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ABSTRACT

Bone morphogenetic proteins (BMPs) are well-
studied regulators of cartilage and bone development
that have been Food and Drug Administration (FDA)-
approved for the promotion of bone formation in
certain procedures. BMPs are seeing more use in oral
and maxillofacial surgeries because of recent FDA
approval of InFUSE® for sinus augmentation and
localized alveolar ridge augmentation. However, the
utility of BMPs in medical and dental applications is
limited by the delivery method. Currently, BMPs are
delivered to the surgical site by the implantation of
bulky collagen sponges. Here we evaluate the poten-
tial of detonation nanodiamonds (NDs) as a delivery
vehicle for BMP-2 and basic fibroblast growth factor
(bFGF). Nanodiamonds are biocompatible, 4- to
5-nm carbon nanoparticles that have previously been
used to deliver a wide variety of molecules, including
proteins and peptides. We find that both BMP-2 and
bFGF are readily loaded onto NDs by physisorption,
forming a stable colloidal solution, and are triggered
to release in slightly acidic conditions. Simultaneous
delivery of BMP-2 and bFGF by ND induces differ-
entiation and proliferation in osteoblast progenitor
cells. Overall, we find that NDs provide an effective
injectable alternative for the delivery of BMP-2 and
bFGF to promote bone formation.
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Multi-protein Delivery by
Nanodiamonds Promotes Bone
Formation

INTRODUCTION

Bone morphogenetic proteins (BMPs) are well-studied regulators of car-
tilage and bone development (Wozney et al., 1988; Celeste et al., 1990;
Gautschi et al., 2007). Of the BMPs, rhBMP-2 and thBMP-7 have been
granted Food and Drug Administration approval and are used for a variety
of on- and off-label procedures involving the promotion of bone formation
(Govender et al., 2002; Ong et al., 2010). BMPs are also now finding usage in
oral and maxillofacial procedures thanks to FDA approval of InFUSE® for use
in sinus and localized alveolar ridge augmentation. Although in vitro studies
indicate that BMP-2 is effective as a solution, the in vivo effects are dependent
on the local concentration (Uludag ef al., 1999). Because of this, it is widely
accepted that BMP-2 delivery requires a carrier to prevent rapid clearance by
diffusion. The current clinical standard is a collagen sponge soaked in a solu-
tion of BMP-2, which is then implanted at the desired location. Although this
approach might be acceptable for larger, open procedures, the space limita-
tions in oral and maxillofacial surgeries make it less ideal.

Several groups have evaluated different delivery methods for BMPs,
including implant coatings and alternative organic and inorganic matrices
(Allegrini et al., 2004; Schliephake et al., 2005). Nanoparticle suspensions
present an interesting option as a delivery vehicle for BMP-2, since a liquid
would be easy to use as an injection or rinse, while the particles would limit
the rate of diffusion away from the active site (Zhang et al., 2009).
Nanodiamonds (NDs) are produced at scale and are biocompatible (Chow
et al., 2011; Zhang et al., 2012; Moore et al., 2013) 4- to 5-nm carbon
nanoparticles that have previously been used to deliver a wide variety of car-
gos, including proteins varying in size from peptides to antibodies (Yeap
et al., 2008; Shimkunas et al., 2009; Liu and Sun, 2010; Wei et al., 2010;
Smith et al., 2011; Zhang et al., 2011). The related ultrananocrystalline diamond
films, synthesized by chemical vapor deposition, have been shown to promote
bone cell adhesion and proliferation (Yang et al., 2009) in addition to miner-
alization through the delivery of BMP-2 (Steinmuller-Nethl et al., 2006).

In this work, we evaluate the potential of ND suspensions as a protein
delivery vehicle for the promotion of bone formation. Although BMP-2 and
-7 are effective at promoting bone formation on their own, there are numerous
proteins involved in the signaling cascade that may augment the response to
BMPs. One such protein is fibroblast growth factor (FGF) (Kubota et al.,
2002; Nakamura et al., 2005). FGF is known to promote myoblast prolifera-
tion and inhibit differentiation (Moore ef al., 1991; Templeton and Hauschka,
1992); however, at low doses, FGF-basic (bFGF) has been found to enhance
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BMP-2 activity in vivo (Fujimura et al.,
2002). Here we demonstrate that NDs
are capable of simultaneously delivering
various doses of 2 proteins, BMP-2 and
bFGF, for the promotion of bone cell dif-
ferentiation and proliferation in vitro.

Nanodiamond

MATERIALS & METHODS

Complete materials and methods can be
found in the online Appendix.

Multi-protein Delivery Promotes Bone Formation

Incubate 15 min
+ @ 22°C a

Protein

977

Y

Differentiation

4

Proliferation

Differentiation + Proliferation

Incubate C2C12 )
Cells 5 Days

Figure 1. Schematic of ND cluster synthesis and cell culture experiments. Recombinant human

Protein Loading

To maintain sterility, all syntheses and
dilutions were performed in a class II
biosafety cabinet. Proteins were mixed at
the desired ratio and diluted in PBS to
generate a 0.5 to 0.75X PBS solution after the addition of NDs
in water. Autoclaved NDs at 200 to 500 pg/mL in water were
added to the protein solution, mixed gently, and allowed to incu-
bate for 15 min at 22°C. The suspension was centrifuged for 15
min at 16,200 x g at 4°C, and the supernatant was removed and
re-suspended in water (for sizing) or cell culture media (for cell
assays) with approximately 30 sec of bath sonication.
Supernatants were either used immediately or stored at -20°C
for future assays.

Cell Assays

Cells were plated at either 20,000 (for experiments with bFGF)
or 30,000 cells/well in 24-well plates in DMEM containing 10%
FBS. Cells were allowed to adhere overnight before treatment.
Cells were treated with NDs or controls in DMEM containing
2.5% FBS for 72 hrs prior to assay. Cells underwent lysis with
200 pL per well of cell lysis solution (20 mM Tric-HCI, 1 mM
EDTA, 150 mM NaCL, 1 mM MgCl, hexahydrate, 1% NP-40,
5% glycerol at pH 7.9) for 10 min on an orbital shaker. Cell
lysates were collected in microtubes and centrifuged for 5 min
at 16,200 x g at 4°C. Three replicates of 20 pL of supernatant
were transferred to a 96-well plate and combined with 200 pL of
QuantiBlue solution (reconstituted according to the manufac-
turer’s protocol). Solution was incubated for 2 to 24 hrs at 37°C,
and absorbance was read at 633 nm to determine alkaline phos-
phatase activity, which was then normalized to supernatant
DNA content, as measured with a PicoGreen® kit. Three repli-
cates of 5 uL of supernatant were added to 95 pL of kit buffer in
a black-walled 96-well plate. A 100-pL quantity of PicoGreen®™
reagent was then added to each well, incubated for 5 min at
room temperature and protected from light, and fluorescence
was read at 480 nm excitation/520 nm emission. Results were
compared with a standard curve generated from the kit. All
experiments were performed in triplicate.

Statistics

All statistics were performed in GraphPad Prism. All analyses were
done by 1- or 2-way analysis of variance (ANOVA). The Bonferroni
correction was used to account for multiple comparisons.

BMP-2, recombinant human FGF-basic, and bovine serum albumin were loaded into ND
clusters by incubation at room temperature in phosphate-buffered saline. The resulting clusters
were then washed and added to C2C12 myoblasts in cell culture, where they induced
differentiation into osteoblasts and/or proliferation, depending on the protein combination.

RESULTS
ND-BMP-2 and bFGF Cluster Synthesis

The first step toward using detonation nanodiamonds (NDs) to
deliver BMP-2 and FGF is the optimization of a synthesis pro-
tocol. Previous studies have demonstrated that proteins can be
rapidly loaded into and released from ND clusters through phy-
sisorption (Shimkunas et al., 2009; Smith ez al., 2011). We
elected to load recombinant human BMP-2 and FGF-basic using
a similar method (Fig. 1). Incubation of NDs with the protein
mixture in 0.5 to 0.75X PBS resulted in reproducible ND protein
clusters. Varying the ratio of ND: BMP-2 (wt:wt) in solution
demonstrated that there is a minimum amount of protein neces-
sary to stabilize the colloidal solution (Fig. 2A). At ratios greater
than 80:1, the average size and standard deviation increased,
suggesting destabilization and agglomeration. Additionally, the
particles synthesized with only bovine serum albumin (BSA)
are slightly larger (p < .05 vs. 10:1 only) than those made with
BMP-2, indicating that BMP-2 may have a role in cluster stabi-
lization. Adding bFGF to the BMP-2 clusters did not affect the
final cluster size (Fig. 2B). However, when FGF was added to
the ND-BSA clusters (ND-FGF), we observed greater variation
in size. In spite of the variability in the size of ND-FGF, we did
not observe precipitation from solution over time. Because of
the improved stability of the particles synthesized at 80:1 ND:
BMP-2, this ratio was used for all subsequent syntheses. Because
of the expense of recombinant proteins compared with NDs,
which are a by-product of detonation, our goal was to obtain a
stable colloidal solution using a minimum of protein. By mini-
mizing the protein used during synthesis, we also theoretically
minimized protein loss, which led to a lower cost for synthesis
of the final product and reduced barriers to effective clinical
translation.

Protein Loading onto Nanodiamonds

Fourier transform infrared spectroscopy (FTIR) was used to
confirm protein loading into ND clusters. The spectra of
ND-BMP, ND-BMP+FGF (ND-BF), and ND-BSA showed
peaks at 1,650 and 1,540 cm™' that are not observed with plain
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Figure 2. Nanodiamond-protein cluster size. Recombinant human
BMP-2 and FGF-basic were loaded into ND clusters with phosphate-
buffered saline and bovine serum albumin. (A) Varying the ratio of ND:
BMP-2 (wh:wt) during the synthesis process resulted in differing final
complex sizes. The maximum ratio providing stable ND-BMP clusters
was 80:1. (B) The addition of FGF to the ND-BMP synthesized with
200 ng of BMP (ND-BF 200) did not alter the final cluster size.
However, there was increased variability in size when FGF was added
to NDs and BSA in the absence of BMP-2 (ND-FGF).

NDs. These peaks are consistent with the presence of amide
bonds found in proteins (Fig. 3A; see Appendix Table for com-
plete peak list). More quantitative loading information can be
achieved by analysis of the protein levels remaining in the
supernatant after ND separation by centrifugation. Protein assay
of the supernatants remaining after ND separation demonstrated
the ability to load an average 73.1% of the protein added to the
solution, or 45.6% (wt ND) (Appendix Fig. 1). However, the
FDA-approved formulation of BMP-2, which we used, also
contains a significant amount of BSA for stabilization (1 mg/
mL). To assess the amount of BMP-2 in the supernatants, as
opposed to total protein, we were able to use 2 methods:
enzyme-linked immunosorbent assay (ELISA) and C2C12 cell
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Figure 3. BMP-2 and bFGF loading. Assessment of BMP-2 and bFGF
loading into ND clusters by FTIR and ELISA. (A) FTIR spectra of plain
NDs, ND-BMP+FGF (200 ng BMP-2, 0.5 ng bFGF), ND-BMP (200 ng
BMP-2), and ND-BSA (10 ng, equivalent to others). Additional peaks
in ND-BMP, ND-BMP+FGF, and ND-BSA are consistent with the
addition of amide functional groups. See Appendix Table for complete
peak listing. (B) BMP-2 ELISA of supernatants demonstrated 0.86% wt
BMP-2 loading. (C) bFGF ELISA of supernatants demonstrated loading
ranging from 1.4 x 10* to 7.6 x 10*% wt, depending on the initial
protein input (listed in parentheses).

alkaline phosphatase production. ELISA analysis demonstrated
that, on average, 0.86% (wt) BMP-2, or 69% of the BMP-2
added, was loaded onto NDs (Fig. 3B). Loading did not vary
across batch sizes (400 ng BMP-2 vs. 200 ng BMP) or when
bFGF was added (0.5 ng added to 200 ng BMP-2). Similar
results were obtained by incubation of C2C12 myoblasts with
the supernatants. C2C12 myoblasts differentiated into alkaline-
phosphatase-producing osteoblasts in the presence of BMP-2
(Katagiri et al., 1994). Alkaline phosphatase production from
cells incubated in the particle synthesis supernatant indicated
that an average of 0.89% wt BMP-2 loaded onto NDs (Appendix
Fig. 2), which is consistent with the ELISA results.

ELISA can also be used to assess bFGF loading based on the
amount of protein remaining in the supernatant after particle
synthesis. We were able to load between 1.4 x 10* and 7.6 x
10* % wt bFGF into ND clusters with and without BMP-2,
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depending on the initial amount of FGF A
used for synthesis (Fig. 3C). Particles 5
synthesized from bFGF and BSA con-
tained an average of 85% of the initial
mass of bFGF added during synthesis. In
contrast, we were able to load an average
of 95% of the bFGF when the particles
were made from bFGF and BMP-2. The o

Absorbance /ug DNA

additional bFGF loading we observed S ® ® B
with ND-BF vs. ND-FGF may have been ; s g g
due to a charge interaction between the s % 3
net-positive charge of FGF-basic (Moy e 2 2

et al., 1996) and amphiphilic BMP-2 c
(Scheufler et al., 1999).

ND-Protein Clusters Promote
Osteoblast Differentiation and
Proliferation

Absorbance / pg DNA
S

To examine if the BMP-2 delivered by
NDs was still functional, we incubated
C2C12 myoblasts with either ND-BMP or
a known concentration of BMP-2. BMP-2
induced differentiation of the myoblasts
into osteoblasts (Katagiri et al., 1994),
which was detectable by alkaline phospha-
tase activity. We noted that ND-BMP
induced osteoblast differentiation in the
C2C12 cells at multiple doses (Fig. 4A).
Alkaline phosphatase activity was highest
at the middle dose of ND-BMP, which sug-
gests that there may be an optimal dose.
The normalized alkaline phosphatase
activity in the ND-BMP wells corre-
sponded to 37.8, 45.8, and 41.5 ng of free
BMP-2 (low, medium, and high doses,
respectively). Interestingly, when cells
were washed after 24 hrs of incubation with ND-BMP or BMP-2
alone, this effect was not observed (Appendix Fig. 3). Additionally,
the responses of the cells when exposed to ND-BMP for 24 hrs as
opposed to 72 hrs were markedly reduced, indicating a delay in
protein release from the ND clusters. Combined, these 2 findings
indicate that BMP-2 release from ND clusters has a non-linear or
delayed profile.

Examination of protein released from ND-BMP clusters
indicated that BMP-2 release was dependent on solution pH
(Appendix Fig. 4). At all pHs, there appeared to be some burst
release in the first 2 hrs, followed by a plateau over
24 hrs. However, at pH 5.0, there was 4.7-fold more protein
released than at pH 7.4, and 2.5-fold more protein released
than at pH 3.0. The pH effect was also observed during the
first 2 hrs at more physiological pHs (Fig. 4B). During the first
2 hrs, we noted a nearly linear release profile, with the maxi-
mal amount of protein released at pH 7.0, with pH 6.7 catching
up at 2 hrs. Combined, these results demonstrate that protein
release from ND-BMP clusters is pH-dependent, with improved
release in slightly acidic environments. Additionally, we
observed that not all of the protein is released after 24 hrs,
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Figure 4. NDs induced osteoblast differentiation and proliferation.
by ND induced osteoblast differentiation and proliferation, respectively. (A) Day 5 alkaline
phosphatase activity normalized to DNA content from C2C12 cells incubated with various
concentrations of ND-BMP or BMP-2 alone (doses listed indicate initial synthesis conditions).
(B) Total protein released from ND clusters demonstrates pH dependence and a nearlinear
profile during the first 2 hrs (Appendix Fig. 4). (C) Day 5 alkaline phosphatase activity
normalized to DNA content from C2C12 cells incubated with various amounts of FGF as
ND-BF or ND-FGF. FGF inhibited alkaline phosphatase production in a dose-dependent
fashion. (D) Day 5 total DNA content from C2C12 cells incubated with various doses of FGF
as ND-BF or ND-FGF. FGF induced proliferation of C2C12 cells in a dose-dependent fashion.
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BMP-2 and bFGF delivered

suggesting that some protein may bind irreversibly to the ND
clusters.

FGF-basic has previously been shown to promote prolif-
eration while inhibiting myoblast differentiation (Templeton
and Hauschka, 1992). However, several other groups have
demonstrated in vivo that low-dose FGF can augment the
response to BMP-2 (Kubota et al., 2002; Nakamura et al.,
2005). To examine the effect of simultaneous delivery of
BMP-2 and FGF, we incubated the C2C12 cells with ND-FGF
and ND-BF carrying various amounts of FGF-basic (Fig.
4C). We observed that ND-BF induced alkaline phosphatase
activity, while ND-FGF did not. Consistent with other
in vitro reports (Hughes-Fulford and Li, 2011), FGF appeared
to inhibit the osteoblast differentiation induced by BMP-2
(Fig. 4C). However, FGF induced cellular proliferation, as
measured by total DNA content, in a dose-dependent fashion
(Fig. 4D). NDs and ND-BMP appeared to have little impact
on overall DNA content; however, the addition of 0.5 ng
bFGF per well induced a 1.44-fold increase in total DNA
content. These results indicate that BMP-2 and bFGF are
both active when delivered simultaneously by NDs.
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DISCUSSION

Here we have demonstrated that NDs are capable of simultane-
ously delivering 2 functional proteins: BMP-2 and bFGF.
ND-BMP induced differentiation of C2C12 myoblasts into
alkaline-phosphatase-producing osteoblasts (Fig. 4A), while the
combination of BMP-2 and bFGF in ND clusters (ND-BF)
induced proliferation of the precursor myoblasts in addition to
differentiation (Figs. 4C, 4D). However, the response to BMP-2
and FGF in cultured cells is complex. In vitro, consistent with
other reports (Hughes-Fulford and Li, 2011), we observed that
bFGF induced proliferation while inhibiting myoblast differen-
tiation (Fig. 4C). In contrast, multiple in vivo reports have dem-
onstrated that the addition of FGF augments bone formation in
response to BMP-2 (Kubota et al., 2002; Nakamura et al.,
2005). Although the BMP-2 and bFGF pathways are competi-
tive in cultured cells, both pathways are necessary for effective
bone healing in vivo. bFGF (FGF-2) is critical for promoting the
proliferation of osteoblast progenitors, while BMP-2 is necessary
for stimulating osteoblast differentiation and mineral production
(Hughes-Fulford and Li, 2011). Therefore, although combinatorial
therapy does not induce augmented alkaline phosphatase activ-
ity in vitro, augmented bone formation is likely to occur in vivo,
since we have demonstrated that both proteins are functional.

In addition to the ability to deliver 2 functional proteins in
one cluster, ND-mediated delivery offers an advantage in terms
of protein release profile. We observed that the response rate of
the C2C12 myoblasts to ND-BMP was reduced compared with
that of free BMP-2 (Fig. 4A). The most likely reason for this is
delayed release of protein from the ND clusters (Fig. 4B,
Appendix Fig. 4), inducing a delayed cellular response (Fig. 4A
vs. Appendix Fig. 3). Previous reports on proteins or peptides
loaded onto NDs have demonstrated that a stimulus, such as a
pH change, is necessary for release of the protein from the ND
after cluster formation (Shimkunas et al., 2009; Smith et al.,
2011). In our case, the natural acidification of cell culture media
over the course of culture was the likely trigger for protein
release from ND clusters.

In addition, we observed that the total BMP-2 loaded onto the
ND clusters did not correlate perfectly with the observed alkaline
phosphatase response. The normalized alkaline phosphatase
activity in the ND-BMP wells corresponded to 37.8, 45.8, and
41.5 ng of free BMP-2 (low, medium, and high doses, respec-
tively). However, based on the ELISA of the supernatants, the
cells were treated with 69.0, 138, or 276 ng of BMP-2 on nano-
diamonds. This may have been due in part to the delay of protein
release until the acidification of cell culture media occurred, but it
may also have been due to incomplete protein release. The maxi-
mal protein release from ND-BMP at 24 hrs was 2.73 pug
(Appendix Fig. 4, pH 5), which is less than 30% of the 9.14 ng
loaded onto the ND clusters (Appendix Fig. 1). This suggests that
only 30% of the BMP-2 would be released after 24 hrs in well-
acidified media, which would occur only at the end of cell culture.
Thirty percent of 138 ng is 41.2 ng, which correlates well with the
alkaline phosphatase production data (45.8 ng, Fig. 4A). While
perhaps not ideal for in vitro applications, the mouth naturally
maintains an average pH of 6.78 (Aframian et al., 2006) and read-
ily tolerates more acidic solutions like black coffee (pH 5) and

Moore et al.
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orange juice (pH 3), making protein release in an acidified envi-
ronment ideal for oral/dental applications.

In consideration of the translational potential of NDs as a
delivery vehicle for BMP-2 and bFGF, the delayed release,
response saturation, and nanometer-sized clusters are all advan-
tageous. Delayed or triggered release may allow for more pre-
cise control over the location of protein delivery. The combination
of delayed release and response saturation could allow for depot
formation and sustained delivery. Furthermore, the 100-nm
clusters will limit clearance by diffusion, keeping the proteins at
the desired location for longer and enhancing activity. However,
the greatest advantage of a protein delivery system of NDs is
that it is a liquid suspension. This would be particularly advanta-
geous in surgeries where space is limited, such as in oral and
maxillofacial procedures. Instead of implanting a bulky collagen
sponge, the clinician could administer a solution of ND-BF by
injection or rinse. Furthermore, in the event of a non-union or
implant failure, it might be possible to avoid a second surgery
by injecting or rinsing with an ND-BF solution.

In summary, we have demonstrated that NDs are an effective
delivery vehicle for BMP-2 and bFGF. ND-BF provides an
attractive alternative to collagen sponges for the promotion of
osteoblast progenitor cell differentiation and proliferation.
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