration of OGP(10—14). Images of cell
films on (D) OGP-99%, (E) OGP-50%, and (F) TiO, substrates after
Alizarin Red S. observed under bight field microscope. The
mineralized osteoids, the spherulites with dark red color, ranging
from 0.5 to 2 pm, were observed on all the three kinds of substrates.
And only cell films on OGP-99% showed the dark mineralized chunks,
ranging from 2 to 10 pm.

attributed to the higher content of calcium in the cell films on
OGP-99% substrates. The calcium content was quantified with
ICP-OES after 18 days culture in nonosteogenic medium. The
result is consistent with that of Alizarin Red S. staining, as show
in Figure 9C. The cell films on OGP-99% substrates exhibited
more than two times higher concentration of Ca** normalized
by total amount of protein to account for the difference in cell
numbers. Therefore, the immobilized OGP(10—14) on
surfaces promotes the mineralization of osteoblasts.

B CONCLUSION

Using straightforward synthesis, a series of multivalent catechol-
bearing modular peptides were generated with the aim of
providing a simple and efficient method to functionalize metal-
oxide based orthopaedic implants with bioactive peptides. With
a multivalent binding strategy, tetravalent ligands were shown

16366

to persist on the metal oxide surfaces in vitro beyond 2 weeks
under near physiological conditions. The bioactivity of
immobilized peptides was demonstrated in an in vitro cell
culture study. The tethered OGP(10—14) promoted the
proliferation, osteogenic differentiation and mineralization of
MC3T3-El cells. Considering their strong adhesion to versatile
metal oxide surfaces, this modular peptide strategy is promising
for the development of translational implants with improved
bioactivity.
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