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Abstract: Promotion of cell adhesion on biomaterials is
crucial for the long-term success of a titanium implant.
Herein a novel concept is highlighted combining very stable
and affine titanium surface adhesive properties with specific
cell binding moieties in one molecule. A peptide containing L-
3,4-dihydroxyphenylalanine was synthesized and affinity to
titanium was investigated. Modification with a cyclic RGD
peptide and a heparin binding peptide (HBP) was realized by
an efficient on-resin combination of Diels—Alder reaction with
inverse electron demand and Cu' catalyzed azide-alkyne
cycloaddition. The peptide was fluorescently labeled by thiol
Michael addition. Conjugating the cyclic RGD and HBP in
one peptide gave improved spreading, proliferation, viability,
and the formation of well-developed actin cytoskeleton and
focal contacts of osteoblast-like cells.

-ritanium (Ti) is the material of choice for orthopedic and
dental implants. However, undesired processes, such as
inflammation, migration, or loosening of the implant can
occur as a result of insufficient osseointegration and non-
specific cell adhesion.! Peptide coatings derived from the
extracellular matrix are suggested to optimize the biocom-
patibility of the Ti surface and to strengthen specific contacts
with the surrounding tissue.”! Cyclic Arg-Gly-Asp (RGD)
pentapeptides have a high affinity and specificity towards
certain integrins and can mediate strong cell adhesion.!
Furthermore, the peptide sequence FHRRIKA, derived
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from the bone sialoprotein, is suggested to bind to heparan
sulfate containing proteoglycans and thus promote cell
attachment.”! Since integrin-mediated cell adhesion is de-
scribed to be supported by proteoglycan interactions, we
suggest that a combination of ¢[RGDfK] and FHRRIKA
adjacent to each other and within one molecule is desired to
stimulate cell-surface interactions.”! To anchor these cell
attractive peptides to the Ti-surface, DOPA (L-3,4-dihydrox-
ylphenylalanine) is used. This posttranslationally modified
amino acid, which was found in proteins secreted by the blue
mussel (Mytilus edulis), binds to the oxidized surface of Ti
without further chemical treatment in a wet environment.

Synthesizing artificial, DOPA-containing polymers or
peptides by standard solid-phase peptide synthesis (SPPS)
tremendously expands the possibilities for the introduction of
several bioactive moieties compared to recombinant expres-
sion of mussel secreted proteins.”

A mussel-derived peptide (MP) was synthesized that
combined two cell binding motifs and strong affinity for the Ti
surface (TiO,; Figure 1). Two orthogonal cycloadditions
namely the Diels—Alder reaction with inverse electron
demand (DAR,,,) and the Cu' catalyzed azide-alkyne cyclo-
addition (CuAAC) were performed on-resin to functionalize
the TiO,-adhesive scaffold with c[RGDfK] and a heparin
binding peptide (HBP with the sequence FHRRIKA;
Figure 1). Peptides carrying more than one cell binding
motif and strong surface affinity within one molecule have not
been described until now. One major requirement is the stable
and directed immobilization of bioactive molecules, prefera-
bly without additional surface functionalization, which is
often complex and time consuming.”®! It is assumed that the
adhesion of DOPA to TiO, is coordinative and shows higher
affinity and stability under wet conditions than thiols or side
chains of basic amino acids.”! A modular scaffold peptide
(MP) containing DOPA, functional groups, and spacers was
synthesized. Polyethylene glycol (PEG) was integrated into
the peptide backbone to increase solubility and to space
functionalities. The binding capacity of MP was investigated
by a previously described biotin-ELISA-like assay using N-
terminally biotinylated derivatives (Figure 2a; 1-3). A
positive control peptide (2), derived from the naturally
occurring mefp-1 (M. edulis foot protein-1), was used to
compare the adhesive properties.'!l Concentration response
curves revealed that the artificial peptide MP (1; ECs,
23.6 nM, pECy, 7.6 £0.1) binds with an affinity comparable
to that of the natural peptide (2; ECs, 6.4 nm, pECs, 8.2 £0.1)
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Figure 1. a) Chemical structure of the adhesive peptide MP-RGD-HBP.
b) The construct consists of three functional peptides. The anchor
peptide MP contains DOPA (L-3,4-dihydroxylphenylalanine) for Ti bind-
ing, PEG units as spacers, Pra, Cys, and Lys for modification, and f3-
alanine as a spacer. RGD and HBP are applied to enhance cell
adhesion. The three peptides were modified for ligation by two
orthogonal cycloadditions (CuAAC and DAR,,,), yielding the multifunc-
tional peptide MP-RGD-HBP. The N-terminal Cys in MP was used to
label the peptide construct with maleimide-coupled biotin and fluoro-
phores. c) Coordinative binding of DOPA in MP (anchor peptide) to
the naturally oxidized Ti surface. d) Integrin- and proteoglycan-medi-
ated cell adhesion on Ti through MP-RGD-HBP.

with a saturation phase starting in the nm range (Figure 2b).
Dramatically decreased adhesive properties were determined
by exchanging DOPA for tyrosine (3, ECs,> 10000 nM,
pEC5,>4.6+0.1), confirming the essential role of the cat-
echol-unit. By using atomic force microscopy (AFM), the
saturation of the titanium surface by MP in the nm range was
confirmed (Figure S1 in the Supporting Information). In
addition, the binding stability of the DOPA-containing
peptides (1,2) was investigated. After incubation in cell
supernatant of SaOS-2 cells at 37 °C, the peptide remaining on
Ti was determined by the biotin-ELISA-like assay. During
a period of 7 days, more than 80 % of the biotinylated peptide
was constantly immobilized on the surface as a result of the
strong and stable interaction of the catechol-unit with TiO,
(Figure 2c)."” Using biotinylated MP-RGD-HBP resulted in
similar surface coverage as obtained for MP and was
evaluated by the biotin-ELISA-like assay at a peptide con-
centration of 1 um (Figure 2d). AFM images could addition-
ally verify a complete peptide layer of MP-RGD-HBP, the
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Figure 2. a) Sequences of natural derived (2,3) and artificial peptides
(1); Hyp =4-hydroxyproline, Ahx=aminohexanoic acid. b) Concentra-
tion response curves obtained by a biotin-ELISA-like assay. c) Stability
of DOPA-containing peptides on Ti in cell supernatant of SaOS-2 cells
at 37°C for up to 7 days, evaluated by a biotin-ELISA-like assay.

d) Biotin-ELISA with MP (1) and MP-RGD-HBP at c=1 pm. e) AFM
phase images (1x1 um?) of blank Ti and MP-RGD-HBP. f) Fluores-
cence microscopy picture of Atto520 on titanium and g) Atto520-MP-
RGD-HBP on titanium. Data is presented as mean +SEM of n>2.

single modified constructs, and MP (Figure 2¢ and Fig-
ures S2,S3). Incubation of the Ti surfaces with the peptides
overnight, as performed for in vitro experiments, yielded
a thicker peptide layer compared to an immersion over 2 h
(Figure S2). Labeling of the peptides via Michael addition at
the N-terminal Cys residue enabled the detection of the
peptide-coated surface by fluorescence microscopy. A satu-
rated surface was observed for di- and mono-functionalized
constructs (Figure 2g and Figure S4). Furthermore, the fluo-
rescent peptide was still detectable as a homogenous layer in
presence of adhered cells (Figure S5).

Click-chemistry in combination with SPPS was used to
decorate the anchor molecule MP with selective cell adhesive
motifs in one peptide. Thus, peptides can be fully analyzed,
sterile filtrated, and stored after lyophilization, prior to
immobilization. A cyclic integrin ligand was specifically
conjugated to the TiO, adhesive peptide by DAR, to
generate a spacer between the anchor and the RGD-peptide,
which is required for effective cell adhesion (Figure 3a)."
Therefore, resin-bound MP-diene, modified at the Lys side-
chain, was incubated with an aqueous solution of
c[RGDfK(dienophile)] for 5h yielding the expected conju-
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Figure 3. a) Reaction scheme of DAR;,, and CuAAC; reagents and
conditions: 1) water, room temperature, 5 h; 2) CuSO,, THPTA, TCEP
in water, room temperature, 24 h; 3) the peptide was cleaved from the
resin, b) RP-HPLC chromatogram and c) ESl-ion trap-MS of purified
MP-RGD-HBP.

gate MP-RGD and corresponding isomers. Orthogonality
between the DAR,, and the CuAAC enabled further
modification of MP-RGD with an azido-modified HBP
which contains L-propargylglycine (Pra) as an alkyne func-
tionality. Side-chain-protected DOPA on resin additionally
avoids the oxidation of the catechol unit to a less-adhesive
quinone.! Final cleavage of the ligated peptide revealed the
desired product with a conversion of 75% (Figure S6). After
purification giving a final yield of around 20 %, the product
was characterized by RP-HPLC as well as by MALDI-ToF
(Figure S6) and ESI-ion trap mass spectrometry (Fig-
ure 3b,c). Performing the reactions on polymeric support
facilitated the synthesis and increased the final yield.

To evaluate the capability of the DOPA-containing MP
platform for immobilization, cell adhesion studies were
performed. Osteoblast-like cells (SaOS-2) were seeded on
Ti plates, which were coated by immersion in the peptide
solution and monitored by fluorescence microscopy. Cell
viability and proliferation were tested after 3 days of incuba-
tion of SaOS-2 cells. Attached cells on the scaffold peptide
MP displayed a predominately spherical shape with weakly
developed cytoskeleton (Figure 4a). Two short PEG units in
MP induced a non-toxic, cell repellent effect shown by
a decreased cell spreading and decreased number of adhered
cells, yet simultaneously significantly higher cell survival and
moderately improved proliferation than on blank Ti. To
confirm this hypothesis, PEG was exchanged by an amino-
hexanoic acid spacer. In fact, a significant increase of cell size
was observed, slightly higher than on uncoated Ti plates
(Figure S7). This verifies the PEG-mediated cell repellent
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Figure 4. a) Adhesion of cells after 6 h on the synthesized peptides
and untreated Ti (blank Ti), scale bar: 100 pm. b) Immunostaining of
focal contacts indicated by arrows: fluorescence microscopy pictures
of cells after 24 h adhesion, stained are actin cytoskeleton is in red,
nuclei is in blue, and vinculin is in green. Scale bar: 50 um.

effect that could support selective cell adhesion.'”! The
conjugation of HBP and RGD to MP gave rise to a stepwise
improvement of cell adhesion (Figure 5). It has been shown,
that grafting HBP (FHRRIKA) to different surfaces results in
improved cell adhesion, probably induced by interaction of
the peptides with cell surface proteoglycans.**!®! The herein
demonstrated results underline this positive effect of HBP,
since cell count, size, and survival are increased compared to
the platform MP. Even better results could be achieved by
coating Ti with MP-RGD since a further increase in cell
spreading, number of adhered cells and viability was deter-
mined. Moreover, it could be shown that cells grow on a RGD
coating in a fibroblast-like shape with well-developed stress
fibers. Immunofluorescent staining of vinculin demonstrates
accumulation of line-like focal contacts (green; Figure 4b),
mainly at the periphery of the cells, which is crucial for signal-
and mechanotransduction inside and outside the cell."”!
Notably, a combination of HBP and RGD in one peptide
(MP-RGD-HBP) induced the highest average cell area,
statistically significant to blank Ti, fibronectin, MP, MP-
HBP, and MP-RGD, indicating a collaborative behavior. The
additive effect was furthermore emphasized by improved
viability, proliferation, cytoskeletal organization, and focal
adhesion. This improvement could be explained by mem-
brane bound proteoglycans acting as co-receptors for integ-
rins as described for syndecans.” Even though it was shown
that mixtures of bioactive molecules could improve cell
adhesion, the random assembly of RGD and FHRRIKA on
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Figure 5. a) Average cell area (significant differences to blank Ti (*)
and MP-RGD-HBP (#)) and b) cell number normalized to blank Ti=1
after 6 h adhesion, evaluated by fluorescence microscopy. c) Prolifer-
ation (BrdU-assay) normalized to blank Ti=1 and d) viability (meta-
bolic activity determined by a resazurin assay) after 3 days of cell
adhesion. e) Average cell area after 2 h adhesion of untreated and
heparinase | treated cells (blue). Data is presented as mean +SEM of
n>3 (significant differences were determined by one-way ANOVA
(Newman-Keuls multiple comparison test, *p < 0.05, **p < 0.01,

*¥¥p < 0.001)).

various surfaces led to diverse results probably because of
inconsistent anchor strength, distance, and distribution of cell
binding molecules.**!%!8 In contrast, the herein described
strategy provides strong immobilization and presentation of
both cell binding peptides adjacent to each other and suggests
additive improvement of cell fate. Less impact on cell
adhesion, viability, and proliferation was observed for a mix-
ture of MP-RGD and MP-HBP (Figure5). A mixture
probably causes only a random distribution of bioactive
molecules which results in irregular spacing of integrin and
proteoglycan binding regions. Moreover, a decreased density
of cell binding molecules on the surface is assumed, compared
to a di-functionalized construct. Similar effects have been
described for PHSRN in combination with RGD.!" Proteins
such as fibronectin or vitronectin, exhibit these sequences in
a defined distance, which emphasizes the benefits of the
herein presented one-compound approach.””) Additive
effects of RGD and HBP could also be observed testing the
herein presented peptides with a premature osteoblast-like
cell line (MG-63). Cell spreading and viability of MG-63 cells
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were increased on MP-RGD-HBP in an additive manner
(Figure S8,9). To test whether this additive effect is specific,
heparinase I was used to degrade the heparan sulfate of the
transmembrane proteoglycans. Enzyme-treated cells showed
slightly lowered cell size on all surfaces (Figure Se and
Figure S10). As anticipated, a further decrease in cell spread-
ing was observed on all HBP-containing coatings. Heparin-
ase-treated cells on MP-RGD-HBP showed an average cell
size comparable to cells on MP-RGD since the positive
influence of HBP is disturbed. Hence, a specific cooperative
effect of HBP and RGD is suggested. Further analysis of the
influence of the distance between HBP and RGD could help
to optimize these additive effects since it is known that
distinct spacing between cell adhesive ligands such as RGD is
crucial for improved cell behavior.!!

In conclusion the herein described data clearly underlines
the benefits of multifunctional coatings that display two cell
binding peptides with strong surface affinity in one molecule
to support osseointegration of orthopedic and dental
implants. This versatile method facilitates the cellular inves-
tigation of chemically well-characterized single and double-
modified peptide constructs.
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