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Abstract
β-Tricalcium phosphate (β-TCP) is an attractive ceramic for bone tissue repair because of its
similar composition to bone mineral and its osteoconductivity. However, compared with other
ceramics β-TCP has a rapid and uncontrolled rate of degradation. In the current study β-TCP
granules were mineral coated with the aim of influencing the dissolution rate of β-TCP, and also
to use the coating as a carrier for controlled release of the growth factors recombinant human
vascular endothelial growth factor (rhVEGF), modular VEGF peptide (mVEGF), and modular
bone morphogenetic protein 2 peptide (mBMP2). The biomineral coatings were formed by
heterogeneous nucleation in aqueous solution using simulated body fluid solutions with varying
concentrations of bicarbonate (HCO3). Our results demonstrate that we could coat β-TCP granules
with mineral layers possessing different dissolution properties. The presence of a biomineral
coating delays the dissolution rate of the β-TCP granules. As the carbonate (CO3

2−) content in the
coating was increased the dissolution rate of the coated β-TCP also increased, but remained slower
than the dissolution of uncoated β-TCP. In addition, we showed sustained release of multiple
growth factors, with release kinetics that were controllable by varying the identity of the growth
factor or the CO3

2− con-tent in the mineral coating. Released rhVEGF induced human umbilical
vein endothelial cell (HUVEC) proliferation, and mVEGF enhanced migration of mouse
embryonic endothelial cells in a scratch wound healing assay, indicating that each released growth
factor was biologically active.
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1. Introduction
Calcium phosphate bioceramics are attractive materials for bone tissue repair because of
their similar composition to bone mineral, good osteoconductivity (e.g. ability of a material
to promote bone formation directly on their surfaces), and osteointegration (e.g. the ability
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to physically and chemically bond to the surface of bone tissue) [1,2]. The most widely used
bioceramics are hydroxyapatite (HAP) and β-tricalcium phosphate (β-TCP), and these
bioceramics have different physico-chemical properties as a result of their different
compositions and crystalline structures. Both materials have been used as bone replacement
materials. However, dense HAP is resorbed very slowly, if at all [3], while β-TCP has a
relatively fast rate of degradation [4]. Controlled dissolution of bioceramics is a critical
parameter in the design of bone tissue engineering scaffolds, as ideally the scaffold is
replaced by bone as it degrades. In this regard, β-TCP can be characterized by an adversely
high dissolution rate in some applications, while stoichiometric HAP is characterized by
adversely low dissolution, which can result in incomplete resorption [3]. In the current study
β-TCP granules were mineral coated with the aim of enhancing and controlling the
dissolution rate of β-TCP.

Calcium phosphate bioceramics can also serve as carriers for growth factors due to their
high affinity for proteins [5-7]. Growth factors can be surface bound or added as a powder
during the formation of low temperature calcium phosphate cements [8]. Additionally,
proteins have been co-precipitated during “biomimetic” growth of HAP coatings in
simulated body fluids (SBF) to achieve sustained release as the biomineral is resorbed [9].
Several growth factors that influence bone formation have been released from HAP,
including BMP2, TGFβ1, IGF1, and FGF2. However, since some calcium phosphate
materials are rapidly resorbed while others are only slowly resorbed, growth factor release
kinetics from a given bioceramic material are difficult to control. In this study we present an
approach in which growth factors are bound to the surface of biomineral coatings, and the
growth factor–biomineral affinity and intrinsic biomineral coating stability are varied. We
hypothesized that varying the biomineral coating properties would result in different
protein–biomineral interactions and biomineral dissolution rates, and therefore distinct
release kinetics. We further hypothesized that this approach could be used to achieve
different growth factor release profiles from the same carrier, which may be particularly
important when trying to induce multiple processes essential to tissue repair. For example,
angiogenesis and osteogenesis processes occur over relatively short (~2 weeks) and
relatively long (>4–6 weeks) timeframes post fracture, respectively [10], and these processes
are likely to benefit from distinct growth factor release timeframes.

Our approach to forming biomineral coatings mimics some aspects of natural
biomineralization [11]. Specifically, coatings were nucleated and grown on a template
material by incubation in solutions that approximate the ionic constituents, pH, and
temperature of blood plasma, often termed simulated body fluids (SBF). This approach,
initially established by Kokubo and co-workers [11], has been successfully used by us and
others to nucleate resorbable HAP coatings on a variety of template materials, including
glasses [12], metals [13], and polymers [14-17]. Because the biomineral is nucleated from
an aqueous solution this technique can be applied to devices with complex porous
geometries. In this study we propose to modulate the dissolution rate of HAP coatings by
including impurities in the coatings in a controlled manner. In biological apatites impurities
such as carbonate (CO3

2−) ions tend to increase mineral solubility in comparison with pure
stoichiometric HAP [18]. Therefore, we hypothesized that the biomineral coatings grown in
SBF with varying HCO3

− concentrations (4.2–100 mM) would result in coatings with
different extents of CO3

2− incorporation into the HAP mineral phase, which would in turn
result in different dissolution rates. We further reasoned that these coatings could be used as
a template for binding and controllable, sustained release of biologically active growth
factors, including recombinant human vascular endothelial growth factor (rhVEGF), a
modular peptide version of VEGF (mVEGF), and a modular peptide version of bone
morphogenetic protein 2 (mBMP2). The engineered peptide growth factors contain a HAP-
binding sequence inspired by the N-terminal α-helix of osteocalcin (OCN) [19] and a
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biologically active sequence that mimics BMP2 [20,21] or rhVEGF [22]. The BMP2-
mimicking peptide sequence has been previously shown by us to be biologically active [23].
Similarly, the VEGF-mimicking peptide has been shown to promote endothelial cell
proliferation in vitro [22,24] and enhanced angiogenesis in vivo [25].

2. Materials and methods
2.1. β-TCP granules and incubation in mSBF with variations in HCO3− concentration

β-TCP granules and discs were obtained from Berkeley Advanced Biomaterials Inc.
(Berkeley, CA). The granule size ranged from 3 to 6 mm. The discs had a diameter of 8 mm
and a thickness of 3 mm. They were incubated at 37 °C in modified simulated body fluids
(mSBF) with 4.2, 25 or 100 mM HCO3 for a period of 14 days under continuous rotation.
Each granule was incubated in 15 ml of mSBF. The mSBF solution had a similar
composition to that of human plasma but with double the concentration of calcium and
phosphate to enhance mineral growth, and was prepared as previously reported [17].
Specifically, the following reagents were added to deionized water heated to 37 °C in the
order shown: 141 mM NaCl, 4.0 mM KCl, 0.5 mM MgSO4, 1.0 mM MgCl2, 4.2 or 100 mM
NaHCO3, 20.0 mM HEPES, 5.0 mM CaCl2, and 2.0 mM KH2PO4. The solution was then
adjusted to a final pH of 6.8. The mSBF solution was renewed daily.

2.2. Analysis of biomineral growth
2.2.1. Electron microscopy—β-TCP discs were used for the analysis of biomineral
growth. The surface morphology of the biomineral coating was investigated by scanning
electron microscopy (SEM). β-TCP discs incubated for 14 days were mounted on aluminum
stubs and sputter coated with a thin layer of gold. Samples were imaged under high vacuum
using a JEOL JSM-6100 scanning electron microscope operating at 10 keV.

2.2.2. FTIR spectroscopy—Fourier transform infrared (FTIR) spectroscopy was
performed to identify the functional groups in the biomineral coating. Biomineral layers
scraped from the surface of biomineral-coated discs were mixed with potassium bromide,
pelletized, and recorded in the range 400–2000 cm−1 in transmission mode using an Equinox
55 spectrometer (Bruker AXS, Germany).

2.3. Biomineral stability
The stability of the β-TCP granules with or without a mineral coating was investigated by
measuring the amount of calcium released into phosphate-buffered saline (PBS) using a
colorimetric assay [26]. In brief, following mSBF incubation three β-TCP granules with a
mass of 400 ± 1.5 mg were incubated in a 24-well plate at 37 °C in 1 ml of PBS. The PBS
solution was collected on days 1, 2, 3, 5, 7, 10, 15, 21, and 30. Each time the buffer was
replenished with fresh PBS. A total of 4 wells per coating condition were used for the
dissolution experiments. To quantify the amount of calcium, 5 μl of sample was mixed with
195 μl of a 0.4 mM Arsenazo III/0.02 M Tris buffer solution at pH 7.4. The amount of
calcium was quantitatively detected by measuring the absorbance at 615 nm using a BioTek
Synergy plate reader and comparing it with a set of standards with known calcium
concentrations. All data were normalized to the average mass of granules used (e.g. 400
mg).

2.4. Binding and release of rhVEGF and mVEGF
Radiolabeled rhVEGF or fluorescently tagged mVEGF were used for the release
studies. 125I-labeled rhVEGF was purchased from Perkin Elmer (Boston, MA). mVEGF was
synthesized manually by solid phase peptide synthesis on Fmoc-Rink Amide MBHA resin
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with Fmoc-protected α-amino acids with HOBT/DIC activation, as reported previously [24],
and fluorescently active carboxyfluorescein was tagged on the N-terminus of mVEGF as
needed. Each β-TCP granule was incubated in 250 μl of either VEGF solution (1 μg ml−1,
0.35% 125I-labeled rhVEGF; 500 μg ml−1 carboxyfluorescein-labeled mVEGF) at 37 °C for
1 h to allow equilibrium binding. The β-TCP granule was then transferred and incubated in
250 μl of Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C. The radioactivity or the
fluorescence intensity of the solution used for binding was measured to determine the
percentage of growth factor initially bound. At the indicated time points the radioactivity or
fluorescence intensity of the release medium was measured using a Packard Cobra II
Gamma Counter (Meriden, CT) and a Bio-Tek Synergy plate reader (excitation/emission
494/519 nm), respectively. The fraction of rhVEGF in its native conformation after binding
and release was quantified using a modified immuno-assay (R&D Systems, Minneapolis,
MN) in which rhVEGF binding to rhVEGF-specific antibodies is dependent upon rhVEGF
maintaining its native conformation. The mass of rhVEGF that bound during the
immunoassay was normalized to the mass of released VEGF measured using the 125I-
rhVEGF radiotracer.

2.5. rhVEGF-induced cell proliferation
To confirm the release of biologically active rhVEGF we studied human umbilical vein
endothelial cell (HUVEC) proliferation. HU-VEC were purchased from Lonza
(Walkersville, MD). HUVEC were seeded in gelatin-coated 24-well plates at 11,000 cells
per well using Medium 199 supplemented with the EGM-2 bullet kit (Lonza). Cells were
allowed to attach overnight. The culture medium was changed to Medium 199 with 10%
fetal bovine serum (Hy-Clone, Logan, UT). Transwell inserts (Corning, Corning, NJ) were
placed in the wells in order to separate the β-TCP granules from the cells. β-TCP granules
were autoclaved for sterilization prior to in vitro proliferation assay. Each sterile granule
was incubated in 250 μl of rhVEGF solution (1 μg ml−1) at 37 °C for 1 h and then rinsed in
deionized H2O. Five β-TCP granules were added per insert and medium added to give a
total of 2 ml per well. The cells were allowed to proliferate for 72 h. Cell number was
determined using the CellTiter-Blue Cell Viability Assay (Promega, Madison, WI).

2.6. mVEGF-induced cell migration
C166-GFP mouse endothelial cells (ATCC, Rockville, MD) were cultured in DMEM
supplemented with 5% cosmic calf serum and a mixture of penicillin (100 U ml−1),
streptomycin (100 mg ml−1) and G418 (0.2 mg ml−1) at 37 °C in 5% CO2. A scratch wound
healing assay was performed to assess the effect of mVEGF on endothelial C166-GFP cell
migration. Each scratch was created using a plastic pipette tip on a confluent cell layer in a
24-well plate well. After rinsing with PBS the cells were cultured under normal conditions
in the presence of mVEGF-releasing granules or mVEGF-free granules placed in a transwell
insert.

2.7. Binding and release of mBMP2
mBMP2 was synthesized manually by solid phase peptide synthesis on Fmoc-Rink Amide
MBHA resin with Fmoc-protected α-amino groups with PyBop/DIPEA/HOBT activation,
as previously reported [19]. Each β-TCP granule was incubated in 250 μl of
carboxyfluorescein-labeled mBMP2 solution (0.5 mg ml−1) at 37 °C for 1 h. The β-TCP
granule was then rinsed with deionized water and transferred to and incubated in 250 μl of
DMEM at 37 °C. At the indicated time points the release medium was collected and
replaced with fresh medium. The amount of peptide released was measured as the
fluorescence intensity of the release medium (excitation/emission 494/519 nm) using a
BioTek Synergy plate reader.
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2.8. Statistical analysis
All results are expressed as means ± standard deviations. Differences between data sets were
assessed by an analysis of variance (ANOVA). A P value of less than 0.05 was considered
significant.

3. Results
3.1. Characterization of biomineral coatings

Incubation of β-TCP discs in mSBF solutions with increasing carbonate concentrations
resulted in the formation of biomineral coatings with apparently different morphologies.
SEM micrographs confirmed the formation of a continuous biomineral coating after
incubation for 7 days (Fig. 1a–c). A qualitative analysis based on SEM clearly demonstrated
morphological differences resulting from using SBF solutions with different carbonate
concentrations (Fig. 1d–f). The biomineral formed at lower carbonate concentrations
primarily displayed a plate-like nanostructure (Fig. 1d), and the nanoscale plates became
smaller as the carbonate concentration was increased (Fig. 1e and f). Fig. 1g shows the
surface of the β-TCP discs before incubation.

FTIR analysis confirmed the incorporation of carbonate into the HAP coating (Fig. 2). The
FTIR spectra showed two dominant peaks that can be attributed to O–P–O bending and
asymmetrical P–O stretch of the PO4

3− group of HAP (~600 and ~1100 cm−1, respectively).
The vibration peaks at 1500–1600 and ~880 cm−1, which can be assigned to the carbonate
(CO 32−) group, were more strongly detected in biomineral coatings formed in mSBF with
100 mM HCO3 compared with those in 4.2 mM HCO3 mSBF. As expected, our control
group (no incubation) did not show a CO 32− peak, as CO3

2− is not present in pure β-TCP.
Thus carbonate incorporation into biomineral coatings was enhanced at higher carbonate
concentrations in mSBF. CO3

2− bands in this spectrum (at ~880 and 1500 cm−1) indicate
that the two common types of carbonate substitution (type A substitution for OH− and type
B substitution for PO4

3−) are present in this compound [27].

HAP-coated samples with different extents of carbonate substitution had different
dissolution characteristics in PBS. At higher levels of carbonate incorporation the rate of
calcium release and the total amount of calcium release, both measures of biomineral
dissolution, increased (Fig. 3). Importantly, the presence of the HAP biomineral coating
decreased dissolution of β-TCP granules, as the uncoated granules exhibited the fastest
dissolution rate.

3.2. Binding and sustained release of rhVEGF, mVEGF, and mBMP2
Multiple distinct growth factors could be bound to biomineral-coated β-TCP. The
percentage of rhVEGF that bound to carbonated HAP with low carbonate substitution
(cHAPlowCO3) coatings was 22 ± 6% in a solution containing 1 μg ml−1 rhVEGF (Fig. 4a).
Binding efficiencies of mVEGF to cHAPlowCO3, to cHAPmidCO3, and cHAPhigh CO3 were 87
± 1.8%, 86 ± 2.2%, and 84 ± 1.9%, respectively (Fig. 4c). mBMP2 bound to these coatings
with binding efficiencies of 94 ± 1.1%, 92.4 ± 0.6%, and 92.8 ± 0.7% (Fig. 5b). Thus the
binding efficiencies for mBMP2 and mVEGF were similar, and were significantly higher
than the rhVEGF binding efficiency.

Growth factors bound to biomineral-coated β-TCP were released in a sustained manner, and
the release kinetics were dependent on the identity of the growth factor and the dissolution
characteristics of the biomineral coating. rhVEGF released from biomineral-coated β-TCP
was sustained over a 2 week period (Fig. 4b), including an initial burst release of 55 ± 10%
during the first 3 days (Fig. 4b). Release of mVEGF was sustained for over 30 days from all
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coatings and did not show a burst release. By day 3 only 0.6 ± 0.2%, 1 ± 0.1%, and 1 ± 0.1%
mVEGF was released from cHAPlow CO3, cHAPmid CO3, and cHAPhigh CO3, respectively
(Fig. 4d). On day 30 1.9 ± 0.4%, 2.3 ± 0.4%, and 3.0 ± 0.6% of the mVEGF initially bound
was released from cHAPlow CO3, cHAPmid CO3, and cHAPhigh CO3, respectively (Fig. 4d).
Similarly to mVEGF, the release of mBMP2 from biomineral-coated granules showed a
minimal burst release and sustained release kinetics over extended periods of time (6
weeks), and the release kinetics were influenced by the characteristics of the biomineral
coating (Fig. 5a and b). In particular, the rate and magnitude of mBMP2 release increased
with increasing carbonate substitution in the coatings, which correlated with the biomineral
dissolution data (Fig. 3). The mBMP2 released from cHAPhigh CO3 showed higher rates and
a total release of approximate 70% of the bound growth factor compared to mBMP2
released from cHAPlow HCO3. As the carbonate concentration in the biomineral coating
decreased the percentage release de-creased from 70% from cHAPhigh CO3, to 50% from
cHAPmid HCO3, to 25% from cHAPlow HCO3.

3.3. Biological activity of rhVEGF
rhVEGF released from β-TCP was capable of binding to anti-VEGF antibody and was
capable of promoting HUVEC proliferation. As an initial demonstration of biological
activity we evaluated rhVEGF released using an ELISA. We first determined that 83 ± 23%
rhVEGF in the stock solution was detected via ELISA (data not shown). We used that value
as an indication of the maximum amount of rhVEGF that could bind to the anti-VEGF
antibody, which was used to normalize the amount of antibody-reactive rhVEGF released (a
preliminary measure of biological activity). Our results show that 80 ± 13% and 82 ± 32%
of the released rhVEGF was ELISA-reactive on days 1 and 2, respectively. The amount of
ELISA-reactive VEGF then decreased to 39 ± 15% and 29 ± 4% on days 3 and 7,
respectively (Fig. 6). In addition, we evaluated whether the released rhVEGF was capable of
promoting HU-VEC proliferation, a well-defined measure of rhVEGF biological activity.
HUVEC proliferation was significantly higher in the pres-ence of rhVEGF, whether the
rhVEGF was added as a bolus or released from biomineral-coated β-TCP. The group that
was releasing rhVEGF from biomineral-coated β-TCP showed no significant difference in
HUVEC metabolic activity compared with the group receiving bolus rhVEGF during the 72
h incubation period evaluated (Fig. 7). These data demonstrate that the released rhVEGF
was as biologically active as the rhVEGF added as a bolus to the cell culture medium.
Interestingly, VEGF-induced HUVEC proliferation required a lower concentration of
released rhVEGF when compared with bolus rhVEGF. Specifically, based on the release
profiles of rhVEGF (Fig. 4a), the amount of rhVEGF released into the cell culture medium
was approximately 0.5 ng ml−1, which is 2-fold lower than the 1 ng ml−1 concentration that
was used in the bolus administration of rhVEGF. The metabolic activity of the groups
receiving rhVEGF showed a 2-fold increase compared with the group that was incubated
with β-TCP granules that were not releasing rhVEGF.

mVEGF released from mineral coated β-TCP enhanced the migration of C166-GFP mouse
endothelial cells in a scratch wound healing assay in vitro. A significant enhancement of cell
migration into a scratch wound was observed in the mVEGF-coated group compared with
the uncoated group (mineral-coated β-TCP)(Fig. 8). Interestingly, migration in the uncoated
group was also enhanced compared with the control group (no β-TCP), suggesting that ions
released from mineral-coated β-TCP may positively influence endothelial cell activity in the
absence of rhVEGF or mVEGF.

4. Discussion
Incubation of β-TCP in mSBF solutions with increasing carbon-ate concentrations resulted
in the formation of a continuous mineral layer with different morphological features (Fig.
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1a–g). Formation of the mineral coating probably involved the interaction of the calcium
and phosphate ions in solution with the calcium and phosphate groups in β-TCP, the
formation of HAP nuclei on the surface, and subsequent growth of these nuclei to form a
continuous coating, as described in analogous approaches previously[2,28,29]. The plates in
the plate-like nanostructure in the coating became smaller as carbonate substitution
increased. Ionic substitution is known to disrupt the structure and lattice of the mineral
formed, and an increase in carbonate substitution has been shown to result in decreased
apatite crystallinity [28,30,31]. The presence of the mineral coating dramatically decreased
the dissolution of β-TCP biomaterials. This is a potentially important result, as β-TCP
ceramics are known to be less stable than other common bioceramics, and may be resorbed
more quickly than desired for some clinical applications. In particular, β-TCP granules have
been shown to degrade 3–12 times faster than HAP in vitro, depending on experimental
variables such as the buffer used and the granule size [2]. In vivo β-TCP can take between 4
and 16 months to degrade[32,33], whereas HAP can remain for over 5 years post-surgery
without evidence of substantial resorption [32]. Therefore, in some clinical applications
there is a need to decrease the dissolution rate of β-TCP so that it remains present during the
time course of new bone formation (several months), but to avoid the lack of resorption
observed in more stable bioceramics such as HAP. The solubility characteristics of the
coatings in aqueous buffer varied, with different dissolution rates among the coatings with
different extents of carbonate substitution. Thus our results show that at higher carbonate
concentrations the rate and total amount of calcium release increased, and varying the
degree of carbonate incorporation resulted in a modulation of the dissolution kinetics (Fig.
3).

The solubility of apatites is affected by the extent of ionic substitution in the apatite lattice,
and also by the crystallinity of the mineral [31]. Carbonate substitution has been shown to
increase the solubility of apatites [18,31,34]. Similarly, the degree of crystallinity affects the
solubility of apatites. Highly crystalline apatites tend to be insoluble, while poorly
crystalline apatites have higher relative solubilities. With the formation of a mineral coating
on β-TCP we can modulate its dissolution rate, and potentially match the bioceramic
resorption with the intended end goal, whether the end goal is short-term (e.g. drug delivery)
or longer term (e.g. bone reconstruction and replacement).

The mineral coating served as a simple and highly adaptable carrier to bind and release
rhVEGF, mVEGF, and mBMP2. The surface of the mineral coating is highly porous and
contains charged calcium and phosphate components. Therefore, we hypothesized that the
coating would be capable of binding growth factors via electrostatic interactions, and that
the growth factors would be released at different rates based on the affinity of the growth
factor for the mineral coating and the dynamics of coating dissolution. Analysis of the
release profiles of the growth factors from mineral-coated β-TCP biomaterials showed that:
(1) the affinity of the growth factor could be enhanced by incorporating a mineral binding
sequence into the growth factor, resulting in a higher binding efficiency and longer term
release; (2) the dynamics of coating dissolution influence growth factor release, with higher
dissolution rates leading to more rapid release. In particular, the rhVEGF and mVEGF
release data demonstrate the ability to vary the growth factor release profile based on the
growth factor-coating affinity, as mVEGF is designed to have a higher mineral-binding
affinity than rhVEGF. As expected, rhVEGF was released in the short term (with-in 2
weeks), while mVEGF was released over more than 4 weeks (Fig. 4b and d). In addition,
both the mBMP2 release data and the mVEGF release data demonstrate the ability to control
the release kinetics by modulating the coating dissolution rate. The mBMP2 and mVEGF
release kinetics were directly related to the extent of carbonate substitution in the mineral
coating (Figs. 4b and 5a), which indicates that the growth factor release rate is correlated
with coating dissolution. The ability to modulate the growth factor release kinetics via two
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separate mechanisms (growth factor–coating affinity and coating dissolution) is potentially
useful in bone tissue engineering, as it is desirable to be able to tailor the growth factor
release kinetics to suit the particular growth factor and the intended clinical indication. For
example, rhVEGF influences blood vessel formation early during fracture repair. Therefore,
short-term release of rhVEGF would be preferred in bone repair applications. In contrast,
long-term release of BMP2 is likely to be more advantageous to stimulate and sustain tissue
regeneration. BMP2 has been shown to enhance bone regeneration in critical sized
segmental bone defects in long-term studies (over 8 weeks) [35,36], and Jeon et al.
demonstrated that long-term delivery of BMP2 enhances its in vivo osteogenic efficacy [37].
Current clinical approaches to growth factor delivery involve including proteins within a
collagen sponge. Despite the early clinical success of bone growth factor delivery, there are
significant limitations. For example, the release kinetics of rhBMP2 from collagen sponges
exhibits a burst release over the first 4 days after implantation, resulting in short term
release. Growth factors can also diffuse from materials and/or be degraded rapidly in vivo,
resulting in limited bioavailability. The methods presented in this study for growth factor
binding and release represent a simple approach that could be easily translated to a clinical
setting and allow sustained, controllable release kinetics.

rhVEGF released from the β-TCP biomaterials promoted proliferation of HUVEC, which
demonstrates that the biological activity of rhVEGF was not substantially compromised
during binding and release. Over 80% of the rhVEGF released within the first 2 days is
capable of binding to an anti-rhVEGF antibody and therefore is likely to be in its native
conformation (Fig. 5). That percentage decreased over time to 39% on day 3 and 29% on
day 7, by which time most of the initially bound rhVEGF was released (77%). However,
incubation of HUVEC with mineral-coated biomaterials releasing rhVEGF enhanced their
proliferation compared with the group that did not receive rhVEGF, indicating that the
percentage of rhVEGF remaining active after release was high enough to cause a biological
response. rhVEGF is not highly stable in biological solutions, and has a half-life of the order
of hours (~8 h) in cell culture medium [38]. In vivo rhVEGF is bound by proteins such as
HuR, which inhibit its degradation and can increase the rhVEGF half-life 3- to 8-fold
[38,39]. The absence of these proteins in our in vitro characterization work could have
influenced the decreased observed in the percentage of rhVEGF that was ELISA-reactive
(Fig. 5). mVEGF significantly enhanced migration of C166 mouse endothelial cells
compared with the condition without β-TCP and that with β-TCP alone, indicating that the
mVEGF was biologically active (Fig. 8). This result is consistent with previous studies, in
which we have demonstrated biological activity of mVEGF [24]. The more general
observation of modular peptide biological activity is also consistent with our previous
demonstration of mBMP2 biological activity [19]. Interestingly, β-TCP alone resulted in
enhanced scratch wound healing, which suggests that a component released from β-TCP
may positively influence endothelial cell migration and/or proliferation. Further studies will
be required to delineate specific β-TCP-derived factors that may influence endothelial cell
signaling.

5. Conclusion
In this study we have demonstrated that the dissolution rate of mineral-coated β-TCP can be
modulated by varying carbonate incorporation into the mineral coating. We have also
demonstrated that the mineral coating can be used as an efficient and controllable template
for growth factor binding and release. This approach to mineral coating can be applied to a
variety of template materials and geometries, and the growth factor incorporation process
represents a simple technique that may be easily incorporated into clinical settings.
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Appendix A. Figures with essential colour discrimination
Certain figures in this article, particularly Figures 7 and 8, are difficult to interpret in black
and white. The full colour images can be found in the on-line version, at doi:10.1016/
j.actbio.2011.11.028.
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Fig. 1.
SEM micrographs of β-TCP discs after 14 days incubation in mSBF with a bicarbonate
concentration of (a) 4.2, (b) 25, and (c) 100 mM HCO3

− show the formation of a continuous
coating. The morphology of the mineral is affected by the extent of carbonate substitution.
The plate-like nanostructure at lower HCO3

− in mSBF, (d) 4.2 mM, becomes smaller as the
concentration of HCO3

− in mSBF increases to (e) 25 and (f) 100 mM. (g) The surface before
incubation in mSBF.
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Fig. 2.
FTIR a spectrum of β-TCP discs before incubation in mSBF (i) and after incubation in
mSBF with (ii) 4.2 (cHAPlow CO3) or (iii) 100 mM HCO3

−(cHAPhigh CO3). The increased
peak intensity at 1500–1600 cm−1 in (iii) compared with (i) indicates higher carbonation in
the cHAP coating.
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Fig. 3.
Stability of the β-TCP granules. Release of calcium ions from uncoated and coated granules
after incubation in mSBF with 4.2, 25, and 100 mM HCO3

− is represented by the circles,
triangles, diamonds and rectangles, respectively. The presence of the mineral coating
improves the stability of the β-TCP granules. In the mineral-coated groups as the HCO3

−

concentration in mSBF increased the rate of dissolution increased as well.
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Fig. 4.
Binding of (a) rhVEGF and (b) mVEGF to biomineral-coated β-TPC. (a and c) Since
mVEGF interacts more strongly with the mineral coating than rhVEGF due to the mineral
binding sequence the percentage of mVEGF bound (>80%) to all coatings was higher
compared with rhVEGF (22%). (b and d) Cumulative release of rhVEGF and mVEGF from
mineral-coated β-TCP granules. rhVEGF was released during the first 10 days. In contrast,
mVEGF was released over longer time frames.
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Fig. 5.
(a) mBMP2 bound with high affinity to the biomineral coating. The percentage of mBMP2
bound was not affected by the extent of carbonate substitution in the mineral coating. (b)
Cumulative release of mBMP2 from the mineral coating formed on β-TCP granules by
incubating in mSBF with different bicarbonate concentrations; ○, 4.2 mM; △, 25 mM; ▽,
100 mM. The release of mBMP2 correlated with the rate of dissolution of the mineral
coating. At higher carbonate concentrations mBMP2 was released at higher rates.
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Fig. 6.
The fraction of rhVEGF that maintained its native conformation after release from β-TCP
decreased over time.
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Fig. 7.
The release of rhVEGF from mineral-coated β-TCP granules significantly enhanced
HUVEC proliferation, here measured using a blue cell titer assay (arbitrary units). There
were no significant differences between bolus administration of rhVEGF and released
rhVEGF, but, based on the release data, the concentration of rhVEGF from the slow release
group was 0.5 ng ml−1. In the group exposed to bolus rhVEGF the cells were exposed to 1
ng ml−1. The granules releasing rhVEGF influenced proliferation at half the concentration of
the bolus group.
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Fig. 8.
C166-GFP scratch wound healing assay. Optical microscopic images of a scratch: (a)
immediately after scratch formation and after 14 h in culture (b) under normal conditions,
(c) in the presence of mineralized TCP granules and (d) in the presence of mVEGF-coated,
mineralized TCP granules. (e) Percentage of area covered after migration of cells for 14 h.
*Significance compared with the no mVEGF, no β-TCP group; +significance compared with
the β-TCP, no mVEGF group.
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