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Mimicking Bone Extracellular Matrix: From BMP-2-Derived
Sequences to Osteogenic-Multifunctional Coatings

Lluís Oliver-Cervelló, Helena Martin-Gómez, Nandin Mandakhbayar, Young-Woo Jo,
Elisabetta Ada Cavalcanti-Adam, Hae-Won Kim, Maria-Pau Ginebra, Jung-Hwan Lee,
and Carlos Mas-Moruno*

Cell–material interactions are regulated by mimicking bone extracellular
matrix on the surface of biomaterials. In this regard, reproducing the
extracellular conditions that promote integrin and growth factor (GF) signaling
is a major goal to trigger bone regeneration. Thus, the use of synthetic
osteogenic domains derived from bone morphogenetic protein 2 (BMP-2) is
gaining increasing attention, as this strategy is devoid of the clinical risks
associated with this molecule. In this work, the wrist and knuckle epitopes of
BMP-2 are screened to identify peptides with potential osteogenic properties.
The most active sequences (the DWIVA motif and its cyclic version) are
combined with the cell adhesive RGD peptide (linear and cyclic variants), to
produce tailor-made biomimetic peptides presenting the bioactive cues in a
chemically and geometrically defined manner. Such multifunctional peptides
are next used to functionalize titanium surfaces. Biological characterization
with mesenchymal stem cells demonstrates the ability of the biointerfaces to
synergistically enhance cell adhesion and osteogenic differentiation.
Furthermore, in vivo studies in rat calvarial defects prove the capacity of the
biomimetic coatings to improve new bone formation and reduce fibrous tissue
thickness. These results highlight the potential of mimicking integrin-GF
signaling with synthetic peptides, without the need for exogenous GFs.

L. Oliver-Cervelló, H. Martin-Gómez, M.-P. Ginebra, C. Mas-Moruno
Biomaterials
Biomechanics and Tissue Engineering Group
Department of Materials Science and Engineering
Universitat Politècnica de Catalunya (UPC)
Barcelona 08019, Spain
E-mail: carles.mas.moruno@upc.edu
L. Oliver-Cervelló, H. Martin-Gómez, M.-P. Ginebra, C. Mas-Moruno
Barcelona Research Center in Multiscale Science and Engineering
UPC
Barcelona 08019, Spain
N. Mandakhbayar, H.-W. Kim, J.-H. Lee
Institute of Tissue Regeneration Engineering (ITREN)
Dankook University
Cheonan 330-714, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202201339

© 2022 The Authors. Advanced Healthcare Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adhm.202201339

1. Introduction

Growth factors (GFs) are signaling
molecules that play crucial roles in cell
fate. Highly abundant in the extracellular
matrix (ECM) of most tissues, GFs regulate
cell adhesion and crosstalk with adhesion
structures in cells, such as integrins.[1] Fur-
thermore, they stimulate cells by activating
transmembrane receptors, which generate
intracellular signals that are transduced to
the cell nucleus and translated into defined
biological responses, including cell growth,
migration, and differentiation.[2–4] Among
the many described families of GFs, bone
morphogenetic protein 2 (BMP-2) has been
demonstrated to be pivotal in promoting
osteogenesis, both in vitro and in vivo.[5,6]

Consequently, BMP-2 has been combined
with different types of biomaterials to
promote mesenchymal stem cells (MSCs)
differentiation into osteoblasts.[7–10] BMP-
2 has also been approved to be used in
the clinic for treating spinal fusions and
nonunion bone fractures. However, due to
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the short half-life of BMP-2, its administration normally uses
supraphysiological doses, which entails serious clinical risks,
such as ectopic bone formation, uncontrolled inflammation, im-
munological reactions and, in severe cases, death.[11–15] Thus,
GF-based therapies, though clinically relevant for bone regener-
ation, call for caution and remain controversial.

In addition, promoting integrin adhesion on implant sur-
faces is important to enhance tissue regeneration. In this re-
gard, biomaterial-based strategies intended to repair and replace
damaged bone tissue also rely on reproducing integrin signal-
ing, by means of engineering surfaces with the integrin-binding
RGD motif.[16–18] Although these strategies effectively improve
cell attachment, proliferation, and even differentiation in vitro,
they generally fail to recreate the complexity of bone ECM, with
generally modest translation into animal settings.[19,20] Thus, to
better mimic the healing microenvironment of bone, the combi-
nation of biomolecules that simultaneously trigger integrin and
GF receptor signaling has been proposed.[21,22] In this regard, the
capacity of BMP-2 receptors to crosstalk with integrins, leading
to synergistic effects in osteogenic differentiation has been illus-
trated in a number of studies.[23–25] For instance, functionaliza-
tion of hyaluronic acid hydrogels with the fibronectin (FN) type
III9-10 domain, loaded with recombinant human (rh)BMP-2 was
shown to improve osteoinduction in vivo, when compared to the
delivery of the GF in nonfunctionalized hydrogels.[26] Moreover,
PEG hydrogels functionalized with an 𝛼2𝛽1 integrin-specific pep-
tide were used as BMP-2 delivery systems, enhancing in vivo
bone formation in comparison to the delivery of BMP-2 from
collagen sponges.[27] Of note, it has been recently shown that the
combination of BMP-2 with integrin binding ligands leads to syn-
ergistic osteogenic signaling with reduced doses of GF.[23,27–29]

Nonetheless, in order to avoid the aforementioned risks of
rhBMP-2 in clinical settings, the development of synthetic pep-
tides recapitulating the osteogenic domains of BMP-2 is gaining
increasing attention. These synthetic peptides can be immobi-
lized on the biomaterial surface at high densities, providing lo-
cal and targeted effects, without being released into the blood-
stream and thus avoiding unwanted off-target effects. Peptides
are structurally simpler, more stable than proteins, and cheaper
to produce. They also display higher specificity and are less likely
to induce an immune response.[30,31] In particular, a peptidic
fragment derived from the knuckle epitope of BMP-2 (span-
ning residues 73–92 – KIPKASSVPTELSAISTLYL), which binds
to BMP receptor type II,[32] promotes osteodifferentiation.[33]

On the other hand, the wrist epitope (amino acids 30–34 –
DWIVA), which primarily interacts with BMP receptor type I,[34]

has also been identified and demonstrated to display osteogenic
potential.[35] Based on the rationale discussed above, these BMP-
2 domains may be integrated with RGD-based ligands to in-
duce integrin/GF signaling without the need of using GFs.[36]

Accordingly, the functionalization of different substrates with
the KIPKASSVPTELSAISTLYL and RGD peptides proved to syn-
ergistically promote osteogenic differentiation and mineraliza-
tion, although the potential of this strategy in vivo was not
investigated.[37,38] Similarly, tethering both peptides onto alginate
hydrogels improved MSCs differentiation toward the osteogenic
lineage.[39] Interestingly, in the same work, the combination of
RGD and the wrist-derived DWIVA motif did not have such a
positive effect.

Based on these evidences and trying to elucidate the capacity of
BMP-2-derived peptides to promote osteogenesis, herein, we re-
port on a small library of synthetic peptides derived from the wrist
and knuckle epitopes of BMP-2. The osteogenic potential of such
peptides was screened with C2C12 cells and the most bioactive
sequences were subsequently combined with integrin-binding
RGD motifs (linear and cyclic) within an engineered biomimetic
peptide, aiming at mimicking bone ECM and exploiting integrin
and GF signaling. Thus, multifunctional peptides with a spa-
tially defined geometry of the bioactive sequences were synthe-
sized and further used to functionalize titanium surfaces. Physio-
chemical characterization of the materials demonstrated the suc-
cessful surface coating. The feasibility of this strategy was then
corroborated by means of cell adhesion and osteodifferentiation
assays with human MSCs. The biomimetic peptides were able
to enhance cell adhesion and osteogenic differentiation in com-
parison to controls. Moreover, such biomimetic approach was
validated in vivo in a model of calvarial defect in rats, promot-
ing an improvement of new bone growth and reduced formation
of fibrous tissue on functionalized titanium implants. Thus, we
demonstrate for the first time the potential of using multifunc-
tional biomimetic peptides promoting integrin-GF receptor local
interactions to mimic bone ECM microenvironment and to trig-
ger osteoinduction and bone formation on biomaterials that are
clinically relevant, such as titanium.

2. Results and Discussion

2.1. Design of BMP-2-Derived Peptides with Osteogenic Potential

BMP-2 is a GF that belongs to the transforming growth factor
beta (TGF-𝛽) superfamily, which has been demonstrated to be
pivotal in osteogenesis.[5] In particular, BMP-2 has two binding
epitopes (wrist and knuckle) to interact either with type I or type
II transmembrane serine/threonine kinase receptors (BMPR-I
and BMPR-II, respectively). Such interactions trigger Smad de-
pendent or independent signaling, activating in both cases os-
teogenic genes.[40–42] Therefore, these two epitopes represent
ideal regions of the protein to screen for synthetic peptides, aim-
ing at developing peptidic sequences with osteogenic potential
but devoid of the inherent clinical risks described for the use of
the entire GF.

The wrist epitope of BMP-2 is assembled around the central
𝛼-helix (𝛼3) of the protein and binds with high affinity to BMPR-
I. It is also large and discontinuous and it presents elements
of the two BMP-2 monomers. On the contrary, the knuckle epi-
tope mainly interacts with the BMPR-II (although with low affin-
ity) and it comprises binding residues from only one monomer,
which are located in different 𝛽 sheets, mainly in 𝛽3, 𝛽4, 𝛽6, and
𝛽7.[43] Interestingly, most of the key binding residues of the wrist
epitope of BMP-2 are invariant or replaced by isofunctional side
chains in BMP-7, suggesting that only a small subset of residues
is essential to determine binding specificity.[44]

Based on the crystal structure of BMP-2 and its interaction
with the BMPR-I and BMPR-II, it has been possible to identify
domains that play a crucial role in the osteodifferentiation pro-
cess. The first peptide derived from BMP-2 and combined with
biomaterials found in the literature was obtained from the 73–
92 residues of the knuckle epitope, belonging to the 𝛽6-strand
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Figure 1. A) Ribbon representation of the BMP-2-BMPR-IA complex (PDB, code 1REW). Residues 30–34 corresponding to the DWIVA sequence are
highlighted in green. Knuckle sequence (residues 73–92) is highlighted in orange and the LAD motif (residues 51–53) in blue. The two monomers
of BMP-2 are shown in light brown and the BMPR-IA in light pink. B) Schematic representation and nomenclature of the designed peptides covering
BMPRs-binding domains. C) BMP-2 sequence with the corresponding primary and secondary structure, in which 𝛼-helixes are depicted in maroon and
𝛽-strands in light brown (based on PDB, code 1REW).

of BMP-2. From the original sequence, the cysteine residues 78
and 79 were mutated to serine (C78S, C79S) and methionine was
replaced by threonine (M89T), resulting in the KIPKASSVPTEL-
SAISTLYL motif (Figure 1).[45] Such peptide should mainly in-
teract with BMPR-II, although with low affinity.[43] However, it
was also shown that this peptide antagonized BMP-2 binding to
both type I and type II BMP receptors, promoted an overexpres-
sion of alkaline phosphatase (ALP) activity and osteocalcin and
also induced ectopic bone formation in rat calf muscle within 3
weeks. As such, the KIPKASSVPTELSAISTLYL motif based on
the knuckle sequence is considered to be able to promote os-
teogenic differentiation.[45]

In subsequent studies, an alternative peptide derived from the
wrist epitope was also found to be osteoinductive. In particular,
the DWIVA sequence (residues 30–34 of BMP-2, Figure 1) was
demonstrated to enhance mineralization and induce the overex-
pression of pSMAD protein and ALP activity of MSCs. It was also
observed that DWIVA interacts mainly with BMPR-IA.[35] These
results are in accordance with a previous report by Kirsch et al., in
which it was found that residues D30 and W31, located in the turn
previous to the 𝛽3-strand, had a high affinity toward BMPR-IA,
while the A34, located in the 𝛽3-strand, had more affinity toward
BMPR-II, although the extent of this interaction was lower.[43]

On the basis of these seminal studies, both the knuckle
and wrist-derived peptides have been widely used alone
or in combination with biomaterials to induce osteogenic
differentiation.[33,39,45,46] Nonetheless, the osteogenic capacity of
the wrist epitope remained controversial, as illustrated by a work
from Madl et al. in which the DWIVA peptide was shown to lack
osteoinductive potential.[39]

In addition to the knuckle and wrist regions, the structural
analysis of BMP-2 has also revealed the importance of the
residues L51 and D53 of BMP-2, both acting as a hotspot for the
binding of BMPR-IA. Indeed, mutation of L51 to P51 decreased

the binding affinity toward BMPR-IA.[47,48] Moreover, the substi-
tution of alanine 52 by arginine (A52R) increased the dissociation
rate of BMPR-IA.[43] Thus, the LAD motif may also be relevant in
the BMP-2-BMPR-IA interaction. This motif is located in the 𝛼2-
helix of BMP-2 and it should be remarked that, although both
DWIVA and LAD motifs interact with high affinity with BMPR-
IA, each one binds to a different monomer of the receptor.[44]

Taking into consideration, these findings and based on the
crystal structure of the interaction between BMP-2 and BMPR-
IA, we decided to design a small library of synthetic peptides
covering mainly BMPR-IA-binding domains within BMP-2 in or-
der to identify bioactive sequences with osteogenic potential (Fig-
ure 1). Both, the KIPKASSVPTELSAISTLYL sequence (herein
named “knuckle peptide”) and the DWIVA peptide (derived from
the wrist region) were originally included in the library. How-
ever, the DWIVA motif, which is a much shorter peptide, was fur-
ther modified to engineer alternative wrist-derived peptides. One
such analogue was designed by incorporating at the N-terminus
of the DWIVA sequence the two preceding residues naturally oc-
curring in BMP-2 (W28 and N29), giving rise to the WNDWIVA
sequence. The rationale behind this modification was to cover a
wider range of the wrist epitope and to include the W28 residue,
which is conserved in all main BMPs involved in bone regenera-
tion, namely BMP-4, -6, -7, and -9.[49–51] Furthermore, to study the
importance of the LAD motif in the interaction with the BMPR-
IA, we designed peptide variants fusing the WNDWIVA and LAD
sequences. In detail, the two epitopes were separated by three
aminohexanoic acids (3Ahx), which intended to mimic the natu-
ral space between both motifs in the native BMP-2. Indeed, such
distance in the protein is of 23.11 Å, whereas our spacer mea-
sures 25 Å, reproducing with precision the native distance. In ad-
dition, two other analogues with shorter spacers (2Ahx and 1Ahx)
were used to study the influence of the spacing between both se-
quences. Thus, the incorporation of either three, two, or just one
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Figure 2. Evaluation of the osteogenic capacity of the BMP-2-derived peptides. A) C2C12 myosin heavy chain (MHC) staining of multinucleated myotubes
after 6 days of culture on the indicated surfaces (scale bar = 200 μm). B) Myosin area quantification relative to the cell number. * represents statistically
significant differences in comparison to the glass control. Different capital letters denote statistically significant differences between soluble peptides,
whereas small letters denote statistically significant differences between adsorbed peptides. Different numbers denote statistically significant differences
between the soluble and the adsorbed conditions for a particular peptide (p < 0.05). C) ALP activity after 8 days in culture of the different peptides on
the adsorbed condition. Different letters denote statistically significant differences between peptides (p < 0.05). Each condition was replicated in triplets
in each experiment (n = 3) and five pictures per sample were used to quantify myosin area.

Ahx lead to the WNDWIVA-Ahx3-LAD, WNDWIVA-Ahx2-LAD,
and WNDWIVA-Ahx-LAD peptides, respectively. Finally, a cyclic
analogue of the DWIVA peptide (i.e., cDWIVA) was produced to
study the effect of conformational restriction of the wrist motif
in its biological activity.

The selected sequences were manually synthetized by means
of standard solid-phase peptide synthesis (SPPS) methods, fol-
lowing the Fmoc/tBu strategy and protocols optimized in our re-
search group. Peptide synthesis details can be found in the Exper-
imental Section, whereas their chemical structures are shown in
Figure S1 (Supporting Information).

2.2. Screening of BMP-2-Derived Peptides with Osteogenic
Potential

To check the osteogenic potential of the synthesized peptides, a
screening with C2C12 myoblasts was performed. These cells are
able to fuse and form myotubes under standard culturing condi-
tions. However, in the presence of BMP-2, myogenic differenti-
ation is inhibited, and C2C12 start to transdifferentiate in bone
cells.[52,53] Thus, C2C12 myoblasts were cultured onto glass sub-
strates and stimulated either with soluble or adsorbed peptides
on the substrate. After 6 days in culture, their capacity to inhibit
myogenesis was evaluated by immunostaining of myosin heavy
chain (MHC) (Figure 2A).

As expected, well-formed myotubes were observed on glass
control, while the presence of BMP-2 (either adsorbed on the
surface or in soluble form) totally inhibited MHC formation.
Interestingly, the DWIVA and cDWIVA motifs, both in their
soluble and adsorbed modes, were able to significantly inhibit
myotube formation, representing the two most active peptides
within the synthesized analogues (Figure 2B). In contrast, the
WNDWIVA sequence, which covers a slightly larger area of the
wrist region, failed to reproduce the same biological effect. The
analogues incorporating the LAD sequence separated by 1 or
2 Ahx (WNDWIVA-Ahx2-LAD or WNDWIVA-Ahx-LAD, respec-
tively) were also inactive. However, the adsorbed 3Ahx analogue
did show a statistically significant inhibition of myotube forma-
tion, which indicates a positive effect of including the LAD se-
quence together with WNDWIVA, only when the distance found
between the two motifs in the native BMP-2 is preserved. In ad-
dition, most of the adsorbed peptides had a tendency to higher
suppress myogenesis in comparison to the soluble ones, which
stresses the importance of presenting the active moieties in the
adsorbed form to drive cell response. In this regard, administra-
tion of soluble GFs has shown to be less effective in regulating
cell fate in comparison to matrix-bound GFs, where controlled
and sustained influence in cell behavior is achieved with much
lower doses of GF.[52,54]

Taken together, these results confirm the capacity of the
DWIVA sequence to, at least partially, mimic BMP-2 potential
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in blocking myogenesis of C2C12 cells. This pentapeptide, well
conserved in other BMPs involved in bone regeneration such
as BMP-4,[55–57] seems to be structurally optimized in its native
form, as even subtle changes result in loss of activity. This may be
attributed to detrimental conformational changes introduced in
the longer sequences, although the precise mechanisms should
be studied with further detail. It is also worth mentioning that
the knuckle epitope was inactive in our cell model. The discrep-
ancies with previous reports[39,45,58] may arise from differences
in the cell type used, peptides concentration, and mode of pre-
sentation. Indeed, in the work of Saito et al., the knuckle pep-
tide was physically adsorbed on polystyrene at a concentration
of 3.1 μg mm−2, whereas the concentration in the present work
was of 0.6 μg mm−2, which is about five times lower.[45] Similarly,
Madl et al. tested the osteogenic capacity of the knuckle sequence
on osteoblasts in contrast to the present work, where C2C12 cells
were used.[39] The aforementioned differences thus do not allow
for a direct comparison between the studies.

Next, the BMP-2-derived peptides were adsorbed on glass and
evaluated toward C2C12 expression of ALP activity after 8 days
in culture (Figure 2C). Interestingly, only the DWIVA peptide
showed a statistically significant increase of ALP activity in com-
parison to the nonfunctionalized glass, which corroborated its ca-
pacity to promote the osteodifferentiation of C2C12 cells. These
results are in accordance with a previous study from Lee et al.,
in which DWIVA had the capacity to induce ALP activity and im-
prove mineralization.[35]

Thus, the DWIVA motif was selected as potential candidate
for further studies in combination with the RGD sequence, aim-
ing to engineer advanced biomimetic peptides with capacity to
simultaneously promote synergistic integrin and GF signaling.

2.3. Development of Multifunctional Biomimetic Peptides

The combination of the DWIVA motif with the integrin-binding
peptide RGD was accomplished by incorporating the two se-
quences in a synthetic biomimetic peptide, in which the spatial
orientation of both sequences is chemically defined (Figure 3A).
The copresentation of the bioactive sequences with a defined spa-
tial control proved crucial to effectively engage in integrin-GF
crosstalk at the ventral side of the cell in a previous study[59] (Fig-
ure 3B).

Thus, in order to develop ECM-biomimetic peptides, three
tailor-made synthetic peptides were envisioned: i) the RGD-
DWIVA peptide; ii) a variant in which the RGD sequence was
presented in its cyclic version (i.e., cRGD-DWIVA); and iii) a
third molecule containing both motifs in their cyclic conforma-
tion (i.e., cRGD-cDWIVA) (Figure 3C). The rationale for using
cyclic RGD was based on the well-established effect that con-
formational restriction has on the integrin binding capacity of
the peptide. Indeed, cyclization of linear RGD into cyclo(RGDfX)
significantly improves its activity and selectivity toward 𝛼v𝛽3 in-
tegrins, which are highly expressed in bone forming cells, and
in particular, in MSCs.[60–63] In contrast, the role of cyclization
of the DWIVA sequence in its BMPR-binding activity remains
unknown. In our hands, cDWIVA did not improve ALP activity
in C2C12 cells (Figure 2C), however, it did suppress myogenesis
(Figure 2B), and thus was also considered to study the influence

of such conformational constraint in the biological performance
of the biomimetic peptide.

The synthetic protocol to produce RGD-DWIVA has been
previously optimized[59] and is based on the solid-phase as-
sembly on Fmoc–Rink Amide resin using SPPS methods.
The synthesis started with the addition of two units of l-3,4-
dihydroxyphenylalanine (DOPA), which act as anchoring groups
to bind metallic oxide surfaces. In detail, the catechol groups in-
teract with metallic surfaces by coordinative interactions.[64–68]

Such binding has been described to be very stable under wet
conditions and has the advantage of providing a simple one-step
functionalization method, considerably reducing the number of
reaction steps compared to other conventional processes, such
as silanization.[69,70] Subsequently, a beta-alanine and an orthog-
onally protected lysine (Fmoc/Alloc) were coupled to the resin.
Lysine is a key residue in the synthetic strategy as it serves as
branching point in the peptide and allows the sequential and
selective assembly of the two bioactive sequences. Finally, each
branch of the dimeric architecture contained two units of Ahx, de-
signed as linkers to provide the adequate spacing of the RGD and
DWIVA motifs, a prerequisite to ensure optimal signaling.[59]

The synthesis of the two other analogues (i.e., cRGD-DWIVA
and cRGD-cDWIVA), however, was more challenging, as it re-
quired the incorporation of cyclic sequences into the biomimetic
peptide. In this case, taking into account that cyclization in solid-
phase was problematic, the peptides were cyclized first in solu-
tion and then coupled to the resin-bound peptide in solid-phase
(Figure 3D,E,F). To this end, the linear peptides were synthesized
in 2-chlorotrityl chloride, cleaved with a low percentage of TFA
and cyclized head-to-tail in solution. Moreover, the cyclic peptides
were prepared using an orthogonal strategy and incorporated a
glutamic acid protected with an allyl group. Such design allowed
the selective removal of the allyl function using palladium chem-
istry, yielding the cyclic peptides with a free carboxylic function
without affecting the other protecting groups. The complete de-
tails of the synthesis as well as the characterization of the peptides
is described in the Experimental Section.

2.4. Biomimetic Peptides are Immobilized on Ti Substrates

Immobilization of the biomimetic peptides (RGD-DWIVA,
cRGD-DWIVA, or cRGD-cDWIVA) on Ti surfaces was performed
by a simple one-step procedure adding one drop of a 100 μm solu-
tion of the peptidic biomolecule on top of the disks and incubated
overnight, taking advantage of the high affinity of catechol groups
to Ti oxide.[71,72] Afterward, physicochemical characterization of
the functionalized surfaces was performed by means of XPS, con-
tact angle, Raman spectroscopy, and fluorescent measurements
(Figure 4; and Figure S2, Supporting Information).

Surface chemical composition of the functionalized Ti sub-
strates was evaluated by XPS measurements. As represented
in Figure 4A, the uncoated Ti disks presented the highest con-
centrations of oxygen (O 1s) and titanium (Ti 2p), associated
to the Ti oxide layer. However, the nitrogen concentration (N
1s), which is commonly attributed to the amide bonds of the
peptidic molecules, was almost undetected. In this regard, the
nitrogen signal significantly increased up to ≈4% upon func-
tionalization with the biomimetic peptides, reaching statistically
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Figure 3. A) Schematic representation of the main elements of the biomimetic peptides. B) Integrin-GF receptor crosstalk activated by the biomimetic
peptide. C) Schematic representation of the biomimetic peptides. Created with BioRender.com. D) Chemical synthesis of the cRGD. E) Chemical synthesis
of the cDWIVA. F) Chemical synthesis of the cRGD-DWIVA and cRGD-cDWIVA biomimetic peptides.
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Figure 4. Physicochemical characterization of Ti substrates functionalized with either RGD-DWIVA, cRGD-DWIVA, or cRGD-cDWIVA peptides. A) Atomic
percentages (%) of C1s, O1s, N1s, and Ti2p measured by XPS. B) High resolution spectra of deconvoluted C1s (left) and N1s (right). Duplicates per
condition were used for XPS measurements. Different letters denote statistically significant differences between groups (p < 0.05).

comparable levels for the three conditions. The presence of the
peptides was additionally confirmed by a concomitant decrease
in the concentrations of oxygen and titanium and an increase
in the carbon content, which is an indicator that the adherent
peptides mask the TiO2 signal. Indeed, such modifications in the
surface chemistry have been associated to a deposition of a pep-
tide layer on top of Ti surfaces in previous works.[73–75] Decon-
volution of high resolution C1s spectra of control Ti revealed a
main peak at 285.2 eV (purple color in Figure 4B), which is asso-
ciated to aliphatic –CH2–CH2– bonds of organic contaminants.
In contrast, when Ti was functionalized with the biomimetic pep-
tides, characteristic peaks at high binding energy, corresponding
to –C–N/–C–O bonds (286.7 eV) and amide groups (288.4 eV),
were also observed (blue and orange colors in Figure 4B), in
agreement with the literature.[76,77] Moreover, the presence of the
molecules was also confirmed by the high resolution spectra of
N1s, in which characteristic peaks of amide groups at a binding
energy of 400.5 eV were also detected.

To further demonstrate the successful functionalization of Ti
substrates, contact angle measurements were performed (Fig-
ure S2A, Supporting Information). Taking into account that the
three biomimetic peptides share the same chemical composi-
tion, these studies were only done with the RGD-DWIVA con-
dition. Ti functionalization with the RGD-DWIVA molecule re-
sulted in a significant increase of its surface wettability compared
to nonfunctionalized substrates, as shown by a decrease in the
water static contact angle. Such increase in hydrophilicity was ex-
pected due to the presence of charged and polar amino acids in
the biomolecule and is well in accordance with previous stud-
ies using this type of molecules.[59,75] In addition, quantification
of the density of peptide bound on the surface was calculated
by using a fluorescently labeled RGD-DWIVA model peptide (F-
RGD-DWIVA), according to a protocol established in our lab. In
short, the fluorescent peptide was detached from the surfaces by
using basic etching under 70 °C, and the obtained fluorescence
was correlated to a peptide concentration using a standard curve
(Figure S2B, Supporting Information). This method estimated
a concentration of F-RGD-DWIVA on the surface of 1215.2 nm,

corresponding to a peptide density of 77.4 ± 2.1 pmol cm−2. This
result is consistent with previous works using catechol-assisted
chemisorption[59] or covalent bonding via silanization.[70,78] Of
note too, such peptide density is well above the minimal concen-
tration required to establish focal contacts, i.e., 10 fmol cm−2[79]

and integrin-GF signaling, i.e., 8.9 pmol cm−2.[59] Finally, Ra-
man spectroscopy was performed to evaluate the distribution of
the peptide on Ti surfaces. As shown in Figure S2C (Support-
ing Information), control Ti did not present any characteristic
peaks in the Raman spectrum. However, upon the addition of
the RGD-DWIVA biomolecule several new bands associated to
amide groups, in the range of 1300–1700 cm−1, were detected.
Furthermore, plotting the spectral region between 1400 and 1530
cm−1, and mapping an area of the surface of 90 × 80 μm, allowed
us to verify a homogenous distribution of the biomimetic pep-
tide on the Ti disks. Taken together, these results demonstrated
the successful and homogenous functionalization of Ti with the
biomimetic peptides.

2.5. Biomimetic Peptides Enhance Human MSCs Adhesion and
Promote Larger Vinculin Clusters, Especially When cRGD Motif
is Present on the Peptidic Molecule

After verifying the successful functionalization of Ti implants,
the biological potential of the substrates modified with the
biomimetic peptides was evaluated on human MSCs. To ensure
that the biological outcomes were directly related to the activity
of the biomimetic peptides, we also engineered two control pep-
tides, in which either the RGD or the DWIVA sequences were
mutated (i.e., scrambled versions), to better ascertain the influ-
ence of the individual active motifs (peptides coded as DWIVA
and RGD conditions, respectively) (see the Experimental Section
for details). Prior to evaluating the capacity of the molecules to
enhance MSCs adhesion, preliminary studies using the RGD-
DWIVA molecule on model glass coverslips were performed (Fig-
ure S3, Supporting Information). In detail, after 7 h in culture
with serum-free medium, cells were fixed and stained for F-actin
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 21922659, 2022, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202201339 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [11/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advhealthmat.de

Figure 5. Human MSCs behavior on the functionalized Ti substrates. A) F-actin immunostaining (scale bar = 100 μm). B) Quantification of cell number
and C) cell area after incubating the cells 7 h in serum-free medium. Each condition was replicated in triplets (n = 3) and five pictures per samples were
used to quantify cell adhesion. Different symbols denote statistically significant differences between groups (p < 0.05).

(Figure S3A, Supporting Information) to evaluate the number of
attached cells and their projected area (Figure S3B,C, Supporting
Information). Interestingly, a clear enhancement in MSC adhe-
sion was observed on RGD-DWIVA functionalized samples in
comparison to untreated glass controls. Moreover, a significantly
higher number of adherent cells was also observed compared to
RGD- and DWIVA-modified surfaces (Figure S3B, Supporting
Information), indicating a positive enhancing effect by the cop-
resentation of the two motifs within the biomimetic peptide and
in agreement with previous data using C2C12 cells.[59] Cell area
was also improved in regards to the DWIVA sequence but not
to RGD (Figure S3C, Supporting Information). It is also worth
mentioning that in a previous study we demonstrated that the
copresentation of the individual motifs without controlling their
spatial distribution (i.e., random distribution), or the use of im-
mobilized RGD and soluble DWIVA, both failed to support such
enhancing effects in cell adhesion. These results clearly illustrate
the spatial requirements for integrin-GF stimulation at the ven-
tral side of the cell and the advantage of using the biomimetic
peptide.

Subsequently, the RGD-DWIVA candidate, its cyclic variants
(cRGD-DWIVA and cRGD-cDWIVA), and the linear controls
(RGD and DWIVA) were used to functionalize Ti surfaces and
study MSC adhesion (Figure 5). On the conditions presenting
the individual peptides, either on the RGD- or DWIVA-coated
substrates, cell number and area significantly increased in com-
parison to the Ti control, in which only a few, roundish cells
were attached. Remarkably, the three biomimetic peptides sta-
tistically increased the number of cells adhering on the surfaces
(Figure 5B), proving the capacity of RGD and DWIVA to en-
gage in positive integrin-BMPR cross-signaling when simultane-
ously presented to cells in a spatially and stoichiometrically con-
trolled manner.[59] Although statistical differences were not ob-
served between the three multifunctional peptides, a tendency

toward higher cell attachment was shown when cyclization of
the RGD peptide was performed (cRGD-DWIVA and cRGD-
cDWIVA on Figure 5A,B). These results are not surprising, as
cyclization improves the activity of the RGD sequence for inte-
grin 𝛼v𝛽3, which is expressed in MSCs[62] and involved in the
early stages of cell adhesion.[61,80] Similar findings were observed
in other works when cyclization of RGD was performed.[60,81,82]

The effects of surface functionalization on cell projected area
were generally similar, but with some notable exceptions. As
previously observed on model glass surfaces, RGD-DWIVA in-
creased cell spreading in comparison to uncoated or DWIVA-
functionalized samples, but presented comparable levels as for
RGD-functionalized surfaces (Figure 5A,C). However, in this
case, RGD cyclization (i.e., samples cRGD-DWIVA and cRGD-
cDWIVA) did result in a statistically significant enhancement in
cell spreading, compared to all conditions. These results point
out, first, to a measurable positive role of DWIVA combined to
RGD to improve cell number but not area, and also corroborate
the enhancing impact on cell adhesion of cyclic RGD. The cy-
clization of DWIVA (i.e., cRGD-cDWIVA) preserved the notable
biological responses observed on cRGD-DWIVA samples. In par-
ticular, cDWIVA seemed to slightly improve these effects, but the
lack of statistical significance does not allow us to draw further
conclusions at this point.

To further characterize MSC adhesion on the surfaces, focal
adhesion (FA) formation was also investigated (Figure 6). As
clearly seen by vinculin staining, no focal contacts were observed
on Ti control, where cells were totally round. On the RGD- or
DWIVA-coated conditions, a few nascent focal complexes were
detected (Figure 6A,A). Such focal contacts had a tendency to be
slightly larger on the RGD-coated samples compared to DWIVA
(1.55±0.3 μm vs 1.24±0.3 μm, Figure 6C), although no statistical
differences were observed. Indeed, on the RGD condition, 80%
of focal contacts accounted for focal complexes (<2 μm) and the
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Figure 6. Focal adhesion on Ti disks functionalized with the different peptides after 7 h of culture in serum-free medium. A) F-Actin, vinculin and nucleus
staining (scale bar = 20 μm). B) Number of focal adhesions per cell and C) focal adhesion length in each condition. D) Vinculin clusters classified as focal
complexes (<2 μm), focal adhesions (2–5 μm), and mature adhesions (>5 μm) for each condition. This classification of vinculin clusters is based on
previous works.[84,85] Each condition was replicated in triplets (n = 3) and 100 different focal adhesions were measured to quantify FA lengths. Different
symbols denote statistically significant differences between groups (p < 0.05).

remaining 20% for focal adhesions (2–5 μm), while on DWIVA,
all vinculin clusters were classified as focal complexes, which
confirms that RGD supports the assembly of focal adhesions
compared to DWIVA (Figure 6D). In contrast, the function-
alization of Ti surfaces with either of the three biomimetic
peptides was translated into a greater amount of focal adhesions,
with a clear shift toward well-formed and much larger clusters.
Although cluster length was similar for the three biomimetic
peptides (ranging between 2.68 and 2.90 μm), the condition
exposing the two cyclic sequences showed the highest number
of focal adhesions (Figure 6B), indicating a positive effect of
cyclic DWIVA in stabilizing a higher number of adhesions on the
surfaces. Furthermore, in the three biomimetic peptides, most
of the focal adhesion (>80%) had a length between 2 and 5 μm,
demonstrating the capacity of the biomimetic peptides to induce
larger FAs in comparison to the RGD and DWIVA controls.

Similar lengths have been observed on flat Ti functionalized with
a peptidic platform containing the RGD and PHSRN sequences.
In that case, most of the clusters were classified as focal adhe-
sions or super mature adhesions (>5 μm). The observation of
more mature adhesions in that work could be explained by the
fact that cells were allowed to interact with the functionalized sur-
faces for a longer period of time than in the present work.[83] In
another study, with more similar adhesion times, focal adhesions
of around 2.2 μm were observed, which is in accordance with our
findings.[75]

MSCs proliferation on the biointerfaces was then assessed af-
ter 3, 7, 10, and 17 days of cell culture (Figure S4, Supporting
Information). Of note, the differences observed in cell number
after 7 h of culture between bare Ti and the rest of the condi-
tions were maintained after 3 days of incubation, which gener-
ally indicates the relevance of stimulating integrins and/or BMP
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Figure 7. hMSCs biological activity. A) Calcium deposits of hMSCs on functionalized Ti with the different peptides (scale bar= 500 μm). B) Quantification
of calcium deposits area. C) ALP activity after 14 and 21 days of culture on the different functionalized surfaces. Each condition was replicated in triplets in
each experiment (n = 3) and five pictures per sample were used to quantify calcium deposits. Different symbols denote statistically significant differences
between conditions (p < 0.05).

receptors in cell proliferation. These differences were less notice-
able for longer periods in culture, although uncoated Ti always
presented the lowest number of cells. Among the functionalized
samples, the DWIVA-coated Ti displayed the lowest cell prolifer-
ation values, in contrast to RGD, which performed the best, espe-
cially at day 17. Nonetheless, the differences noticed in the num-
ber of attached cells between the RGD- and DWIVA-coated sam-
ples in comparison to the three biomimetic peptides (Figure 5)
were not observed in cell proliferation (Figure S4, Supporting In-
formation), which indicates that the synergy elicited in cell ad-
hesion with the combination of RGD and DWIVA sequences is
not translated in cell proliferation. Interestingly, on day 17 the
biomimetic peptides had a tendency to support less cell prolifer-
ation than the RGD control, which would be in agreement with a
concomitant process of differentiation, as a result of the integrin-
BMPR crosstalk.

2.6. Biomimetic Peptides Promote Human MSCs Osteogenic
Differentiation

The capacity of the coatings to promote the osteodifferentiation
of MSCs was initially characterized by mineralization and ALP
expression studies. In detail, the mineralization of the Ti sub-
strates was evaluated by staining the calcium deposits produced

by MSCs after 21 days in culture (Figure 7A). As expected, on
Ti surfaces lacking signaling molecules the amount of calcium
deposits was marginal and only a few and very small deposits
were observed. As shown in Figure 7A and quantified in Fig-
ure 7B, mineralization was slightly increased on RGD- and es-
pecially on DWIVA-functionalized samples, accounting for the
capacity of RGD to interact with integrins 𝛼v𝛽3 and 𝛼5𝛽1,[62]

which are known to trigger osteogenic differentiation,[61,78] and
the osteoinductive role of DWIVA,[35] respectively. Interestingly,
the amount and total area of calcium deposits was clearly in-
creased on the three RGD-DWIVA biomimetic Ti surfaces (Fig-
ure 7A), thus demonstrating a synergistic integrin/GF crosstalk
to enhance the osteogenic differentiation of MSCs only when the
two sequences are exposed together.

In addition, ALP activity was evaluated after 14 and 21 days of
culture (Figure 7C). Well in accordance with the results of min-
eralization, a significant increase in ALP activity was observed
at day 14 when Ti substrates was functionalized with either of
the three biomimetic peptides, in comparison with the individual
peptide controls and bare Ti. These values decreased at day 21;
nevertheless, all biomimetic peptides still presented significant
differences with regards to the bare Ti and RGD condition, and
the biomimetic peptides containing the cyclic RGD also showed
a significant increase in ALP activity with regards to the DWIVA
control.
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Figure 8. Expression of Runx2, Col1A1, ALP, OPN, and Osterix genes determined by RT-PCR for human MSCs cultured 1, 4, or 7 days on Ti substrates
functionalized with the biomimetic peptides and heatmap of the studied genes representing the relative expression levels. Gene expression was normal-
ized to the housekeeping gene GAPDH. Gene expression is referenced to Ti control at each timepoint. Each condition was replicated in triplets (n = 3). *
represents statistically significant differences regarding Ti at each time point, # expresses statistically significant differences with respect to RGD-DWIVA
at each time point and $ indicates statistically significant differences with regards to cRGD-DWIVA at each time point (p < 0.05).

The enhancing effects of combining RGD and DWIVA in ALP
expression, and the extent of cell mineralization, were not ob-
served in a previous work by Madl et al. using osteoblasts and
MSCs, respectively.[39] However, in that study the two sequences
were randomly incorporated on alginate hydrogels, and, conse-
quently, the spatial disposition between both peptides was not
controlled. Such differences in biological outcomes thus stress
the importance of engineering the spatial orientation and stoi-
chiometry as well as the distance between the bioactive sequences
in order to effectively elicit synergistic integrin-GF signaling at
the ventral side of the cells, as we recently demonstrated.[59]

To further corroborate the capacity of the molecules to promote
osteogenic differentiation at the gene level, gene expression was
analyzed at days 1, 4, and 7 by means of RT-PCR. In particular,
Runx2, Col1A1, ALP, Osterix (also known as Sp7) and Osteopon-
tin (OPN) genes, which are involved in osteodifferentiation,[86,87]

were measured (Figure 8). In the previous biological characteri-
zation, the higher biological potential of the multifunctional pep-
tides regarding the scrambled controls (RGD and DWIVA condi-
tions) was clearly demonstrated. Thus, gene expression was only
investigated for the biomimetic RGD-DWIVA peptides and com-
pared with bare Ti. It should also be noted that as OPN is consid-
ered a late osteogenic marker,[83,88] no measurements were per-
formed at day 1 for this gene.

In general, after 24 h in culture, no significant differences were
observed for any of the osteogenic markers, although ALP and

Osterix expression on the RGD-DWIVA condition were higher in
comparison to the rest of the biomimetic peptides and Ti control.
At day 4, however, an overexpression of the early osteogenic mark-
ers (Runx2, Col1A1, ALP, and Osterix genes) was observed on
all the functionalized conditions (RGD-DWIVA, cRGD-DWIVA,
cRGD-cDWIVA), which was statistically significant in compari-
son to Ti, except for the Osterix gene on the cRGD-DWIVA sam-
ple. Of note, on the RGD-DWIVA condition, Runx2, Col1A1, and
Osterix showed a twofold increase compared to Ti, whereas the
expression of ALP was almost four times higher than Ti. The
cRGD-cDWIVA also promoted a ≥2-fold increase in the expres-
sion of ALP and Osterix genes compared to control Ti. At day 7,
all the biomimetic conditions were able to upregulate the expres-
sion of the studied genes. In detail, statistical differences were
observed for all genes on RGD-DWIVA, for Osterix on cRGD-
DWIVA, and for all genes except OPN for cRGD-cDWIVA. These
results are summarized in the heatmap represented in Figure 8,
in which a higher expression of osteospecific genes is clearly
shown for the samples functionalized with the biomimetic pep-
tides, especially at days 4 and 7. The highest increase in gene
expression, i.e., 4.2-fold change versus Ti, is observed for Osterix
on the cRGD-cDWIVA condition at 7 days.

These results are of relevance as differentiation of MSCs to-
ward the osteogenic lineage requires the expression of two main
genes: Runx2 and Osterix, both factors involved in the expres-
sion of downstream target genes essential for the osteogenic
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commitment.[89,90] In this regard, our results show an overex-
pression of Runx2 and Osterix for the three biomimetic peptides
in comparison to bare Ti at day 4. These results correlate well
with our previous mineralization experiments (Figure 7A,B), in
which the biomimetic peptides were also able to clearly increase
the extent of calcium deposition. Indeed, it has been demon-
strated that Runx2 regulates the transcription of osteocalcin, as-
sociated with mineralization.[91] Of note, the overexpression of
Osterix and ALP genes is particularly important in our system,
as it has been shown that these two genes are involved in Smad-
independent pathways. In detail, the DWIVA peptide is part of
the wrist epitope of the BMP-2, which interacts with high affin-
ity with BMPR-I. As a results of such interaction, the activated
BMPR-I recruits BMPR-II, forming the BMP-induced signal-
ing complex, and thus, activation of Smad-independent signal-
ing pathways occurs, triggering overexpression of Osterix and
ALP.[11,92–95] In a previous work, we demonstrated that the RGD-
DWIVA peptide activated Smad-independent signaling through
the p38 pathway,[59] which is in agreement with the high expres-
sion of Osterix and ALP genes observed at days 4 and 7 in the
present study.

Furthermore, MSCs osteogenic differentiation in vitro has
been associated not only with the increase of ALP activity, but
also with the formation of the organic phase of bone ECM, which
is mainly composed of collagen type I and noncollagenous pro-
teins like OCN and OPN.[96–98] Interestingly, overexpression of
Col1A1 and ALP genes was observed at days 4 and 7 for the
three biomimetic peptides, presenting statistically significant dif-
ferences in comparison to Ti. However, OPN was only upregu-
lated at day 7, which should be expected taking into account that
this protein is considered a late osteogenic marker.[88,99]

Interestingly, osteogenesis has also been associated with the
larger focal adhesions in cells.[100] In this regard, greater forma-
tion of focal adhesions promotes higher tension of the actin fila-
ments of the cell, thus increasing the tension forces that the cell
senses. Consequently, the mechanotransduction phenomenon
is initiated, triggering the activation of the Yes-associated protein
(YAP) pathway. Such pathway ultimately activates osteospecific
genes, such as Runx2.[100–103] Thus, the overexpression of Runx2
presented by the biomimetic peptides, especially at day 4, may
be related to the larger and well-formed focal adhesions on the
three biomimetic substrates (Figure 6), and consequently, having
a direct influence on the osteogenic differentiation capacity of
the biomimetic peptides. However, further investigations would
be required to confirm the correlation between the larger focal
adhesions on the biomimetic peptides and its involvement
in the mechanotransduction and osteogenic differentiation
processes.

Of note, recent works have also achieved regulation of cell ad-
hesion and osteogenesis using non-BMP-derived dual peptides.
In this regard, Zhu et al. combined a synthetic N-cadherin pep-
tide with RGD, enhancing the expression of osteogenic gene
markers in MSCs and new bone formation and implant os-
seointegration in vivo.[104] Similarly, a Wnt5a mimicking pep-
tide has also been combined with RGD in a stimuli-responsive
nanogel, allowing to synergistically improve cell attachment and
osteodifferentiation.[105] These examples and our current data il-
lustrate thus the potential of combining synthetic peptide mo-
tives to control cell fate at the surface level.

2.7. Biomimetic Peptides Enhance New Bone Formation In Vivo

Having demonstrated the ability of the three biomimetic peptides
to induce osteogenic differentiation in vitro, the three molecules
were selected to validate their osteoinductive potential in an in
vivo scenario. To this end, Ti implants (Figure 9A,B) were func-
tionalized with the three peptides and implanted in a rat calvar-
ial defect. After 14 weeks of implantation, rats were euthanized
and the implants and tissues surrounding them were harvested
for further analysis (Figure 9C). During the harvesting process,
neither visible inflammation nor highly fibrous invasions were
observed in any of the samples. Also, the new tissue formed
around the implants was stable. Hematoxylin and eosin (H&E)
staining (Figure 9D) as well as Goldner’s trichrome staining (Fig-
ure 9E) were performed to assess new bone formation promoted
by the peptide-coated implant surfaces. Histological examination
by H&E staining showed that the implants presented a low num-
ber of recruited inflammatory cells (cells with a dark and dense
nucleus—purple color staining in Figure S5, Supporting Infor-
mation), such as eosinophils. In addition, quantification of the
fibrous thickness (Figure S5, Supporting Information) around
the implants demonstrated the capacity of the biomimetic pep-
tides to reduce fibrous tissue compared to non-functionalized Ti
(Figure 10A), although only the peptides containing cRGD (i.e.,
cRGD-DWIVA and cRGD-cDWIVA) showed a statistically signif-
icant decrease (p < 0.001). This reduction of fibrous thickness
triggered by the biomimetic peptides containing the cyclic RGD
in comparison to the linear counterpart may arise from confor-
mational restrictions in cyclic RGD, which increases the affinity
toward integrins highly expressed in osteoblasts and MSCs, like
𝛼v𝛽3 integrin. Such specificity toward this particular subtype of
integrins may promote a better osseointegration of the implants,
thus decreasing the fibrous tissue. Indeed, functionalization of
Ti implants with cyclic(RGDfK) showed the capacity to reduce fi-
brous tissue around the implant as well as to enhance implant
fixation and even new bone formation.[106–108]

Following evaluation of fibrous tissue, the fraction of implant
holes filled with new bone, area of new bone growth inside the
Ti holes, as well as total new bone area fraction, were analyzed
(Figure 10B,C,D, respectively). Quantification of the fraction of
holes filled with new bone revealed that on bare Ti the implants
were not able to support bone growth inside the holes, whereas in
the three biomimetic peptides new bone growing inside the holes
was observed (Figure 10B), demonstrating the osteogenic capac-
ity of the biomimetic peptides. Although the three biomimetic
peptides were able to promote filling of Ti implants with new
bone, only the RGD-DWIVA condition showed significant differ-
ences (p < 0.1) with regards to nonfunctionalized Ti implants,
being the one that presented more filled holes with new bone.
Next, new bone area inside the implant holes was normalized to
the holes’ space (Figure 10C). Interestingly, the three biomimetic
peptides were able to enhance new bone growth inside the holes
in comparison to Ti, and the RGD-DWIVA and cRGD-cDWIVA
conditions presented significant differences. Finally, total new
bone area was quantified (Figure 10D). In that case, both the
new bone growing inside the holes and the new bone surround-
ing the implants were considered for analysis. Interestingly, on
the functionalized scaffolds thicker new bone grew not only on
the area surrounding the implants but also in other zones which
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Figure 9. In vivo implantation and staining of the explanted implants. A) Schematic representation of the Ti implant (dimensions are expressed in mm).
B) Picture of the Ti implants. C) Schematic representation of the in vivo implantation and histological evaluation. D) Hematoxylin and eosin (H&E)
staining of the implants. Scale bar top images = 250 μm. Bottom images are a magnification of the top images at the center of the implant (scale bar =
100 μm). E) Goldner’s trichrome (GT) staining of the implants. Scale bar top images = 250 μm. Bottom images are a magnification of the top images
at the left side of the implant (scale bar = 100 μm).

were not in direct contact with the implants (Figure S6, Support-
ing Information). One possible explanation for such phenomena
could be the paracrine signal mediated by the biomimetic pep-
tides, which could stimulate new bone growing on the proximity
of the implant. Indeed, this effect was observed on Ti cylinders
functionalized with 𝛼v𝛽3- or 𝛼5𝛽1-peptidomimetics, which trig-
gered new bone growth underneath of calvarial defects not ex-
posed to the molecules.[78] Similar results were obtained when
using a fibronectin-mimetic peptide with increased affinity to-
ward 𝛼5𝛽1 integrins.[75]

Of note, only cells at the scaffold interface may be stimulated
by the biomimetic peptides, so either these cells secrete GFs and
stimulate osteogenic differentiation of neighboring cells or the
biomimetic peptides could be released from the surface and di-
rectly activate other cells. However, the latter hypothesis seems
more unlikely to happen, as the catechol-titanium interaction is
very stable, especially in wet conditions.[64,109] Nonetheless, more
insights would be required to confirm the mechanism of action
of the biomimetic peptides in vivo.

Taking all results into consideration, it is clearly demonstrated
that the biomimetic peptides improved new bone formation in
vivo in comparison to nonfunctionalized Ti, thus proving the os-
teogenic capacity of combining integrin and GF signaling and
confirming the results obtained in the in vitro experiments with
MSCs. In particular, the biomimetic peptides RGD-DWIVA and

cRGD-cDWIVA displayed the highest values of new bone for-
mation, which is in agreement with the PCR results. It would
seem, therefore, that although introducing cyclic RGD in the
biomimetic peptides has an enhancing effect in cell adhesion and
focal adhesion formation compared to its linear analogue, such
positive effect is not translated in terms of osteogenic differenti-
ation or new bone formation in vivo. This would imply that en-
gaging in integrin-GF signaling is necessary to increase the os-
teodifferentiation of MSCs but that an increase in the affinity for
𝛼v𝛽3 cannot be correlated with higher bone formation in vivo.

3. Conclusion

In conclusion, in this work we identified and designed pep-
tides derived from the wrist and knuckle epitopes of BMP-
2 and screened their osteogenic potential taking advantage of
the C2C12 transdifferentiation capacity toward the osteogenic
lineage. No sequences with better osteogenic capacity than
the DWIVA peptide were found. It would be thus interest-
ing to further explore high-throughput optimization techniques,
such as bioinformatics and in silico modeling, to find other
peptidic candidates with osteogenic potential. Nonetheless, the
combination of the DWIVA motif (and its cyclic counterpart)
with integrin-binding sequences in biomimetic multifunctional

Adv. Healthcare Mater. 2022, 11, 2201339 2201339 (13 of 20) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 10. Evaluation of new bone formation in vivo. A) Fibrous thickness around the implants. B) Fraction of the implant holes filled with new bone.
C) New bone area fraction on holes normalized to the hole area. D) Total new bone area fraction normalized to the total defect area. Five animals per
condition (n = 5) were used for the in vivo experiment. ** indicates statistically significant differences versus Ti (p < 0.001), * indicates statistically
significant differences versus Ti (p < 0.05), # indicates statistically significant differences versus Ti (p < 0.1).

peptides demonstrated the capacity of such peptides to simul-
taneously stimulate integrin and BMP receptors, as shown by
the clear enhancement of MSCs adhesion, osteogenic differenti-
ation, and in vivo bone formation in comparison to the controls.
Importantly, this strategy shows the capacity of synthetic pep-
tides to install osteogenic and osteoconductive properties on clin-
ically relevant materials, such as Ti. Advancing in novel strategies
that could potentially replace the use of BMP-2 holds promise to
overcome the negative side effects associated to the use of GFs.
Moreover, the enhancing effects of cyclic RGD in cell adhesion,
compared to linear RGD, when combined with the DWIVA mo-
tif, were not translated in terms of osteogenic differentiation or
new bone formation in vivo. In this regard, further investigations
to better understand the integrin-BMP receptor crosstalk and
signaling pathways triggered by the biomimetic peptides would
be required. In addition, correlating such BMP-signaling events
with mechanotransduction phenomena would be also neces-
sary, as it has been demonstrated the association between BMP-
2 signaling and mechanotransduction through the YAP/TAZ
pathway.[110] Furthermore, the effect of osteogenic and cell ad-
hesive peptides in bone immunoregulation and metabolism has
been recently studied.[111–113] Thus, the investigation of such pro-
cesses in our systems would be also interesting. Finally, the trans-
lation of this strategy from 2D to 3D biomaterials, such as hydro-
gels, to study cell behavior on 3D microenvironments mimicking
bone ECM, and comparing their potential with the administra-
tion of BMP-2 is warranted.

4. Experimental Section
Peptide Synthesis and Characterization—Chemical Reagents and

Instrumentation—Reagents: Fmoc-Rink amide MBHA resin, Fmoc-2-
CTC-OH-PS resin and Fmoc-L-amino acids were purchased from Iris
Biotech GmbH (Germany) and Novabiochem—Merck KGaA (Germany).
Fmoc-L-DOPA(acetonide)-OH was obtained from Bachem (Switzerland).
Coupling reagents and additives were obtained from Sigma-Aldrich
(USA), and Iris Biotech GmbH and Novabiochem—Merck KGaA. All
other chemicals and solvents were acquired from Sigma-Aldrich and
Carlo Erba (Spain).

Chemical Reagents and Instrumentation—Reversed-Phase Analytical
High-Performance Liquid Chromatography (RP-HPLC): HPLC analysis
was performed using a Shimadzu Prominence XR equipped with a
LC-20AD pump, a SIL-20AC cooling autosampler, a CTO-10AS column
oven, and a SPD-M20A photodiode array detector (Shimadzu, Japan).
A reversed-phase XBridge (Waters, USA) C18 column (4.6 × 100 mm2,
3.5 μm) column was used. The system was run at a flow rate of 1.0 mL
min−1 over 8 min at room temperature (RT) using water (0.045% triflu-
oroacetic acid (TFA), v/v) and acetonitrile (ACN) (0.036% ACN, v/v) as
mobile phases with UV detection at 220 nm.

Chemical Reagents and Instrumentation—Semipreparative RP-HPLC Pu-
rification: purification was performed using a Shimadzu instrument
equipped with a LC-8A pump and a photodiode array detector (Shimadzu,
Japan). A reversed-phase C18 column (10 × 250 mm2, 10 μm) (Phe-
nomenex, USA) was used. The system was run at a flow rate of 5.0 mL
min−1 over 30 min at room temperature using water (0.1% TFA, v/v) and
ACN (0.1% ACN, v/v) as mobile phases with UV detection at 220 nm.

Chemical Reagents and Instrumentation—Matrix-Assisted Laser Desorp-
tion Ionization–Time of Flight (MALDI-TOF): It was performed on an
Applied Biosystems/MDS SCIEX 4800 Plus with a N2 laser of 337 nm
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using 𝛼-cyano-4-hydroxycinnamic acid (ACH) matrix (10 mg mL−1 of ACH
in ACN/H2O (1:1, v/v) containing 0% TFA).

Linear Peptides—General Protocols of Peptide Synthesis: Linear pep-
tides were manually synthesized by SPPS following the Fmoc/tBu strategy
and using Fmoc Rink-amide MBHA resin (0.45 mmol g−1) as solid sup-
port. For each synthesis polypropylene syringes equipped with polyethy-
lene filters were used. Solvents and soluble reagents were removed us-
ing a vacuum filtration system. Washings between couplings and depro-
tection steps were carried out with N,N-dimethylformamide (DMF) and
dichloromethane (DCM) (3 times each) using 10 mL of solvent g−1 of
resin each time. Peptide synthesis was performed at RT. Couplings were
monitored using the Ninhydrin test and RP-HPLC analysis.

Linear Peptides—Fmoc Group Removal: The Fmoc group was removed
by treatment with piperidine/DMF (20:80, v/v) solution (1 × 1 min, 2 ×
5 min).

Linear Peptides—Amino Acid Coupling: Amide bond forma-
tion was carried out with Fmoc-L-amino acids (5 eq.), ethyl 2-
cyano-2-(hydroxyimino)acetate (OxymaPure) (5 eq.), and N,N-
diisopropylcarbodiimide (DIPCDI) (5 eq.) in DMF for 30 min.

Linear Peptides—N-𝛼 Acylation: Acetylation of the N-terminus was
carried out with Ac2O/DIEA/DMF (10:20:70, v/v/v) (1 × 5 min, 2 ×
10 min).

Linear Peptides—Cleavage and Sidechain Deprotection: The peptidyl-
resin was washed with DMF (5 × 0.5 min) and DCM (5 × 0.5 min) and
treated with TFA/H2O/triisopropylsilane (TIS) (95:2.5:2.5, v/v/v) for 1 h.
Afterward, the excess of TFA was evaporated with a stream of N2, and
the peptide was precipitated with ice-cold diethyl ether (Et2O) and cen-
trifuged (twice). The crude peptide was dissolved in H2O/ACN (1:1, v/v)
and lyophilized.

Linear Peptides—Peptide Characterization: All peptides were purified
by semipreparative RP-HPLC. The purified peptides were characterized by
analytical RP-HPLC and MALDI-TOF as follows:

DWIVA (Ac-Asp-Trp-Ile-Val-Ala-NH2): RP-HPLC (20-100% ACN over
8 min, tR = 5.69 min, purity 99%), MALDI-TOF (m/z): [M+Na]+ Calcd.
for C31H45N7O8, 666.33; found, 666.35.

Knuckle (Ac-Lys-Ile-Pro-Lys-Ala-Ser-Ser-Val-Pro-Thr-Glu-Leu-Ser-Ala-Ile-
Ser-Thr-Leu-Tyr-Leu-NH2): RP-HPLC (20-90% ACN at 60 °C over 8 min,
tR = 6.41 min, purity 99%), MALDI-TOF (m/z): [M+H]+ Calcd. for
C99H167N23O30, 2158.22; found, 2159.26.

WNDWIVA (Ac-Trp-Asn-Asp-Trp-Ile-Val-Ala-NH2): RP-HPLC (20–100%
ACN over 8 min, tR = 6.61 min, purity 99%), MALDI-TOF (m/z): [M+Na]+

Calcd. for C46H61N11O11, 966.46; found, 966.49.
3Ahx (Ac-Trp-Asn-Asp-Trp-Ile-Val-Ala-(Ahx)3-Leu-Ala-Asp-NH2): RP-

HPLC (30-100% ACN at 60 °C over 8 min, tR = 5.52 min, purity 80%),
MALDI-TOF (m/z): [M+Na]+ Calcd. for C77H115N17O19, 1604.86; found,
1604.89.

2Ahx (Ac-Trp-Asn-Asp-Trp-Ile-Val-Ala-(Ahx)2-Leu-Ala-Asp-NH2): RP-
HPLC (20–100% ACN at 60 °C over 8 min, tR = 6.76 min, purity 76%),
MALDI-TOF (m/z): [M+Na]+ Calcd. for C71H104N16O18, 1491.77; found,
1491.80.

1Ahx (Ac-Trp-Asn-Asp-Trp-Ile-Val-Ala-Ahx-Leu-Ala-Asp-NH2): RP-HPLC
(20–100% ACN over 8 min, tR = 6.79 min, purity 86%. MALDI-TOF (m/z):
[M+Na]+ Calcd. for C65H93N15O17, 1378.69; found, 1378.70.

cDWIVA (cyclic(Asp-Trp-Ile-Val-Ala))
2-Chlorotrityl chloride resin (576 mg, 0.7 mmol g−1) was placed in

a propylene syringe. The first amino acid, Fmoc-L-Ala-OH (125.5 mg,
0.4 mmol, 0.7 eq.), was introduced using DIEA (7 eq.) for 1 h in DCM. The
excess of reactive positions was capped with 1.3 mL of MeOH in DMF for
10 min. Fmoc was removed using piperidine in DMF (20:80, v/v) (1 × 1,
1 × 5, 1 × 10 min) and the second residue, Fmoc-L-Val-OH (410.53 mg,
1.2 mmol, 3 eq.), was coupled using OxymaPure (3 eq.) and DIPCDI (3 eq.)
for 1 h in DMF. Then, the peptide chain (L-Asp(tBu)-Trp(Boc)-L-Ile) was
elongated using standard Fmoc/tBu strategy. After removal of the Fmoc
group, the peptide cleavage was carried out by treating the resin 6 times
with TFA/DCM (2:98, v/v) for 30 s. The filtrate was collected over H2O,
concentrated under N2 and precipitated onto ice-cold Et2O. The crude was
dissolved in H2O/ACN (1:1, v/v) and lyophilized to give 273 mg of crude
linear peptide (99% purity).

164 mg of linear peptide was dissolved in 0.4 mm tetrahydrofuran
(THF)/DMF (95.5: 0.5, v/v) in a round-bottom flask. PyBOP (2 eq.), HOAt
(2 eq.), and DIEA (4 eq.) were added and the pH was adjusted with DIEA
until pH 7. The reaction mixture was stirred at RT for 1 h. After that time,
THF was evaporated under vacuo and coevaporated with DCM until dry-
ness. The side-chain protecting groups removal was performed by treat-
ing the crude with TFA/TIS/H2O (95:2.5:2.5, v/v/v) (20 mL for 1.5 h). The
crude was concentrated and precipitated onto ice-cold Et2O. The crude
was dissolved in H2O/ACN (1:1, v/v) and lyophilized to give 67.9 mg of
crude peptide (83% purity) and it was used without further purification.

Characterization: RP-HPLC (linear gradient from 20% to 100% (0.036%
TFA in ACN/0.045% TFA in H2O) in 8 min; tR = 7.99 min, 83% purity).

Synthesis of Protected Cyclic Building Blocks—Cyclic(Arg(Pbf )-Gly-
Asp(tBu)-D-Phe-Glu(OH)): The cyclic peptide was synthesized using a
2-chlorotrityl chloride resin (1.5 g, 0.7 mmol g−1), as recently reported.[60]

In brief, the first amino acid, Fmoc-L-Gly-OH, was loaded, followed by a
capping of the excess of reactive positions of the resin. Fmoc was removed
and the second residue, Fmoc-L-Arg(Pbf)-OH was introduced. Then, the
peptide chain (Asp(tBu)-D-Phe-Glu(OAll)) was elongated using standard
Fmoc/tBu chemistry. After removal of the Fmoc group, the peptide
cleavage was performed and the filtrate was collected, concentrated, and
precipitated. The crude peptide was dissolved in H2O/ACN (1:1, v/v) and
lyophilized to give 887 mg of crude linear peptide (97% purity).

The linear peptide was then cyclized used PyBOP chemistry. After 1 h
reaction, the organic layer was extracted, dried over MgSO4, filtered, and
concentrated under vacuo to give an oily crude. Finally, the Allyl group was
removed by treatment with Pd(PPh3)4-PhSiH3 (0.1 and 8 eq., respectively)
in DCM under N2 atmosphere for 1 h, followed by evaporation of DCM
under vacuo and purification of the crude with a PoraPak Rxn RP 20 cc
cartridge using a H2O/ACN gradient (0–100%) to remove Pd traces. The
product was lyophilized to give 410 mg of peptide.

Characterization: RP-HPLC (linear gradient from 40% to 100% (0.036%
TFA in ACN/0.045% TFA in H2O) in 8 min; tR = 5.85 min, 89% pu-
rity). MALDI-TOF (m/z): [M+H]+ Calcd. for C43H60N8O12S 913.41; found,
913.49.

Synthesis of Protected Cyclic Building Blocks—Cyclic(Asp(tBu)-Trp(Boc)-
Ile-Val-Ala-Glu(OH)): 2-Chlorotrityl chloride resin (1.6 g, 0.7 mmol g−1)
was placed in a propylene syringe. The first amino acid, Fmoc-L-Ala-OH
(350.1 mg, 1.1 mmol, 0.7 eq.), was loaded using DIEA (7 eq.) for 1 h in
DCM. The excess of reactive positions was capped with 1.3 mL of MeOH
in DMF for 30 min. Fmoc was removed using piperidine in DMF (20:80,
v/v) (1 × 1, 1 × 5, 1 × 10 min) and the second residue, Fmoc-L-Val-OH
(1145.1 mg, 3.4 mmol, 3 eq.), was incorporated using OxymaPure (3 eq.)
and DIPDCI (3 eq.) for 1 h in DMF. Then, the peptide chain (L-Glu(OAll)-L-
Asp(tBu)-L-Trp(Boc)-L-Ile) was elongated using standard Fmoc/tBu chem-
istry. After removal of the Fmoc group, the peptide cleavage was performed
by treating the resin 6 times with TFA/DCM (2:98, v/v) for 30 s. The filtrate
was collected over H2O, concentrated under N2 and precipitated onto ice-
cold Et2O. The crude was dissolved in H2O/ACN (1:1, v/v) and lyophilized
to give 479 mg of crude linear peptide (90% purity).

250.3 mg of linear peptide was dissolved in 0.4 mm THF/DMF (95.5:
0.5, v/v) in a round-bottom flask. PyBOP (2 eq.), HOAt (2 eq.), and DIEA
(4 eq.) were added and the pH was adjusted with DIEA until pH 7. The
reaction mixture was stirred at RT for 30 min. Then, the Allyl group was
removed by treatment with Pd(PPh3)4-PhSiH3 (0.1:8) in DCM under the
N2 atmosphere for 1 h. After that time, DCM was evaporated under vacuo
and the crude was purified with a PoraPak Rxn RP 20 cc cartridge using
a H2O/ACN gradient (0–100%) to remove Pd traces. Finally, the product
was lyophilized to give 260 mg of peptide.

Characterization: RP-HPLC (linear gradient from 20% to 100% (0.036%
TFA in ACN/0.045% TFA in H2O) in 8 min at 60 °C; tR = 6.91 min, 55%
purity).

Biomimetic Peptides: cRGD-DWIVA [(cyclic(Arg-Gly-Asp-D-Phe-Glu)-
Ahx-Ahx)(Ac-Asp-Trp-Ile-Val-Ala-Ahx-Ahx)]-Lys-𝛽Ala-DOPA-DOPA-NH2

Fmoc–Rink Amide MBHA resin (136.5 mg, 0.4 mmol g−1) was placed in
a propylene syringe. Fmoc was removed using piperidine in DMF (20:80,
v/v) (1 × 1, 1 × 5, 1 × 10 min), and then Fmoc-L-DOPA(acetonide)-OH
(31.4 mg, 0.07 mmol, 0.5 eq.) was incorporated using OxymaPure (0.5 eq.)
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and DIPCDI (0.5 eq.) for 1 h 30 min in DMF. The excess of reactive posi-
tions was capped with Ac2O (5 eq.) and DIEA (5 eq.) in DMF for 30 min. Af-
ter removal of the Fmoc group, the second Fmoc-L-DOPA(acetonide)-OH
(93.7 mg, 0.2 mmol, 1.5 eq.), was incorporated using the same methodol-
ogy. Then, the peptide chain ((Fmoc-Ahx-OH)2-Lys(Alloc)-𝛽Ala) was elon-
gated using standard Fmoc/tBu chemistry.

Fmoc was removed using piperidine in DMF (20:80, v/v) (1 × 1, 1
× 5, 1 × 10 min), and then cyclic(Arg(Pbf )-Gly-Asp(tBu)-D-Phe-Glu(OH))
(100 mg, 0.10 mmol, 2 eq.) was incorporated using PyBOP (4 eq.), HOAt
(4 eq.), and DIEA (8 eq.) at pH 8 for 1 h in DMF. Then, the resin was
washed, and a recoupling was done using the same amount of eq. The
few unreactive positions were capped with Ac2O (5 eq.) and DIEA (5 eq.)
in DMF for 30 min. Then, the Alloc group was first removed using cat-
alytic amounts of palladium. The resin was then washed with a solution
of sodium diethyldithiocarbamate (0.02 m in DMF; 3 × 15 min) and the
2Ahx were coupled in the second peptide chain. Then, the second peptide
chain (DWIVA) was elongated using standard Fmoc/tBu chemistry and the
N-terminus acetylated by treatment with Ac2O/DIEA/DMF (1:2:7, v/v/v)
(1 × 5, 2 × 10 min).

The cleavage and deprotection was performed by treating the resin with
TFA/TIS/H2O (95:2.5:2.5, v/v/v) (5 mL for 1.5 h). The filtrate was col-
lected, concentrated, and precipitated onto ice-cold Et2O. The crude was
dissolved in H2O/ACN (1:1, v/v) and lyophilized to give 60 mg of crude
peptide (42% purity). Peptide cRGD-DWIVA was isolated by semiprepar-
ative RP-HPLC, and 6.7 mg was obtained.

Characterization: RP-HPLC (linear gradient from 25% to 80% (0.036%
TFA in ACN/0.045% TFA in H2O) in 8 min; tR = 5.90 min, 80% purity).
MALDI-TOF (m/z): [M+H]+ Calcd. for C108H159N24O28 2239.17; found,
2240.10.

cRGD-cDWIVA [(cyclic(Arg-Gly-Asp-D-Phe-Glu)-Ahx-Ahx)(cyclic(Asp-Trp-
Ile-Val-Ala-Glu)-Ahx-Ahx)]-Lys-𝛽Ala-DOPA-DOPA-NH2

Fmoc–Rink Amide MBHA resin (147 mg, 0.4 mmol g−1) was placed in
a propylene syringe. Fmoc was removed using piperidine in DMF (20:80,
v/v) (1 × 1, 1 × 5, 1 × 10 min), and then then Fmoc-L-DOPA(acetonide)-
OH (34 mg, 0.07 mmol, 0.5 eq.) was incorporated using OxymaPure
(0.5 eq.) and DIPCDI (0.5 eq.) for 1 h 30 min in DMF. The excess
of reactive positions was capped with Ac2O (5 eq.) and DIEA (5 eq.)
in DMF for 30 min. After removal of the Fmoc group, the second
Fmoc-L-DOPA(acetonide)-OH (40.5 mg, 0.09 mmol, 1.5 eq.), was incor-
porated using the same methodology. Then, the peptide chain ((Fmoc-
Ahx-OH)2-Lys(Alloc)-𝛽Ala) was elongated using standard Fmoc/tBu
chemistry.

Fmoc was removed using piperidine in DMF (20:80, v/v) (1 × 1, 1
× 5, 1 × 10 min), and then cyclic(Arg(Pbf )-Gly-Asp(tBu)-D-Phe-Glu(OH))
(134.2 mg, 0.15 mmol, 2.5 eq.) was incorporated using PyBOP (4 eq.),
HOAt (4 eq.), and DIEA (8 eq.) at pH 8 for 45 min in DMF. Then, the resin
was washed, and a recoupling was done using the same amount of eq.
Then, the side-chain protecting group of Lys, Alloc group, was deprotected
using catalytic amounts of palladium. The resin was then washed with a
solution of sodium diethyldithiocarbamate (0.02 m in DMF; 3 × 15 min)
and the 2Ahx were coupled in the second peptide chain. Then, compound
cyclic(Asp(tBu)-Trp(Boc)-Ile-Val-Ala-Glu(OH)) (261 mg, 0.3 mmol, 3 eq.)
was incorporated using PyBOP (4 eq.), HOAt (4 eq.), and DIEA (8 eq.)
at pH 8 for 2 h in DMF. Then, the resin was washed, and a recoupling
was done using the same amount of eq. The cleavage and deprotection
was performed by treating the resin with TFA/TIS/H2O (95:2.5:2.5, v/v/v)
(5 mL for 1.5 h). The filtrate was collected, concentrated, and precipitated
onto ice-cold Et2O. The crude was dissolved in H2O/ACN (1:1, v/v) and
lyophilized to give 56.3 mg of crude peptide (36% purity). Peptide cRGD-
cDWIVA was isolated by semipreparative RP-HPLC, and 10.3 mg was ob-
tained.

Characterization: RP-HPLC (linear gradient from 20% to 100%
(0.036% TFA in ACN/0.045% TFA in H2O) in 8 min; tR = 6.58 min, 97%
purity). MALDI-TOF (m/z): [M+H]+ Calcd. for C111H161N25O29 2308.19;
found, 2309.14.

RGD-DWIVA [(Ac-Arg-Gly-Asp-Ser-Ahx-Ahx)(Ac-Asp-Trp-Ile-Val-𝛽Ala-
Ahx-Ahx)]-Lys-Ala-DOPA-DOPA-NH2; RGD [(Ac-Arg-Gly-Asp-Ser-Ahx-
Ahx)(Ac-Trp-Asp-Ala-Ile-Val-Ahx-Ahx)]-Lys-𝛽Ala-DOPA-DOPA-NH2; DWIVA

[(Ac-Arg-Asp-Gly-Ser-Ahx-Ahx)(Ac-Asp-Trp-Ile-Val-Ala-Ahx-Ahx)]-Lys-𝛽Ala-
DOPA-DOPA-NH2

The detailed synthesis and characterization of the biomimetic peptide
RGD-DWIVA and the scrambled controls (RGD and DWIVA) have been
previously published.[59]

In summary, the peptide syntheses were carried out manually by SPPS
using Fmoc/tBu strategy and Fmoc-Rink-amide MBHA resin (200 mg,
0.74 mmol g−1). The Fmoc protecting group was removed by treatment
with piperidine/DMF (20:80, v/v) solution (1 × 1, 2 × 5 min) and the Alloc
group using catalytic amounts of palladium. Amino acid couplings were
carried out with Fmoc-L-AA-OH (4 eq.), OxymaPure (4 eq.), and DIPCDI
(4 eq.) in DMF for 90 min. For the acetylation of the N-terminus, a so-
lution of Ac2O/DIEA/DMF (10:20:70, v/v/v) (1 × 1 min, 2 × 5 min) was
used. The peptide cleavage was carried out treating the peptidyl-resin with
harsh acidic conditions; TFA/H2O/TIS (95:2.5:2.5, v/v/v) for 3 h, followed
by standard work up and HPLC purification.

Surface Functionalization: Titanium (Ti) disks (10 mm diameter) of
commercially pure (CP) grade 2 Ti were obtained by turning from a cylindri-
cal bar (Harald Pihl, Sweden). Ti disks were smoothed with P600, P1200,
and P2500 SiC grinding papers (Neuertek S.A., Spain) and polished with a
suspension of silica particles (0.06 μm particle size) on cotton clothes until
achieving mirror-like surfaces. Afterward, samples were cleaned in a son-
ication bath of cyclohexane, isopropanol, Milli-Q water, ethanol, and ace-
tone three times for 5 min each, followed by a drying process with N2 gas.
Subsequently, a 100 μL drop containing the peptidic molecules at a 100 μm
concentration in distilled water was deposited on top of the disks and in-
cubated overnight at RT. After this time, the remaining peptide solution
was removed and samples were washed three times with distilled water
and dried with nitrogen gas. Prior to cell assays, all samples were blocked
with 1% bovine serum albumin (BSA) in phosphate buffered saline (PBS)
w/v for 30 min to avoid nonspecific interactions between the cells and the
surfaces. Next, samples were washed twice with PBS and sterilized with
70% ethanol v/v for 5 min, washed again twice with PBS and finally placed
in sterile 48-well plates. The bottom of each well was previously blocked
with 1% BSA solution. Note that the different conditions in the study were
coded according to the peptidic molecule used to functionalized Ti sub-
strates. For instance, RGD denotes Ti disks functionalized with the RGD
peptidic molecule. The same nomenclature was used for the rest of con-
ditions. Bare Ti without functionalization was used as a negative control
(Ti).

Round glass cover slips (10 mm diameter) were washed with distilled
water, ethanol, and acetone (three times for 5 min each), followed by a ster-
ilization process with 70% ethanol v/v for 5 min and washed then three
times with PBS. For the selection of the sequences with osteogenic po-
tential, peptides were physically adsorbed on glass surfaces by depositing
200 μL of 100 μm peptide solution, incubated overnight at RT and left to dry
under sterile conditions. For preliminary cell adhesion studies, the same
protocol as for Ti disks was used to functionalize glass substrates. Bare
glass without functionalization was used as a control (Glass).

Physicochemical Surface Characterization—Surface Chemical Composi-
tion: Detection of C, O, N, and Ti elements was conducted on an X-
ray photoelectron spectroscopy system (SPECS XPS System, Berlin, Ger-
many), which was equipped with a XR50 Al anode operating at 150 W
(10 kV), a hemispherical analyzer (Phoibos 150), and a MCD-9 electron
detector. The electron takeoff angle was set to 90° relative to the sample
surface and the pass energy was fixed at 20 eV, with 0.1 eV steps (high res-
olution) or 1 eV steps (survey spectra). The working pressure was below
5 × 10−8 mbar. Casa XPS software (Version 2.3.19PR1.0, Casa Software
Ltd, UK) was used to analyze the data. Prior to analysis, C 1s spectra were
calibrated at 284.4 eV and the rest of the peaks were referenced to such
energy.

Physicochemical Surface Characterization—Surface Wettability: The hy-
drophilicity of the samples was measured by static contact angle. Measure-
ments were performed using a Contact Angle System OCA15 plus (Dat-
aPhysics, Germany) and Milli-Q water as wetting liquid (drop volume of
1 μL). Three measurements were performed per sample, using three repli-
cates per condition. Contact angle values were obtained using a Laplace–
Young fitting with SCA 20 software (DataPhysics, Germany).
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Physicochemical Surface Characterization—Surface Peptide Detection:
Raman spectroscopy was used to analyze characteristic functional groups
related to the presence of the biomolecule. Raman spectra were obtained
using a Renishaw inVia Qontor confocal Raman microscope (Renishaw,
UK) with a 532 nm excitation laser source with 2400 L mm−1 and using a
20x objective with laser power of 50 mm (10%) and an exposure time of
1 s. For the mapping measurements, a random area of 90 × 80 μm2 was
selected and the measurement step was set at 10 μm. Data was processed
with WiRE 4.4 software (Renishaw, UK).

Physicochemical Surface Characterization—Peptide Quantification: The
peptide surface density on Ti was assessed according to a previously
published protocol.[59] Briefly, functionalized Ti with F-RGD-DWIVA was
treated with 100 μL of 1 m NaOH at 70 °C for 12 min. Afterward, 50 μL of
the hydrolysate were added to a 96-well plate with black bottom. Simulta-
neously, a calibration curve of well-known F-RGD-DWIVA concentrations
(from 0 to 2000 nm) was performed. 50 μL of each concentration of the
standard curve were also added to the 96-well plate with black bottom. Fi-
nally, fluorescence intensity was quantified (𝜆excitation = 485 nm, 𝜆emission
= 528 nm) with a microplate reader (Infinite M200 PRO, Tecan Group Ltd.,
Switzerland). Conversion of the fluorescence intensity readout from func-
tionalized samples into concentration of F-RGD-DWIVA was performed by
plotting such value in the standard curve.

In Vitro Biological Characterization—Cell Culture: C2C12 mouse my-
oblasts (ATCC, USA) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, USA) with D-glucose, sodium pyruvate, and supple-
mented with 10% v/v FBS (BMP-2 free), 2 mm L-glutamine and peni-
cillin/streptomycin (50 U mL−1 and 50 μg mL−1, respectively). Upon
reaching 60–70% confluence, cells were detached with Accutase and
plated in new flasks. C2C12 were used between passage 2 and 8. Hu-
man bone marrow mesenchymal stem cells (MSCs) (ATCC, USA) were
cultured in Advanced Dulbecco’s Modified Eagle Medium (Adv. DMEM)
with D-glucose, nonessential amino acids, sodium pyruvate, and supple-
mented with 10% FBS v/v, 20 mm HEPES, 2 mm L-glutamine, and peni-
cillin/streptomycin (50 U mL−1 and 50 μg mL−1, respectively). Cells were
detached with trypsin-EDTA and plated in new flasks when they reached
70–80% confluence. MSCs were used between passages 4 and 6. All cells
were maintained at 37 °C in a humidified atmosphere with 5% of CO2, re-
placing culture media every 2 days. Cell density and passage are indicated
in each particular experiment.

In Vitro Biological Characterization—C2C12 Myotube Area Quantifica-
tion: C2C12 cells at passage 8 were maintained for 4 h in DMEM-1%
FBS. Afterwards, 20 000 cells per well were seeded onto functionalized or
nonfunctionalized glass substrates in DMEM-2% FBS. After 6 h, medium
was changed and fresh low-serum medium was added (control condi-
tions). 100 μm of soluble peptide were also added to the nonfunctional-
ized glasses (peptide-soluble conditions). Soluble (20 nm) and adsorbed
(150 nm) BMP-2 were used as controls. After 3 days, medium was re-
freshed without further stimulation. On day 6, cells were fixed with 4%
paraformaldehyde (PFA) in PBS v/v for 30 min, permeabilized with 0.05%
v/v Triton X-100 in PBS for 20 min and blocked with 1% BSA w/v in PBS
for 30 min. Afterward, myotubes were stained with monoclonal antimyosin
heavy chain (14-6503-82, Invitrogen, USA) (1:250) in BSA 1% for 2 h, fol-
lowed by Alexa 488 antimouse IgG antibody (A28175, Invitrogen, USA)
(1:2000) in 0.05% Triton for 1 h. Nuclei were stained with 4’,6-diamidino-
2-phenyldole (DAPI) (D9542, Sigma-Aldrich, USA) (1:1000) in PBS-Glycine
for 5 min. Washing between treatments was done with PBS-Glycine (three
times for 5 min each). Samples were then mounted on a microscope slide
and imaged using an AF7000 fluorescence inverted microscope (Leica,
Germany). Fiji/Image-J (Image-J, USA)[114] was used to quantify the num-
ber of nuclei as well as the myosin projected area of the cells.

In Vitro Biological Characterization—C2C12 ALP Activity: C2C12 cells
at passage 2 were cultured for 4 h in DMEM-1% FBS. Then, 7500 cells/per
well were seeded on functionalized glass as described before. After in-
cubating the cells 8 days as indicated in the previous experiment, they
were rinsed twice with PBS and lysed with mammalian protein extraction
reagent (M-PER) (Thermo Fisher Scientific, USA). Alkaline phosphatase
(ALP) activity was then quantified using the SensoLyte pNPP Alkaline
Phosphatase Activity Kit (AnaSpech Inc., USA). In brief, cells were incu-

bated for 1 h at 37 °C with the reagents described in the kit protocol.
After stopping the reaction, ALP levels were obtained by measuring the
absorbance at 405 nm using a Synergy HTX multimode reader (Bio-Tek,
USA). For each condition, ALP activity was normalized to cell number,
which was measured by quantifying the released lactate dehydrogenase
(LDH) using the Cytotoxicity Detection kitPLUS (LDH) (Roche, USA). Af-
ter 7 min incubation at RT with the kit reagents, the absorbance at 492 nm
was measured with the Synergy HTX multimode reader.

In Vitro Biological Characterization—MSC Adhesion Assay: MSCs at
passage 5 were seeded at a density of 5000 cells per well on substrates.
Cells were then incubated for 7 h in serum-free medium and afterward
rinsed with PBS and fixed for immunofluorescent staining (protocol de-
scribed above). Cytoskeletal actin filaments (F-actin) were stained with
phalloidin-Alexa Fluor 546 (A22283, Invitrogen, USA) (1:400) in 0.05%
Triton-X for 1 h. Focal adhesions were stained with mouse anti-vinculin
(V9131, Sigma-Aldrich, USA) (1:100) in BSA 1% for 1 h, followed by Alexa
488 goat antimouse IgG antibody (R37120, Invitrogen, USA) in 0.05%
Triton-X for 1 h. Nuclei were stained with DAPI (1:1000) in PBS-Glycine
for 5 min. Samples were imaged using a fluorescence microscope (Carl
Zeiss LSM 800, Germany) and analyzed with Fiji/ImageJ.[114]

In Vitro Biological Characterization—MSC Proliferation Assay: C ells at
passage 4 were seeded at a density of 10 000 cells per well in serum-
free medium for 7 h. Afterward, medium was replaced with 10% FBS-
supplemented medium and cells were incubated for 3, 7, 10, and 17 days.
At each timepoint, the number of cells was quantified with Alamar Blue (In-
vitrogen Life Technologies, Belgium), by replacing the existing cell medium
with 10% Alamar Blue in complete medium v/v and incubating the cells
for 2 h at 37 °C. Subsequently, the Alamar Blue medium was collected and
fluorescence intensity (𝜆excitation = 560 nm, 𝜆emission = 590 nm) was read
using a Synergy HTX multimode reader. After each measurement, the re-
maining Alamar Blue was removed and cells were washed twice with PBS,
supplemented with fresh medium and incubated until the next timepoint.

In Vitro Biological Characterization—MSC Mineralization Assay: MSCs
at passage 4 were seeded on the surfaces and incubated for 21 days as de-
scribed for the proliferation assay. Afterwards, cells were washed twice with
PBS and fixed with 4% PFA in PBS for 30 min. After washing the cells with
PBS, calcium deposits were stained with 40 mm Alizarin Red S (Sigma-
Aldrich, USA) solution (pH = 7.4) for 20 min at RT while gently shaking.
When incubation time was over, samples were washed with distilled wa-
ter until the unincorporated dye was completely removed. Cells were im-
aged using an Olympus BX51-P bright-field microscope (Olympus Corp.,
Japan). Quantification of calcium deposits was performed with Fiji/ImageJ
software.[114]

In Vitro Biological Characterization—MSC ALP Activity: After incubat-
ing the cells 14 or 21 days as previously indicated, MSCs were rinsed twice
with PBS and lysed with M-PER. ALP activity was then quantified using the
SensoLyte pNPP Alkaline Phosphatase Activity Kit (AnaSpech Inc., USA),
following the same procedure as described for C2C12 cells.

In Vitro Biological Characterization—MSC Gene Expression: Gene Ex-
pression of osteogenic markers was evaluated by real-time reverse tran-
scription polymerase chain reaction (RT-PCR). 20 000 cells per well at pas-
sage 4 were seeded on the functionalized Ti disks in serum-free medium
for 7 h. Subsequently, medium was replaced with fresh basal medium and
cells were cultured for 1, 4, or 7 days. After each incubation period, cells
were lysed and total RNA was extracted and purified using the RNeasy
Mini Kit columns (Qiagen, Germany). RNA quantification was done us-
ing a Take3 microvolume plate (Bio-Tek, USA) through spectrophotom-
etry. RNA was then retrotranscribed to cDNA using the QuantiTect Re-
verse Transcription kit for RT-PCR (Qiagen, Germany). RT-PCR was carried
out on a Mic real time PCR cycler (Bio Molecular Systems, Australia) and
gene expression was assessed by QuantiFast SYBR Green RT-PCR Kit (Qi-
agen, Germany). mRNA expression was normalized to the housekeeping
gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the rel-
ative gene expression levels were evaluated using 2ΔΔ-Ct method. Primer
sequences are listed in Table S1 (Supporting Information).

In Vivo Experiments—Implants Preparation: Disk-like Ti implants
(5 mm diameter, 2 mm height) with cylindrical holes of 0.5 mm di-
ameter with an equidistance of 0.3 mm were functionalized either with
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RGD-DWIVA, cRGD-DWIVA, or cRGD-cDWIVA by immersing the implants
in the peptide solution at 100 μm. To ensure total functionalization, im-
plants were incubated during 12 h facing up, followed by another 12 h
incubation with the samples facing down. Afterward, functionalized im-
plants were sterilized with 70% ethanol v/v for 5 min and allowed to dry in
sterile conditions. In total, four different conditions were used, using Ti as
a control group and the three different biomimetic peptides (RGD-DWIVA,
cRGD-DWIVA, and cRGD-cDWIVA) to evaluate the osteogenic potential of
the functionalized implants.

In Vivo Experiments—In Vivo Implantation: in vivo bone formation was
evaluated on a rat calvarial defect. In detail, 12 week-old healthy male
Sprague-Dawley rats were used. The animal caring, housing and experi-
mental protocols (DKU-18-032) were approved by the Animal Care and
Use Committee at Dankook University, Republic of Korea. Animals were
naturalized for 5–7 days before surgery and each rat was housed in a sep-
arate cage under temperature and humidity controlled environment, ex-
posed to a 12 h light-dark cycle, and had free access to water and food.
The animals were randomly assigned to five experimental groups (n = 5)
including the three study groups (RGD-DWIVA, cRGD-DWIVA, and cRGD-
cDWIVA) and two control groups (noncoated Ti and empty). The disks
were implanted under general anesthesia using intramuscular injection of
a mixture of ketamine (80 mg kg−1) and xylazine (10 mg kg−1).

Before opening the calvarial skin area, shaving over the cranial lesion
was performed and the surgical site was cleaned with iodine and 70%
ethanol. Afterward, a linear skin incision was made by a surgical blade
(No.10). A full-thickness flap was peeled, and the calvarial bone was ex-
posed. Then, 5 mm circular bone defects were made in the right and left
sides of the parietal bone under cooling conditions with sterile saline us-
ing a dental hand-piece and a 5 mm diameter trephine drill (South Korea).
Finally, implantation was done, and the subcutaneous tissues and perios-
teum were sutured with absorbable sutures (4-0 Vicryl, Ethicon, Germany),
and the skin was closed with nonabsorbable suture material (4-0 Prolene,
Ethicon, Germany). After surgery, the animals were monitored regularly
for possible clinical signs of infection, inflammation, and any injurious
reaction. The animals were euthanized 14 weeks postsurgery by CO2 in-
halation, and the Ti disks were harvested together with the surrounding
bone and fixed in 10% neutral buffered formalin for at least 24 h at RT.

In Vivo Experiments—Histological Preparation and Evaluation: For The
histological analysis, tissues were fixed and included in a resin block. The
fixed samples were stained with hematoxylin and eosin (H&E) and Gold-
ner’s trichrome (GT) following standard protocols to assess new bone for-
mation. Samples were imaged using a light microscope (IX71, Olympus,
Japan) and analyzed by ImageJ software.

Statistical Analysis: All data presented in this work are given as mean
values ± standard deviation. When normal distribution of the samples
was observed for the different conditions, one-way ANOVA test was ap-
plied, followed by a post-hoc pairwise comparison using Tukey’s (for
homogeneous variances between conditions) or Tamhanne (for non-
homogeneous variances) test. Otherwise, the nonparametric Kruskal–
Wallis test was used. The calculated p values were considered significant, if
p < 0.05. SPSS Statistics 24.0 software (IBM, USA) was used for statistical
analysis.
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Supporting Information is available from the Wiley Online Library or from
the author.
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