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Abstract
Bone grafting procedures have become common due in part to a global trend of population aging.
Native bone graft is a popular choice when compared to various synthetic bone graft substitutes,
owing to superior biological activity. Nonetheless, the insufficient ability of bone allograft to
induce new bone formation and the insufficient remodeling of native bone grafts call for
osteoinductive factors during bone repair, exemplified by recombinant human bone
morphogenetic protein 2 (rhBMP2). We previously developed a modular bone morphogenetic
peptide (mBMP) to address complications associated with the clinical use of rhBMP2 as a bone
graft substitute. The mBMP is designed to strongly bind to hydroxyapatite, the main inorganic
component of bone and teeth, and to provide pro-osteogenic properties analogous to rhBMP2. Our
previous in vivo animal studies showed that mBMP bound to hydroxyapatite-coated orthopedic
implants with high affinity and stimulated new bone formation. In this study, we demonstrate
specific binding of mBMP to native bone grafts. The results show that mBMP binds with high
affinity to both cortical and trabecular bones, and that the binding is dependent on the mBMP
concentration and incubation time. Importantly, efficient mBMP binding is achieved in an ex vivo
bone bioreactor where bone tissue is maintained viable for several weeks. In addition, mBMP
binding can be localized with spatial control on native bone tissue via simple methods, such as
dip-coating, spotting and direct writing. Taken together with the pro-osteogenic activity of mBMP
established in previous bone repair models, these results suggest that mBMP may promote bone
healing when coated on native bone grafts in a clinically compatible manner.
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Bone grafting is a common procedure to repair skeletal defects caused by trauma, cancer and
congenital deformation. Nearly 1.5 million bone grafting procedures are performed annually
in United States and approximately 2.2 million worldwide.1, 2 The number of bone grafting
procedures is rapidly increasing with a growth of almost 13% per year due to population
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aging.3 This trend results in a growing demand for bone grafts. Even though several
synthetic bone graft substitutes have been developed, native bone grafts including
autologous bone graft (autograft) and allogenic bone graft (allograft) still remain a popular
choice in current clinical settings.4 They typically offer superior biological healing activity
and structural strength when compared to synthetic counterparts.5

Bone autograft is the gold standard for bone grafting transplantation and most commonly
used to treat bone defects, as it is histocompatible and non-immunogenic as well as
osteoconductive and pro-osteogenic.6, 7 However its clinical use is often limited by the
availability of autograft and potential donor site morbidity from bone graft harvesting. Bone
allograft has become an attractive alternative to avoid those problems, because it is
harvested from cadaver bone and readily available off-the-shelf with various shape and size.
Allograft, although osteoconductive, generally lacks the ability to actively direct skeletal
tissue repair to an extent depending on the preparation protocols.4, 5 In response to this
drawback, osteoinductive factors and osteogenic cells have been incorporated with bone
allografts to accelerate and promote bone healing.8–10

Recombinant human bone morphogenetic protein 2 (rhBMP2) is among the most potent and
clinically relevant osteoinductive factors, which recruits mesenchymal stem cells and
stimulates osteoblastic differentiation.11, 12 Currently, rhBMP2 is clinically used in spinal
fusion and other bone repair applications with approximately $900 million in annual sales.13

However serious concerns have been raised in a series of recent studies regarding adverse
side effects such as soft tissue edema, heterotopic bone formation and male infertility.14

Those potential safety issues are likely due in part to bolus delivery at a supraphysiological
dose, and thus strategies for controlled delivery are required for the safe use and improved
therapeutic efficacy of osteoinductive molecules including rhBMP2.

In this context, we developed a modular bone morphogenetic peptide (mBMP) with high
affinity for hydroxyapatite (HAP), the main inorganic component of bone and teeth. This
mBMP consists of an osteocalcin-inspired HAP-binding sequence at the C-terminus
(γEPRRγEVAγEL) and a biologically active, BMP2-mimetic sequence at the N-terminus
(KIPKASSVPTELSAISTLYL) (Table 1). We previously showed that mBMP binds strongly
to synthetic HAP with a controllable affinity, and that mBMP induces osteogenic
differentiation of human mesenchymal stem cells in vitro.15, 16 Furthermore, sheep studies
indicated that, when incorporated onto the surface of HAP-coated medical devices such as
fixation screws and metallic implants, mBMP can accelerate and improve bone repair.17, 18

In light of the expanding demand for native bone tissue as a bone graft, and the pro-
osteogenic properties of mBMP demonstrated on synthetic HAP implants, here we
investigated the binding of mBMP to natural bone tissue in multiple experimental formats.
Specifically, we explored mBMP binding to native bone - either as cadaver bone (allograft
model) or in a living bone bioreactor (autograft model). The peptides used in this study were
conjugated with rhodamine to quantify their binding to bone in terms of fluorescence
intensity. In addition, taking into consideration a variety of morphological structure of native
bones, we included sheep cortical (compact) bone and bovine trabecular (cancellous,
spongy) bone in the study.

We first examined mBMP binding to periosteum-removed cortical bone (ca. 4 mm × 7 mm
× 1.5 mm) from the shaft of a sheep tibia by incubating the bone tissue in mBMP solution in
phosphate buffered saline (PBS) (Figure 1). The binding of mBMP was quantified from the
concentration change of mBMP solution after binding (Figure 2a) and the fluorescence
intensity of mBMP bound to the bone (Figure 2b). The binding was concentration-dependent
for each incubation time tested. The amount of binding was ranging from 0.7 to 19.3
microgram peptide per each bone sample (Figure 2a). The quantity of mBMP binding was
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proportional to the solution concentration, which was clearly observed through all
concentrations at 0.5 hour. However, this dependence was not apparent at higher
concentrations at later time points. Specifically, fluorescence intensity analysis revealed that
the concentration of 200 and 300 µg/mL resulted in similar mBMP binding at 1 and 2 hours,
and no significant difference was detected among 100, 200 and 300 µg/mL at the 3 hour
time point. The detailed statistical analyses can be found in Tables S1 to S3 in Supporting
Information. Interestingly, a statistically significant dependence of mBMP binding on the
incubation time was not observed. The insignificant dependence on the incubation time is
likely attributed to the rapid binding of mBMP to native bone tissue. The higher
fluorescence intensity from mBMP-treated bones when compared with rhodamine-treated
group confirms the specific affinity of mBMP to cadaver bones.

To verify the origin of the high affinity binding of mBMP to bones, we compared the
binding of mBMP and a mutated version of mBMP - in which Gla residues were replaced
with Glu residues (mBMP-mut). We previously demonstrated that mBMP-mut has an
altered HAP-binding motif and substantially decreased HAP binding affinity15, 16

Specifically, the HAP-binding motif of mBMP includes three γ-carboxylic glutamic acid
(γE, Gla) residues that are known to play a critical role in the binding to HAP.19 In mBMP-
mut, the γE residues were replaced by glutamic acid (E, Glu) (Table 1), which led to a
reduced binding affinity to synthetic HAP particles and coatings in previous studies.15, 16 As
expected, the amount of mBMP-mut bound was significantly less than that of mBMP in
each experimental condition tested (Figure 1 and 2c). The fluorescence intensity level of
mBMP-mut treated bones was similar to that of the rhodmamine-treated group.
Additionally, unlike mBMP binding results, the mBMP-mut binding was independent of
incubation time and peptide concentration (see Table S2 and S3 in Supporting Information
for statistical analysis). The comparison of the binding of mBMP and mBMP-mut confirmed
that the high level of bone binding was primarily mediated by γE residues in the HAP-
binding motif of mBMP, analogous to the bone binding mechanism of natural OCN protein.

To gain insight into the duration of modular peptide on native bone tissue, the fluorescence
intensity of peptide bound to cortical bone was monitored when incubated in a simulated
body fluid (SBF) which contains the ionic concentration similar to human blood plasma
(Figure 3). After 2-week incubation in SBF, the peptide-bound bone still maintained
significant fluorescence intensity with over 30 % of the initial intensity. The fluorescence
intensity was dropped rapidly for the first one or two days, and the intensity decrease was
slowed down afterwards. In addition, we found that mBMP bound to bone was mostly
retained upon the exposure to sodium hydroxide or sodium dodecyl sulfate (Figure S1 in
Supporting Information). These data imply that mBMP on native bone can remain for an
extended time period.

We next assessed mBMP binding to living trabecular bone cores (1 cm in diameter and 0.5
cm in thickness) harvested from bovine sternum. For this set of experiments, modular
peptide binding occurred in a bone bioreactor where bone cores were kept alive, and a 100
µg/mL mBMP solution in Dulbecco’s modified Eagle medium (DMEM) was continuously
circulated through the bone perfusion chamber. This bone culture system allows for ex vivo
culture of three dimensional trabecular bone explants which included about one million
osteocytes, marrow cells and extracellular matrix for several weeks.20, 21 This experimental
platform was used to provide insights into mBMP binding to living bone tissue in a context
that may mimic some aspects of direct mBMP injection into bone tissue in vivo. After
incubating for various time periods, the binding was measured in terms of fluorescence
intensity from rhodamine labeled mBMP. The binding was gradually increased until 4 hours
and reached a plateau afterwards (Figure 4). Specifically, the binding at longer time points
(4, 6, 8 and 10 hours) was significantly higher than binding at 2 hours. However no
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statistical difference in binding was observed when comparing incubation times longer than
4 hours (Figure 4b and Table S4 in Supporting Information). This result indicates that the
mBMP can be incorporated into living trabecular bone during circulation.

In summary, we showed that mBMP could bind to native bone tissues having different
microstructure and porosity. The quantity and kinetics of mBMP binding was dependent on
the concentration of mBMP solution and incubation time. The γE moieties in the HAP-
binding, OCN-inspired motif in mBMP were responsible for the high binding affinity to
bone tissue. We also demonstrated that the mBMP could be incorporated into the bone using
an ex vivo bone bioreactor. It is noteworthy that localized mBMP binding on cortical bone
tissue was also possible using mBMP. When a bone piece was “dip-coated” in mBMP
solution, a significant amount of mBMP was found to bind to the bone surface (Figure 5a),
which indicated that the binding occurred quickly upon contact. Furthermore, the mBMP
could be incorporated in a spatially controlled manner by spotting, or direct writing with
peptide solution (Figures 5b and 5c). This result suggested that mBMP can be loaded onto
the bone with a robust spatial control using simple methods that may be easily applied to
clinical practice.

Experimental Section
The rhodamine-labeled peptides were prepared via solid phase peptide synthesis as
previously described.16 The native bones used were harvested from sheep tibia and bovine
sternum. Cortical (compact) bone slices were collected from sheep tibia with periosteum
removed, and trabecular (spongy) bone cores were drilled out from bovine sternum under
sterile condition. The peptide binding to native bones was tested in three different
experiments. We used rhodamine-conjugated peptides to determine their binding in terms of
fluorescence intensity. In the first experiment, the cortical bone slices were incubated in
modular peptide solution (0.5 mL, PBS) with concentrations of 50, 100, 200 and 300 µg/mL.
The incubation was continued in a static condition for a period of 0.5, 1, 2 and 3 hours. To
examine the duration of modular peptide on the bone, the cortical bones treated with 200 µg/
mL modular peptide solution for 3 hours were incubated in simulated body fluid at 37 °C
and the change in fluorescence intensity was monitored. For another experiment, the
trabecular bone cores were placed in the chamber of bone bioreactor where the peptide
solution in DMEM (100 µg/mL, 6.5 mL) was continuously circulated through the chamber
for a time period of 2, 4, 6, 8 and 10 hours. In the last experiment, mBMP was bound in a
spatially controlled manner by dip-coating, spotting or writing with mBMP solution on
native bone tissues. Dip-coating was carried out in mBMP solution (100 µg/mL), and
spotting was done by dropping 10 µL of mBMP solution with different concentrations on the
cortical bone surface. For writing, the letters were written with hypodermic needle which
was dipped in mBMP solution (100 µg/mL). Following each experiment, the bones were
rinsed with PBS to remove unbound peptide and their fluorescence images were taken using
a Typhoon fluorescence scanner (GE healthcare) or a Nikon Eclipse Ti inverted microscope.
The amount of mBMP bound to cortical bone was calculated from the concentration change
of mBMP solution after binding, which was determined from the fluorescence intensity
based on a standard curve of fluorescence intensity against mBMP concentration. To
quantify the fluorescence intensity, the images were converted into 8-bit using ImageJ to
present the intensity level of each pixel in the range of 0 to 255. The mean pixel intensity of
a selected region of interest was considered to be proportional to the amount of peptide
bound.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fluorescence images of cortical bones after incubating in rhodamine-labeled modular
peptide solution with different concentrations for different time periods. Green and red
fluorescence were emitted from native bone and rhodamine, respectively.
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Figure 2.
(a) Amount of rhodamine-labeled mBMP bond to cortical bone after incubating in various
conditions. Quantification of fluorescence intensity of (b) rhodamine-labeled mBMP bound
to cortical bone by incubating in various conditions, and (c) rhodamine-labeled mBMP and
mBMP-mut bound to cortical bone by incubating in 100 µg/mL peptide solution for different
time periods. Data are shown as mean ± standard deviation. * p < 0.01 and ** p < 0.05.
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Figure 3.
(a) Fluorescence images and (b) fluorescence intensity of modular peptide-bound cortical
bones after incubating in simulated body fluid for different time periods. Data are shown as
mean ± standard deviation.
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Figure 4.
(a) Fluorescence images and (b) fluorescence intensity of trabecular bone cores after
incubating in rhodamine-labeled mBMP solution for different time periods in a bone
bioreactor. Data are shown as mean ± standard deviation. ** p < 0.05.
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Figure 5.
Fluorescence images of (a) cortical bone and (b) trabecular bone dip-coated in rhodamine-
labeled mBMP solution. (c) Fluorescence image of cortical bone spotted with rhodamine-
labeled mBMP solution with different concentrations: (i) 6.25, (ii) 12.5, (iii) 25, (iv) 50, (v)
100 and (vi) 200 µg/mL. (d) Fluorescence image of “UW” written with rhodamine-labeled
mBMP solution on cortical bone.
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Table 1

Amino Acid Sequence of Natural Templates and Modular Peptides.

Amino acid sequence

BMP2 template KIPKACCVPTELSAISMLYL

Osteocalcin template γEPRRγEVCγEL

mBMP KIPKASSVPTELSAISTLYL-AAAA-γEPRRγEVAγEL

mBMP-mut KIPKASSVPTELSAISTLYL-AAAA-EPRREVAEL
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