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Abstract

Vascularization of bone grafts is vital for graft integration and bone repair, however non-
autologous graft sources have limited potential to induce angiogenesis. Accordingly, inten-
sive research has focused on functionalizing non-autologous materials with angiogenic fac-
tors. In the current study we evaluated a method for coupling an angiogenic peptide to the
surface of two clinically-relevant graft materials, anorganic bovine bone (ABB) and synthetic
hydroxyapatite (HA). Specifically, the VEGF-derived “QK” peptide was synthesized with a
heptaglutamate (E7) domain, a motif that has strong affinity for calcium phosphate graft
materials. Compared with unmodified QK, a 4-6 fold enrichment was observed in the bind-
ing of E7-modified QK (E7-QK) to ABB and HA. The E7-QK peptide was then assessed for
its capacity to stimulate angiogenic cell behaviors. Human umbilical vein endothelial cells
(HUVECSs) were treated with solutions of either QK or E7-QK, and it was found that QK and
E7-QK elicited equivalent levels of cell migration, tubule formation and activation of the Akt
and ERK signaling pathways. These data confirmed that the inherent bioactivity of the QK
sequence was not diminished by the addition of the E7 domain. We further verified that the
activity of E7-QK was retained following peptide binding to the graft surface. HA disks were
coated with QK or E7-QK, and then HUVECs were seeded onto the disks. Consistent with
the increased amount of E7-QK bound to HA, relative to QK, markedly greater activation of
Akt and ERK 1/2 was observed in cells exposed to the E7-QK-coated disks. Taken together,
these results suggest that the E7 domain can be leveraged to concentrate angiogenic pep-
tides on graft materials, facilitating delivery of higher peptide concentrations within the graft
site. The ability to endow diverse graft materials with angiogenic potential holds promise for
augmenting the regenerative capacity of non-autologous bone grafts.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213592 March 11,2019

1/15


http://orcid.org/0000-0002-5071-527X
https://doi.org/10.1371/journal.pone.0213592
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213592&domain=pdf&date_stamp=2019-03-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213592&domain=pdf&date_stamp=2019-03-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213592&domain=pdf&date_stamp=2019-03-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213592&domain=pdf&date_stamp=2019-03-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213592&domain=pdf&date_stamp=2019-03-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0213592&domain=pdf&date_stamp=2019-03-11
https://doi.org/10.1371/journal.pone.0213592
https://doi.org/10.1371/journal.pone.0213592
http://creativecommons.org/licenses/by/4.0/

©'PLOS|ONE

Improved coupling of the angiogenic QK peptide to bone grafts enhances endothelial cell activation

Predoctoral Fellowship from the National Institutes
of Health Dental Academic Research Training
(DART) grant (T32 DE017607).

Competing interests: The authors have declared
that no competing interests exist.

Introduction

More than 2 million bone grafting procedures are performed each year world-wide [1]. Autol-
ogous bone is the ideal graft material for these procedures as it retains the osteoinductive
growth factors and cells important for effective graft incorporation. However, autologous bone
grafts have a number of disadvantages including the risk of secondary surgery site morbidity,
as well as the finite amount of donor bone available [2, 3]. To address these issues, non-autoge-
nous graft materials including allograft, xenograft, and synthetic substrates are commonly
used as alternatives [4]. These materials are abundant, however, they often lack the critical
osteoinductive factors necessary for stimulating graft integration into the surrounding tissue
[5]. Without these factors, the potential for complete bone repair is diminished.

Multiple strategies have been pursued to improve the osteoregenerative potential of non-
autogenous grafts. One approach is to passively coat the grafts with growth factors that
enhance new bone formation such as BMP2, VEGF, PDGF, and FGF [6-12]. However,
passively adsorbed growth factors are typically weakly bound to the graft surface, and are
therefore rapidly released following graft implantation. This poses several problems. First,
inadequate growth factor binding to the graft precludes sustained delivery of growth factors
within the graft site, and secondly, supraphysiologic doses of growth factors are usually
required to compensate for the rapid bolus release [7, 13, 14]. Furthermore, the dissemina-
tion of high concentrations of growth factors outside of the graft site can cause deleterious
side effects. For example, systemic release of recombinant BMP2 (rBMP2) induces inflam-
mation and ectopic calcification [13, 15], whereas high dose rVEGF dissemination can cause
increased vascular permeability [16]. For these reasons, improved methods are needed for
coupling osteoregenerative factors to graft materials, enabling more controlled and localized
delivery.

One promising method for functionalizing graft materials with bioactive factors involves
the use of polyglutamate or polyaspartate sequences as binding domains for hydroxyapatite
(HA), a calcium phosphate crystal that comprises the principal constituent of bone mineral.
These negatively-charged domains, consisting of either repeating glutamate or aspartate resi-
dues, bind through ionic interactions with the Ca®* present in HA [17, 18]. Polyglutamate and
polyaspartate motifs are found within endogenous bone-resident proteins such as bone sialo-
protein and osteocalcin, and their natural function is to localize these proteins to bone matrix
[17-20]. To mimic this process, polyglutamate sequences have been incorporated into syn-
thetic bioactive peptides to improve peptide binding to a variety of graft materials including
allograft, anorganic bovine bone (ABB), and synthetic HA [21-27]. As an example, our group
determined that adding a heptaglutamate (E7) domain to an osteoinductive BMP2-derived
peptide (BMP2pep) significantly increased the amount of peptide that could be loaded onto
the graft, as well as retention of the peptide on the graft following implantation [21]. In addi-
tion, grafts coated with E7-modified BMP2pep elicited significantly more new bone formation
than grafts passively adsorbed with unmodified BMP2pep in a rat mandibular defect model
[21]. These results confirmed that better coupling of osteoinductive factors to the graft surface
was effective in enhancing the bone regenerative response.

Polyglutamate domains have been primarily used to couple osteoinductive and cell adhesive
peptides to graft materials [21, 22, 25, 26], however angiogenic peptides hold considerable
potential for augmenting osteogenesis. Angiogenesis plays a crucial role in bone healing [28,
29], and the lack of rapid vascularization into a graft site is one of the major barriers hindering
bone regeneration [30]. One of most potent inducers of angiogenesis is VEGFA. VEGFA stim-
ulates the migration and proliferation of endothelial cells through its activation of surface
receptors such as VEGFR2 (KDR) [31]. A wealth of studies has established that VEGFA
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promotes neovascularization within injured tissues [32], and also enhances graft integration
and viability [7, 33, 34].

Given the importance of neovascularization in osteoregeneration, the current investigation
aimed to functionalize graft materials with an angiogenic peptide derived from VEGFA,
referred to as the “QK” peptide [35]. The QK peptide encompasses amino acids 17-25 of the
VEGFA protein, a sequence that constitutes the principal domain within VEGFA that binds
VEGEFR2 [36]. As with VEGFA, the binding of QK to endothelial cell receptors stimulates sig-
naling events, such as ERK and Akt activation, that promote angiogenic behaviors including
cell migration and in vitro tubule formation [35, 37]. Moreover, in vivo studies have confirmed
QK’s capacity to induce angiogenesis in a number of animal models [37-39]. In view of these
findings, we investigated whether synthesizing QK with an E7 domain would increase peptide
association with calcium phosphate graft materials, thereby facilitating more efficient peptide
delivery within graft sites. Here we report that E7-modified QK peptides (E7-QK) exhibited
significantly better binding than unmodified QK to two types of graft materials, ABB and
synthetic HA. Importantly, the increased concentration of E7-QK vs. QK on the graft surface
elicited more robust activation of endothelial cells seeded onto the grafts. Collectively these
studies highlight the use of E7-QK peptides as a promising therapeutic modality for improving
vessel in-growth into bone graft sites.

Materials and methods
VEGF mimetic peptides

All peptides utilized in this study were custom synthesized by Bachem. The QK peptide
(KLTWQELQLKYKGT) was synthesized with or without an E7 domain, along with a three-gly-
cine linker sequence to separate the QK domain from the E7 moiety. More specifically, the
E7-QK peptide sequence is KLTWQELQLKYKGIGGGEEEEEEE, and the QK sequence is
KLTWQELQLKYKGIGGG. For some experiments, E7-QK and QK peptides were also modified
with a fluorescein isothiocyanate (FITC) group to facilitate studies of peptide binding to graft.
The FITC tag was chemically conjugated to the N-termini of the peptides. Peptides used for
cell signaling studies did not have the FITC tag. Lyophilized peptides were reconstituted in
deionized water at a concentration of 1 mg/mL, aliquoted, and stored in -20°C until use.
rVEGEF (R&D Systems, 293-VE-010) was reconstituted to a 5 pug/mL stock solution, and stored
at-20°C.

Graft materials

0.4 g of HA powder (MP Biomedicals, 02150162) were pressed into disks using a 15.875 mm
die under 3000 psi as in our prior publications [40]. The HA disks were then sintered at
1000°C in a Thermolyne 48000 series furnace for 4 hrs and allowed to return gradually back to
room temperature. Anorganic Bovine Bone (ABB, BioOss) was purchased from Geistlich.
ABB graft and HA disks were stored under sterile dry conditions and autoclaved before use.

Endothelial cell culture

Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from ATCC
(HUV-EC-C CRL-1730) and cultured in F-12K media (ATCC 30-2004) with 10% Fetal Bovine
Serum (FBS), 0.1 mg/mL heparin (Sigma H3393), 1% antibiotic/antimycotic supplement (Invi-
trogen), and endothelial cell growth supplement (ECGS, Sigma E0760). Prior to experiments,
cells were incubated for 12 hrs in serum-free F-12K media. Cell passages 3-9 were used for all
experiments.
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Binding of FITC-labeled peptides to bone graft materials

FITC-labeled QK and E7-QK peptides were used to monitor peptide binding to graft materi-
als. Stock solutions of QK or E7-QK were diluted to a final concentration of 1 uM in Tris-buft-
ered saline (TBS). These solutions were used to coat HA disks or 25 mg of ABB for time points
ranging from 30 min to 6 hrs. After coating, samples were briefly washed with TBS to remove
any unbound peptide and then imaged using a Leica MZ16F fluorescent dissecting micro-
scope. Grafts coated with either QK or E7-QK, along with uncoated controls, were imaged

in the same field to enable a direct comparison. Images were captured using a Hamatsu
camera system and SimplePCI imaging software. Pixel intensity for the captured images was
evaluated using Image] software to measure differences in FITC-labeled peptides bound to
graft substrate.

Endothelial cell migration

A linear scratch defect model was used to monitor the migration of endothelial cells. HUVECs
were seeded at a density of 1x10° cells/well in a 48 well plate, and allowed to grow to con-
fluency. A linear scratch approximately 600 um wide was introduced into the monolayer, and
cells were then incubated at 37°C in serum-free F-12K media containing either 50 ng/mL of
rVEGEF, or 25 nM of either QK or E7-QK peptide. The scratch wound cultures were incubated
in the EVOS FL Auto Cell Imaging System (ThermoFisher Scientific) at 37°C, and images
were taken at 6 and 12 hrs. Relative closure of the scratch wound was quantified using EVOS
FL Auto Cell Imaging System Software.

Endothelial tubule formation

150 pL/well of Geltrex™ LDEV-Free Reduced Growth Factor Basement Membrane Matrix
(ThermoFisher Scientific, A1413202) substrate was placed inside a 24 well plate and incubated
for 30 min at 37°C to solidify the matrix. Prior to tubule assays, HUVECs were stained with
CellTracker Green CMFDA (Life Technologies, C7025) accordingly to the vendor protocol.
The labeled HUVECs were then seeded onto Geltrex™ matrices (1x10° cells/well) in serum-
free F-12K media containing 50 ng/mL of rVEGF, or 25 nM of either QK or E7-QK. After a 6
hr incubation, tubule formation was captured from at least 3 random fields/well at 10x magni-
fication using the EVOS FL Auto Cell Imaging System. Network branches and nodes were
counted from the collected images to quantify angiogenic network formation.

Activation of signaling cascades in endothelial cells exposed to peptides
presented in solution

HUVECs were incubated in serum-free F-12K media containing 25 nM of QK or E7-QK pep-
tide for 10 min. The cells were then lysed in RIPA buffer (ThermoFisher Scientific, 89901) sup-
plemented with 1% protease and phosphatase inhibitors (Sigma). Protein concentration was
quantified through BCA analysis (ThermoFisher Scientific, 23209). Protein samples were
resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-
P, Millipore) overnight at 4°C. Membranes were placed in a blocking solution of 5% non-fat
dry milk in TBS containing 0.1% Tween 20 (TBST) for 1 hr at 37°C. Blots were probed with
primary antibodies specific for either p-Akt (5473, Cell Signaling, 4060), total Akt (Cell Signal-
ing, 4691S), p-ERK 1/2 (T202/Y204, Cell Signaling 4370L), or total ERK 1/2 (Cell Signaling,
9102S) followed by incubation with HRP-linked secondary antibodies (Cell Signaling, 7074S).
Blots were also probed with anti-B-tubulin (Abcam, ab21058) to ensure even loading of protein
lysates. Proteins were detected by enhanced chemiluminescence using Clarity Western ECL
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substrate (BioRad, 170-5060). Densitometric analyses of immunoblots were performed using
Image], and the Densitometric Units (DU) measured for the phosphorylated signaling mole-
cule were normalized to the DUs obtained for the respective total amount of protein.

Activation of signaling cascades in cells seeded onto peptide-coated HA
disks

HA disks were placed within individual wells of a 24 well plate and then coated for 2 hrs with
0.5 mL of TBS containing 25 nM of either QK or E7-QK peptide. As a negative control, disks
were incubated for 2 hr with TBS (“uncoated”). After this interval, the disks were washed
briefly with TBS to remove unbound peptide. 5.0x10> HUVECs were seeded onto the HA
disks and allowed to attach for 30 min at 37°C. The 30 min time point was selected because of
the requirement for cells to adhere to the disks. To monitor ERK and Akt signaling in cells
interacting with peptide-bound disks, it was necessary to first remove cells that had not
attached to the disks (as these cells would lack ERK/AKkt activation). Pilot studies were con-
ducted (not shown) to identify the shortest time interval, 30 min, that would allow strong
enough cell adhesion to the disks to withstand the wash steps needed to remove the unbound
cells. After the 30 min binding interval, unbound cells were removed by several washes in TBS,
and then the disks with adherent HUVECs were submerged in RIPA buffer containing 1%
protease and phosphatase inhibitors for 20 min at 4°C to lyse the attached cells. Cell lysates
were concentrated using Amicon Ultra-0.5 Centrifugal Filter Devices (Millipore, UFC500396)
and protein concentration was quantified by BCA analysis. Protein samples were resolved by
SDS-PAGE and transferred to polyvinylidene difluoride membranes overnight at 4°C. Mem-
branes were probed for p-Akt, total Akt, p-ERK 1/2, total ERK 1/2 and B-tubulin as described
previously.

Statistical analysis

Peptide/graft binding experiments were performed three independent times, with each experi-
ment performed in duplicate. Migration assays and endothelial tubule formation assays were
conducted in three independent experiments, each experiment executed with triplicate wells.
A student’s t-test was used to measure the differences between experimental groups. Values
were considered significant with a P value of <0.05. Immunoblots shown are representative of
at least three independent experiments. Densitometric analysis comparing the relative phos-
phorylated protein levels versus total levels were averaged between the independent experi-
ments. Relative densitometric values were considered significant with a P value of <0.05.

Results
E7-QK exhibits better binding to bone graft materials than QK

FITC-labeled QK or E7-QK peptides were coated onto HA disks or ABB particles for time
intervals ranging from 30 min to 6 hrs. Fluorescent images of the QK and E7-QK coated mate-
rials (as well as uncoated control materials, Unc) were captured at various timepoints to moni-
tor the changes in peptide binding over time. As shown in Fig 1A, a greater amount of E7-QK
was apparent on both HA and ABB substrates at all time points when compared to grafts
coated with QK peptide or uncoated grafts. To quantify peptide binding to the substrates,
images were examined for pixel intensity using Image J (Fig 1B & 1C). The pixel intensities
confirmed that there was a substantial increase in the amount of bound E7-QK relative to QK.
Furthermore, the amount of E7-QK that bound to HA and ABB increased over the 6 hr inter-
val, whereas maximal binding of the QK peptide was observed within ~30 min. Interestingly,
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Fig 1. E7 domain directs greater loading of E7-QK onto HA disks and ABB particles. (A) HA disks or ABB particles were incubated with 1 uM of
FITC-tagged QK or E7-QK peptides for time points ranging from 30 min to 6 hrs. As a control, samples were incubated in TBS (uncoated, “Unc”).
Following these incubations, samples were washed in TBS and imaged by fluorescent microscopy, which revealed greater binding of E7-QK. Unc, QK
and E7-QK coated samples were imaged within the same field (as depicted in the light microscopy image) to enable a direct comparison. (B &C) Images
from HA disks (B) or ABB (C) were analyzed by Image J to quantify fluorescence intensity. Values represent means and S.E.s from three independent
experiments. * denotes p<0.05 (relative to Unc samples).

https://doi.org/10.1371/journal.pone.0213592.g001

E7-QK appeared to bind more rapidly to ABB than HA disks, achieving ~70% maximal bind-
ing within 30 min. The reason for this discrepancy is currently unclear, but may relate to the
porous microarchitecture of the ABB particles. It is possible that ABB offers a larger surface
area for peptide binding. Nonetheless, despite differences in the early kinetics of peptide bind-
ing to ABB vs. HA disks, these data clearly show that the E7 domain is effective in improving
the coupling of QK to two distinct graft materials.

E7-QK elicits a proangiogenic phenotype in endothelial cells

Having verified that the E7 domain improved peptide binding to graft, the effect of E7-QK on
endothelial cell behavior was next evaluated. While prior studies have confirmed the angio-
genic properties of the QK peptide [35, 37, 38], it was important to insure that the addition of
the E7 domain did not negatively impact QK’s activity. To assess endothelial cell migration in
response to E7-QK, a scratch wound assay was performed. Linear scratch defects were created
in confluent HUVEC monolayers, and then cells were incubated with serum-free media
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(“untreated”) or serum-free media containing either rVEGF (positive control), QK, or E7-QK.
Cell migration into the scratch wound was monitored in real-time using the EVOS imaging
system, and changes in scratch wound width were quantified at 6 and 12 hrs (Fig 2A and 2B,
respectively). At both time points, HUVECs treated with rVEGF, QK, or E7-QK exhibited
greater migration as compared with HUVECs in control media (representative images in

Fig 2C).

To further evaluate E7-QK activity, an endothelial tubule formation assay was performed.
HUVECs were seeded onto GELTREX matrices, and then cells were incubated for 6 hrs with
serum-free media (untreated), or serum-free media containing rVEGF, QK, or E7-QK. Images
taken at the end of this interval showed a high volume of interconnectivity between HUVECs
grown in E7-QK, rVEGF, or QK solutions (Fig 3A). However, in the absence of any angiogenic
stimulus, the cells were unable to form tubules. A quantitative analysis of tubule nodes (Fig
3B) and branches (Fig 3C) revealed no differences in the capacity of E7-QK, rVEGF and QK to
stimulate tubule formation, although all three stimuli induced significantly more tubule for-
mation than the untreated control. These studies, combined with the cell migration assays,
confirmed that the addition of the E7 domain did not diminish the potency of the QK peptide
in stimulating angiogenic endothelial cell behaviors.

E7-QK activates angiogenesis-associated signaling cascades

The angiogenic activity of E7-QK was also evaluated by monitoring intracellular signaling cas-
cades downstream of VEGFR2 activation, specifically, the phosphorylation of ERK and Akt
kinases [41, 42]. HUVECs were treated for 10 min with either serum-free media or serum-free
media containing QK or E7-QK. Cells were then lysed and immunoblotted for phosphorylated
and total levels of ERK 1/2 and Akt. Cells incubated in QK and E7-QK solutions displayed
higher levels of p-ERK 1/2 and p-Akt as compared with untreated HUVECs (Fig 4A). Impor-
tantly, QK and E7-QK stimulated equivalent activation of ERK 1/2 (Fig 4B) and Akt (Fig 4C),
suggesting that the E7 domain did not impair the ability of the QK sequence to bind and acti-
vate VEGF receptors.

Activation of ERK and Akt is increased in cells exposed to HA disks coated
with E7-QK versus QK peptides

We next tested whether E7-QK retained its bioactivity when bound to graft materials. To this
end, HA disks were coated for 2 hrs with solutions containing either QK or E7-QK, or incu-
bated in saline (uncoated) as a control. A 2 hr time point was selected to model the clinical set-
ting, in which graft particles would be coated with the peptides just before graft placement. At
2 hrs, peptide binding to ABB is near maximal (Fig 1C). Following peptide coating, the disks
were washed to remove unbound peptides. HUVECs were seeded onto the treated disks for 30
min to allow cell interaction with the peptide-coated surfaces. Cells were exposed to the disks
for 30 min (rather than the 10 min time point used in Fig 4A) because of the time required for
cells to first adhere to the graft material, and then respond to the E7-QK or QK bound to the
disk surface. After the binding interval, disks were washed to remove unbound cells, and then
adherent cells were lysed and immunoblotted for activation of ERK 1/2 and Akt (Fig 4D). Den-
sitometric analysis of phosphorylated protein levels normalized to total levels revealed strik-
ingly higher levels of p-ERK 1/2 (Fig 4E) and p-Akt (Fig 4F) in cells attached to QK-coated, or
uncoated, disks. Taken together, these data suggest that the E7 domain can be used to concen-
trate active QK peptides onto bone graft materials.
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https://doi.org/10.1371/journal.pone.0213592.9002
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Fig 3. E7-QK induces endothelial tubule formation. HUVECs were pre-labelled with Cell Tracker Green dye, and then seeded onto GELTREX
matrices in either serum-free media (untreated) or serum-free media containing 50 ng/mL rVEGF, or 25 nM of either QK or E7-QK peptides. (A)
Tubule formation was monitored at 6 hr after cell seeding (phase contrast images in left panels; fluorescent images in right panels). Greater nodal
formation (B) and branching (C) were observed in all experimental groups relative to controls. Images are representative of 3 random fields/
experimental well. Values represent means and S.E.s from 3 independent experiments, with each experiment performed in triplicate. Scale

bar = 400pm.

https://doi.org/10.1371/journal.pone.0213592.9003

Discussion

The functionalization of non-autologous bone graft materials with bioactive factors constitutes
a highly active area of research. Both osteoinductive and angiogenic factors have been investi-
gated for their potential to improve graft performance, however better methods are needed for
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Fig 4. Cell signaling activation in cells exposed to E7-QK in solution, or E7-QK immobilized on HA disks. (A) HUVECs were
incubated for 10 min with either serum-free media (untreated) or serum-free media containing 25 nM of QK or E7-QK peptide. Cells
were then lysed and immunoblotted for p-ERK1/2, total ERK 1/2, p-Akt, total Akt, or B-tubulin. (B&C) Densitometric analyses of blots
were conducted using Image J, and values for phosphorylated ERK 1/2 (B) and Akt (C) were compared to densitometric values for total
ERK 1/2 and Akt (Densitometric Unit Ratio). Graphs depict means and S.E.s from three independent experiments. * denotes p<0.05
(relative to Untreated samples). (D) HA disks were coated for 2 hrs with either TBS (uncoated) or TBS containing 25 nM of QK or
E7-QK peptides. Disks were then washed to remove unbound peptides. HUVECs were seeded onto the treated disks and allowed to
adhere for 30 min. The cells were lysed, and after a concentration step, the lysates were immunoblotted for p-ERK 1/2, total ERK 1/2, p-
Akt, total Akt and B-tubulin. (E&F) Densitometric analyses of blots were conducted using Image ], and values for phosphorylated ERK
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1/2 (E) and Akt (F) were normalized to total protein levels. Graphs depict means and S.E.s from three independent experiments. *
denotes p<0.05 (relative to Uncoated samples) and # denotes p<0.05 (relative to QK peptide coated disks).

https://doi.org/10.1371/journal.pone.0213592.9004

coupling these factors to the graft surface [43-46]. In the current study we evaluated a method
for increasing the binding of an angiogenic peptide, QK, to the surface of calcium phosphate
materials. By adding an E7 domain to the QK peptide, we achieved a 4-6-fold enrichment in
the amount of peptide loaded onto two graft materials used in the clinic, ABB and synthetic
HA. Similar results were reported by Lee et al., who showed that QK binding to HA biomateri-
als could be enhanced by adding an HA-binding sequence derived from osteocalcin [43]. In
tandem with HA binding domains, the QK peptide has been engineered with sequences that
have affinity for other bone matrix molecules such as collagen I [47]. As an alternative to pep-
tides with matrix binding domains, soluble QK peptides have been encapsulated within hydro-
gels [39, 48, 49]. Upon implantation, QK either diffuses from the hydrogel, or is released as

the hydrogel degrades. While peptide-containing hydrogels have many worthwhile features,
bone grafting procedures often require the use of mineralized materials, which have greater
mechanical strength, and offer architectural and biochemical properties reflective of native
bone [50, 51].

The use of E7-QK to augment the osteoregenerative capacity of graft materials offers several
advantages. First, E7-QK peptides can, in theory, be applied to any type of calcium phosphate,
providing versatility in clinical applications. While the current investigation focused on ABB
and HA, other studies have demonstrated that the E7 domain binds with high affinity to all cal-
cium phosphate materials tested to date including several types of human allograft as well as B-
tricalcium phosphate [22, 23]. The E7-QK peptide can be stored as a lyophilized powder and
reconstituted in saline for immediate use, suggesting that this coating technique may be readily
implemented in the clinic. As another benefit, short, synthetic peptides are simpler, and more
cost-effective, to produce than the full-length proteins from they were derived [52]. Recombi-
nant proteins are typically generated via host cell systems, which can introduce contaminants
such as cellular by-products or pathogens [53]. In contrast, large amounts of highly pure syn-
thetic peptides can be produced by a commercial peptide synthesizer.

The capacity of the QK peptide to substitute for rVEGF in stimulating neovascularization is
well-established. QK stimulates the same endothelial cell behaviors as rVEGF [37], and has
comparable angiogenic potency in multiple animal models [37-39]. Consistent with this litera-
ture, we find that QK induces endothelial cell migration, tubule formation and activation of
key signaling molecules such as ERK and Akt. Importantly, these functions of QK are not
diminished by the addition of the E7 domain. E7-QK retains full activity when presented to
cells either in solution, or following immobilization onto HA disks. In fact, because signifi-
cantly more E7-QK than QK binds to HA, endothelial cells seeded onto E7-QK-coated HA
disks are strongly activated, as evidenced by ERK 1/2 and Akt phosphorylation. Contrarily,
cells exposed to QK-coated HA disks display limited activation of ERK 1/2 and Akt, consistent
with the poor binding of QK to HA. The fundamental concept that concentrating QK onto a
material surface can enhance endothelial cell activation is supported by other studies. For
example, Yang et al. covalently linked QK to electrospun scaffolds, and found that endothelial
cells adherent to the QK-conjugated scaffolds had greater viability than cells attached to scaf-
folds with passively adsorbed QK [54].

In summary, our collective results suggest that the E7 domain serves as an effective tool
for concentrating angiogenic peptides on the surface of diverse calcium phosphate graft
materials. This, in turn, should enable higher doses of the peptide to be delivered within the
graft site, providing a more robust angiogenic stimulus. Given that inadequate, or delayed,
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vascularization is a major impediment to bone regeneration, the current study offers a promis-
ing new therapeutic modality for enhancing the performance of non-autologous graft materi-
als commonly used in craniofacial and orthopedic procedures.

Supporting information

S1 Fig. Original western blot images from peptide treatments in solution. (A) p-ERK 1/2.
(B) p-Akt. (C) total ERK 1/2. (D) total Akt. (E) B-Tubulin.
(TIF)

S2 Fig. Original western blot images from peptide anchored to graft. (A) p-ERK 1/2. (B) p-
Akt. (C) total ERK 1/2. (D) total Akt. (E) B-Tubulin.
(TIF)

Author Contributions

Conceptualization: Nicholas W. Pensa, Michael S. Reddy, Susan L. Bellis.

Data curation: Nicholas W. Pensa.

Formal analysis: Nicholas W. Pensa, Michael S. Reddy, Susan L. Bellis.

Funding acquisition: Michael S. Reddy, Susan L. Bellis.

Methodology: Nicholas W. Pensa, Andrew S. Curry, Michael S. Reddy, Susan L. Bellis.
Project administration: Susan L. Bellis.

Supervision: Susan L. Bellis.

Writing - original draft: Nicholas W. Pensa, Susan L. Bellis.

Writing - review & editing: Nicholas W. Pensa, Michael S. Reddy, Susan L. Bellis.

References

1. CampanaV, Milano G, Pagano E, Barba M, Cicione C, Salonna G, et al. Bone substitutes in orthopae-
dic surgery: from basic science to clinical practice. J Mater Sci Mater Med. 2014; 25(10):2445-61.
https://doi.org/10.1007/s10856-014-5240-2 PMID: 24865980

2. GouletJA, Senunas LE, DeSilva GL, Greenfield ML. Autogenous iliac crest bone graft. Complications
and functional assessment. Clin Orthop Relat Res. 1997(339):76-81. PMID: 9186204

3. Fernyhough JC, Schimandle JJ, Weigel MC, Edwards CC, Levine AM. Chronic donor site pain compli-
cating bone graft harvesting from the posterior iliac crest for spinal fusion. Spine (Phila Pa 1976). 1992;
17(12):1474-80.

4. Filingham Y, Jacobs J. Bone grafts and their substitutes. Bone Joint J. 2016; 98-b(1 Suppl A):6-9.
https://doi.org/10.1302/0301-620X.98B.36350 PMID: 26733632

5. Kurien T, Pearson RG, Scammell BE. Bone graft substitutes currently available in orthopaedic practice:
the evidence for their use. Bone Joint J. 2013; 95-B(5):583-97. https://doi.org/10.1302/0301-620X.
95B5.30286 PMID: 23632666

6. KimHS, Park JC, Yun PY, Kim YK. Evaluation of bone healing using rhBMP-2 soaked hydroxyapatite in
ridge augmentation: a prospective observational study. Maxillofac Plast Reconstr Surg. 2017; 39(1):40.
https://doi.org/10.1186/s40902-017-0138-9 PMID: 29302589

7. DuB,LiuW,DengV,LiS,LiuX,GaoY, etal. Angiogenesis and bone regeneration of porous nano-
hydroxyapatite/coralline blocks coated with rhVEGF165 in critical-size alveolar bone defects in vivo. Int
J Nanomedicine. 2015; 10:2555-65. https://doi.org/10.2147/IJN.S78331 PMID: 25848271

8. O0iY, OtaM, Yamamoto S, Shibukawa Y, Yamada S. Beta-tricalcium phosphate and basic fibroblast
growth factor combination enhances periodontal regeneration in intrabony defects in dogs. Dent Mater
J. 2009; 28(2):162—9. PMID: 19496395

9. Thoma DS, Lim HC, Sapata VM, Yoon SR, Jung RE, Jung UW. Recombinant bone morphogenetic pro-
tein-2 and platelet-derived growth factor-BB for localized bone regeneration. Histologic and

PLOS ONE | https://doi.org/10.1371/journal.pone.0213592 March 11,2019 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213592.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213592.s002
https://doi.org/10.1007/s10856-014-5240-2
http://www.ncbi.nlm.nih.gov/pubmed/24865980
http://www.ncbi.nlm.nih.gov/pubmed/9186204
https://doi.org/10.1302/0301-620X.98B.36350
http://www.ncbi.nlm.nih.gov/pubmed/26733632
https://doi.org/10.1302/0301-620X.95B5.30286
https://doi.org/10.1302/0301-620X.95B5.30286
http://www.ncbi.nlm.nih.gov/pubmed/23632666
https://doi.org/10.1186/s40902-017-0138-9
http://www.ncbi.nlm.nih.gov/pubmed/29302589
https://doi.org/10.2147/IJN.S78331
http://www.ncbi.nlm.nih.gov/pubmed/25848271
http://www.ncbi.nlm.nih.gov/pubmed/19496395
https://doi.org/10.1371/journal.pone.0213592

® PLOS |ONE

Improved coupling of the angiogenic QK peptide to bone grafts enhances endothelial cell activation

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

radiographic outcomes of a rabbit study. Clin Oral Implants Res. 2017; 28(11):e236—e43. https://doi.
org/10.1111/clr.13002 PMID: 28165165

Rosen PS, Toscano N, Holzclaw D, Reynolds MA. A retrospective consecutive case series using miner-
alized allograft combined with recombinant human platelet-derived growth factor BB to treat moderate
to severe osseous lesions. Int J Periodontics Restorative Dent. 2011; 31(4):335—42. PMID: 21837299

Nevins M, Kao RT, McGuire MK, McClain PK, Hinrichs JE, McAllister BS, et al. Platelet-derived growth
factor promotes periodontal regeneration in localized osseous defects: 36-month extension results from
a randomized, controlled, double-masked clinical trial. J Periodontol. 2013; 84(4):456—-64. https://doi.
org/10.1902/jop.2012.120141 PMID: 22612364

Cochran DL, Oh TJ, Mills MP, Clem DS, McClain PK, Schallhorn RA, et al. A Randomized Clinical Trial
Evaluating rh-FGF-2/beta-TCP in Periodontal Defects. J Dent Res. 2016; 95(5):523-30. https://doi.org/
10.1177/0022034516632497 PMID: 26908630

Carragee EJ, Hurwitz EL, Weiner BK. A critical review of recombinant human bone morphogenetic pro-
tein-2 trials in spinal surgery: emerging safety concerns and lessons learned. Spine J. 2011; 11(6):471—
91. https://doi.org/10.1016/j.spinee.2011.04.023 PMID: 21729796

Kowalczewski CJ, Saul JM. Biomaterials for the Delivery of Growth Factors and Other Therapeutic
Agents in Tissue Engineering Approaches to Bone Regeneration. Front Pharmacol. 2018; 9:513.
https://doi.org/10.3389/fphar.2018.00513 PMID: 29896102

Lissenberg-Thunnissen SN, de Gorter DJ, Sier CF, Schipper IB. Use and efficacy of bone morphoge-
netic proteins in fracture healing. Int Orthop. 35(9):1271-80. https://doi.org/10.1007/s00264-011-1301-
z PMID: 21698428

Zisch AH, Lutolf MP, Hubbell JA. Biopolymeric delivery matrices for angiogenic growth factors. Cardio-
vasc Pathol. 2003; 12(6):295-310. PMID: 14630296

Hoang QQ, Sicheri F, Howard AJ, Yang DS. Bone recognition mechanism of porcine osteocalcin from
crystal structure. Nature. 2003; 425(6961):977-80. https://doi.org/10.1038/nature02079 PMID:
14586470

Fujisawa R, Wada Y, Nodasaka Y, Kuboki Y. Acidic amino acid-rich sequences as binding sites of
osteonectin to hydroxyapatite crystals. Biochim Biophys Acta. 1996; 1292:53—-60. PMID: 8547349

Oldberg A, Franzen A, Heinegard D. The primary structure of a cell-binding bone sialoprotein. J Biol
Chem. 1988; 263(36):19430-2. PMID: 3198635

Oldberg A, Franzen A, Heinegard D. Cloning and sequence analysis of rat bone sialoprotein (osteopon-
tin) cDNA reveals an Arg-Gly-Asp cell-binding sequence. Proc Natl Acad Sci U S A. 1986; 83
(23):8819-23. PMID: 3024151

Bain JL, Bonvallet PP, Abou-Arraj RV, Schupbach P, Reddy MS, Bellis SL. Enhancement of the Regen-
erative Potential of Anorganic Bovine Bone Graft Utilizing a Polyglutamate-Modified BMP2 Peptide with
Improved Binding to Calcium-Containing Materials. Tissue Eng Part A. 2015; 21(17-18):2426-36.
https://doi.org/10.1089/ten. TEA.2015.0160 PMID: 26176902

Bain JL, Culpepper BK, Reddy MS, Bellis SL. Comparing variable-length polyglutamate domains to
anchor an osteoinductive collagen-mimetic peptide to diverse bone grafting materials. Int J Oral Maxillo-
fac Implants. 2014; 29(6):1437—-45. https://doi.org/10.11607/jomi.3759 PMID: 25397807

Culpepper BK, Bonvallet PP, Reddy MS, Ponnazhagan S, Bellis SL. Polyglutamate directed coupling of
bioactive peptides for the delivery of osteoinductive signals on allograft bone. Biomaterials. 2013; 34
(5):1506-13. https://doi.org/10.1016/j.biomaterials.2012.10.046 PMID: 23182349

Culpepper BK, Phipps MC, Bonvallet PP, Bellis SL. Enhancement of peptide coupling to hydroxyapatite
and implant osseointegration through collagen mimetic peptide modified with a polyglutamate domain.
Biomaterials. 2010; 31(36):9586—-94. https://doi.org/10.1016/j.biomaterials.2010.08.020 PMID:
21035181

Fujisawa R, Mizuno M, Nodasaka Y, Kuboki Y. Attachment of osteoblastic cells to hydroxyapatite crys-
tals by a synthetic peptide (Glu7-Pro-Arg-Gly-Asp-Thr) containing two functional sequences of bone
sialoprotein. Matrix Biol. 1997; 16:21—-8. PMID: 9181551

Itoh D, Yoneda S, Kuroda S, Kondo H, Umezawa A, Ohya K, et al. Enhancement of osteogenesis on
hydroxyapatite surface coated with synthetic peptide (EEEEEEEPRGDT) in vitro. J Biomed Mater Res.
2002; 62:292-8. https://doi.org/10.1002/jbm.10338 PMID: 12209950

Murphy MB, Hartgerink JD, Goepferich A, Mikos AG. Synthesis and in vitro hydroxyapatite binding of
peptides conjugated to calcium-binding moieties. Biomacromolecules. 2007; 8:2237—43 https://doi.org/
10.1021/bm070121s PMID: 17530891

Street J, Bao M, deGuzman L, Bunting S, Peale FV Jr., Ferrara N, et al. Vascular endothelial growth fac-
tor stimulates bone repair by promoting angiogenesis and bone turnover. Proc Natl Acad Sci U S A.
2002; 99(15):9656—-61. https://doi.org/10.1073/pnas. 152324099 PMID: 12118119

PLOS ONE | https://doi.org/10.1371/journal.pone.0213592 March 11,2019 13/15


https://doi.org/10.1111/clr.13002
https://doi.org/10.1111/clr.13002
http://www.ncbi.nlm.nih.gov/pubmed/28165165
http://www.ncbi.nlm.nih.gov/pubmed/21837299
https://doi.org/10.1902/jop.2012.120141
https://doi.org/10.1902/jop.2012.120141
http://www.ncbi.nlm.nih.gov/pubmed/22612364
https://doi.org/10.1177/0022034516632497
https://doi.org/10.1177/0022034516632497
http://www.ncbi.nlm.nih.gov/pubmed/26908630
https://doi.org/10.1016/j.spinee.2011.04.023
http://www.ncbi.nlm.nih.gov/pubmed/21729796
https://doi.org/10.3389/fphar.2018.00513
http://www.ncbi.nlm.nih.gov/pubmed/29896102
https://doi.org/10.1007/s00264-011-1301-z
https://doi.org/10.1007/s00264-011-1301-z
http://www.ncbi.nlm.nih.gov/pubmed/21698428
http://www.ncbi.nlm.nih.gov/pubmed/14630296
https://doi.org/10.1038/nature02079
http://www.ncbi.nlm.nih.gov/pubmed/14586470
http://www.ncbi.nlm.nih.gov/pubmed/8547349
http://www.ncbi.nlm.nih.gov/pubmed/3198635
http://www.ncbi.nlm.nih.gov/pubmed/3024151
https://doi.org/10.1089/ten.TEA.2015.0160
http://www.ncbi.nlm.nih.gov/pubmed/26176902
https://doi.org/10.11607/jomi.3759
http://www.ncbi.nlm.nih.gov/pubmed/25397807
https://doi.org/10.1016/j.biomaterials.2012.10.046
http://www.ncbi.nlm.nih.gov/pubmed/23182349
https://doi.org/10.1016/j.biomaterials.2010.08.020
http://www.ncbi.nlm.nih.gov/pubmed/21035181
http://www.ncbi.nlm.nih.gov/pubmed/9181551
https://doi.org/10.1002/jbm.10338
http://www.ncbi.nlm.nih.gov/pubmed/12209950
https://doi.org/10.1021/bm070121s
https://doi.org/10.1021/bm070121s
http://www.ncbi.nlm.nih.gov/pubmed/17530891
https://doi.org/10.1073/pnas.152324099
http://www.ncbi.nlm.nih.gov/pubmed/12118119
https://doi.org/10.1371/journal.pone.0213592

® PLOS |ONE

Improved coupling of the angiogenic QK peptide to bone grafts enhances endothelial cell activation

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Maes C, Carmeliet P, Moermans K, Stockmans |, Smets N, Collen D, et al. Impaired angiogenesis and
endochondral bone formation in mice lacking the vascular endothelial growth factor isoforms VEGF164
and VEGF188. Mech Dev. 2002; 111(1-2):61-73. PMID: 11804779

Lovett M, Lee K, Edwards A, Kaplan DL. Vascularization strategies for tissue engineering. Tissue Eng
Part B Rev. 2009; 15(3):353-70. https://doi.org/10.1089/ten. TEB.2009.0085 PMID: 19496677

Simons M, Gordon E, Claesson-Welsh L. Mechanisms and regulation of endothelial VEGF receptor sig-
nalling. Nat Rev Mol Cell Biol. 2016; 17(10):611-25. https://doi.org/10.1038/nrm.2016.87 PMID:
27461391

Wang W, Yeung KWK. Bone grafts and biomaterials substitutes for bone defect repair: A review. Bioact
Mater. 2017; 2(4):224—47. https://doi.org/10.1016/j.bioactmat.2017.05.007 PMID: 29744432

Cakir-Ozkan N, Egri S, Bekar E, Altunkaynak BZ, Kabak YB, Kivrak EG. The Use of Sequential VEGF-
and BMP2-Releasing Biodegradable Scaffolds in Rabbit Mandibular Defects. J Oral Maxillofac Surg.
2017;75(1):221.e1—-.e14.

Wernike E, Montjovent MO, Liu Y, Wismeijer D, Hunziker EB, Siebenrock KA, et al. VEGF incorporated
into calcium phosphate ceramics promotes vascularisation and bone formation in vivo. Eur Cell Mater.
2010; 19:30—40. PMID: 20178096

D’Andrea LD, laccarino G, Fattorusso R, Sorriento D, Carannante C, Capasso D, et al. Targeting angio-
genesis: structural characterization and biological properties of a de novo engineered VEGF mimicking

peptide. Proc Natl Acad Sci U S A. 2005; 102(40):14215-20. https://doi.org/10.1073/pnas.0505047102
PMID: 16186493

Wiesmann C, Fuh G, Christinger HW, Eigenbrot C, Wells JA, de Vos AM. Crystal Structure at 1.7 A
Resolution of VEGF in Complex with Domain 2 of the Flt-1 Receptor. Cell. 1997; 91(5):695-704. PMID:
9393862

Finetti F, Basile A, Capasso D, Di Gaetano S, Di Stasi R, Pascale M, et al. Functional and pharmacolog-
ical characterization of a VEGF mimetic peptide on reparative angiogenesis. Biochem Pharmacol.
2012; 84(3):303-11. https://doi.org/10.1016/j.bcp.2012.04.011 PMID: 22554565

Santulli G, Ciccarelli M, Palumbo G, Campanile A, Galasso G, Ziaco B, et al. In vivo properties of the
proangiogenic peptide QK. J Transl Med. 2009; 7:41. https://doi.org/10.1186/1479-5876-7-41 PMID:
19505323

Leslie-Barbick JE, Saik JE, Gould DJ, Dickinson ME, West JL. The promotion of microvasculature for-
mation in poly(ethylene glycol) diacrylate hydrogels by an immobilized VEGF-mimetic peptide. Biomate-
rials. 2011; 32(25):5782-9. https://doi.org/10.1016/j.biomaterials.2011.04.060 PMID: 21612821

Culpepper BK, Webb WM, Bonvallet PP, Bellis SL. Tunable delivery of bioactive peptides from hydroxy-
apatite biomaterials and allograft bone using variable-length polyglutamate domains. J Biomed Mater
Res A. 2014; 102(4):1008—-16. https://doi.org/10.1002/jbm.a.34766 PMID: 23625466

Feliers D, Chen X, Akis N, Choudhury GG, Madaio M, Kasinath BS. VEGF regulation of endothelial
nitric oxide synthase in glomerular endothelial cells. Kidney Int. 2005; 68(4):1648-59. https://doi.org/10.
1111/1.1523-1755.2005.00575.x PMID: 16164642

Wang Y, Chang J, Li YC, Li YS, Shyy JY, Chien S. Shear stress and VEGF activate IKK via the Flk-1/
Cbl/Akt signaling pathway. Am J Physiol Heart Circ Physiol. 2004; 286(2):H685-92. https://doi.org/10.
1152/ajpheart.00237.2003 PMID: 14551058

Lee JS, Wagoner Johnson AJ, Murphy WL. A modular, hydroxyapatite-binding version of vascular
endothelial growth factor. Adv Mater. 2010; 22(48):5494—8. https://doi.org/10.1002/adma.201002970
PMID: 20941802

Hajimiri M, Shahverdi S, Kamalinia G, Dinarvand R. Growth factor conjugation: strategies and applica-
tions. J Biomed Mater Res A. 2015; 103(2):819-38. https://doi.org/10.1002/jbm.a.35193 PMID:
24733811

YuD, LiQ, Mu X, Chang T, Xiong Z. Bone regeneration of critical calvarial defect in goat model by
PLGA/TCP/rhBMP-2 scaffolds prepared by low-temperature rapid-prototyping technology. Int J Oral
Maxillofac Surg. 2008; 37(10):929-34. https://doi.org/10.1016/j.ijom.2008.07.012 PMID: 18768295

McKay WF, Peckham SM, Badura JM. A comprehensive clinical review of recombinant human bone
morphogenetic protein-2 (INFUSE Bone Graft). Int Orthop. 2007; 31(6):729-34. https://doi.org/10.
1007/s00264-007-0418-6 PMID: 17639384

Chan TR, Stahl PJ, Li Y, Yu SM. Collagen-gelatin mixtures as wound model, and substrates for VEGF-
mimetic peptide binding and endothelial cell activation. Acta Biomater. 2015; 15:164—72. https://doi.org/
10.1016/j.actbio.2015.01.005 PMID: 25584990

Cai L, Dinh CB, Heilshorn SC. One-pot Synthesis of Elastin-like Polypeptide Hydrogels with Grafted
VEGF-Mimetic Peptides. Biomater Sci. 2014; 2(5):757—-65. https://doi.org/10.1039/C3BM60293A
PMID: 24729868

PLOS ONE | https://doi.org/10.1371/journal.pone.0213592 March 11,2019 14/15


http://www.ncbi.nlm.nih.gov/pubmed/11804779
https://doi.org/10.1089/ten.TEB.2009.0085
http://www.ncbi.nlm.nih.gov/pubmed/19496677
https://doi.org/10.1038/nrm.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27461391
https://doi.org/10.1016/j.bioactmat.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29744432
http://www.ncbi.nlm.nih.gov/pubmed/20178096
https://doi.org/10.1073/pnas.0505047102
http://www.ncbi.nlm.nih.gov/pubmed/16186493
http://www.ncbi.nlm.nih.gov/pubmed/9393862
https://doi.org/10.1016/j.bcp.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22554565
https://doi.org/10.1186/1479-5876-7-41
http://www.ncbi.nlm.nih.gov/pubmed/19505323
https://doi.org/10.1016/j.biomaterials.2011.04.060
http://www.ncbi.nlm.nih.gov/pubmed/21612821
https://doi.org/10.1002/jbm.a.34766
http://www.ncbi.nlm.nih.gov/pubmed/23625466
https://doi.org/10.1111/j.1523-1755.2005.00575.x
https://doi.org/10.1111/j.1523-1755.2005.00575.x
http://www.ncbi.nlm.nih.gov/pubmed/16164642
https://doi.org/10.1152/ajpheart.00237.2003
https://doi.org/10.1152/ajpheart.00237.2003
http://www.ncbi.nlm.nih.gov/pubmed/14551058
https://doi.org/10.1002/adma.201002970
http://www.ncbi.nlm.nih.gov/pubmed/20941802
https://doi.org/10.1002/jbm.a.35193
http://www.ncbi.nlm.nih.gov/pubmed/24733811
https://doi.org/10.1016/j.ijom.2008.07.012
http://www.ncbi.nlm.nih.gov/pubmed/18768295
https://doi.org/10.1007/s00264-007-0418-6
https://doi.org/10.1007/s00264-007-0418-6
http://www.ncbi.nlm.nih.gov/pubmed/17639384
https://doi.org/10.1016/j.actbio.2015.01.005
https://doi.org/10.1016/j.actbio.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25584990
https://doi.org/10.1039/C3BM60293A
http://www.ncbi.nlm.nih.gov/pubmed/24729868
https://doi.org/10.1371/journal.pone.0213592

® PLOS |ONE

Improved coupling of the angiogenic QK peptide to bone grafts enhances endothelial cell activation

49.

50.

51.

52.

53.

54.

Mulyasasmita W, Cai L, Hori Y, Heilshorn SC. Avidity-controlled delivery of angiogenic peptides from
injectable molecular-recognition hydrogels. Tissue Eng Part A. 2014; 20(15-16):2102—14. hitps://doi.
org/10.1089/ten.tea.2013.0357 PMID: 24490588

Polo-Corrales L, Latorre-Esteves M, Ramirez-Vick JE. Scaffold design for bone regeneration. J Nanosci
Nanotechnol. 2014; 14(1):15-56. PMID: 24730250

Turnbull G, Clarke J, Picard F, Riches P, Jia L, Han F, et al. 3D bioactive composite scaffolds for bone
tissue engineering. Bioact Mater. 2018; 3(3):278-314. https://doi.org/10.1016/j.bioactmat.2017.10.001
PMID: 29744467

Uhlig T, Kyprianou T, Martinelli FG, Oppici CA, Heiligers D, Hills D, et al. The emergence of peptides in
the pharmaceutical business: From exploration to exploitation. EuPA Open Proteomics. 2014; 4:58—69.

Gomes AR, Byregowda SM, Veeregowda BM, Vinayagamurthy B. An Overview of Heterologous
Expression Host Systems for the Production of Recombinant Proteins. Adv in Anim Vet Sciences.
2016; 4(4): 346-56.

YangY, Yang Q, Zhou F, Zhao Y, Jia X, Yuan X, et al. Electrospun PELCL membranes loaded with QK
peptide for enhancement of vascular endothelial cell growth. J Mater Sci Mater Med. 2016; 27(6):106.
https://doi.org/10.1007/s10856-016-5705-6 PMID: 27107890

PLOS ONE | https://doi.org/10.1371/journal.pone.0213592 March 11,2019 15/15


https://doi.org/10.1089/ten.tea.2013.0357
https://doi.org/10.1089/ten.tea.2013.0357
http://www.ncbi.nlm.nih.gov/pubmed/24490588
http://www.ncbi.nlm.nih.gov/pubmed/24730250
https://doi.org/10.1016/j.bioactmat.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29744467
https://doi.org/10.1007/s10856-016-5705-6
http://www.ncbi.nlm.nih.gov/pubmed/27107890
https://doi.org/10.1371/journal.pone.0213592

