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Abstract Bovine serum albumin (BSA) was employed as
a model protein to study its loading efficiency into a cal-
cium phosphate (CaP) coating on titanium substrates. It is
found that the protein loading efficiency can be adjusted by
varying the specific configurations of the coating system
such as simulated body fluid (SBF) volume, solution height
and container selection for the SBF. A BSA loading effi-
ciency as high as 90% was achieved when the ratio of the
substrate surface area to modified SBF (m-SBF) volume
was as high as 0.072. The release of BSA from the bio-
mimetic coatings was also investigated in vitro. A
sustained release was achieved although a large quantity of
BSA was still trapped in the coating after 15 days of
immersion in a phosphate buffer solution. A much faster
release rate would be expected when the coating is
implanted in vivo due to the active involvement of osteo-
clast cells and enzymes.

1 Introduction

Biomimetic coating has been developed for more than
15 years to improve the biological performance of bio-
materials since Kokubo first introduced the coating method
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by soaking biomaterials in a simulated body fluid (SBF)
with ion concentrations similar to human blood plasma [1].
Compared to other coating techniques, biomimetic coating
has certain advantages. It is conducted at a temperature
which is close to body temperature (37°C) and pH (7.4) [2].
Biologically active molecules, such as growth factors, can
be co-precipitated with CaP crystals onto the surface of the
metal implants without compromising the bioactivity of
osteogenenic agents due to the mild conditions employed
during the coating process [3]. It has been reported that the
CaP coatings incorporated with bioactive molecules can
substantially improve the bioactivity [3—5] and enhance the
osteogenic activity of the implant [6-8].

Although biomimetic CaP coatings have been found to
offer significant improvement in the bonding between
implants and natural tissue, it still does not meet all clinical
requirements such as adequate new bone formation on the
healing site [6]. To overcome this problem, one possible
approach is to integrate functional biological agents or
drugs, such as growth factors, into the biomimetic coating
[9-11]. Growth factors are proteins that serve as signaling
agents for cells and stimulate cellular differentiation, pro-
liferation, migration, adhesion, and gene expression during
bone repair, thereby efficiently accelerate bone regenera-
tion [12—15]. Therefore, it is instructive and necessary to
incorporate osteogenic agents, such as growth factors,
hormones and peptides, into biomimetic coatings.

Currently, osteoinductive proteins, such as bone mor-
phogenetic protein (BMP), have been incorporated into
biomimetic coating using two approaches [16, 17]. In the
first approach, the osteoinductive agent is directly dropped
onto the surface of the biomimetic coating allowing the
coating to serve as a delivery carrier. With this method,
high protein incorporation efficiency (nearly 100%) is
obtained, but the adsorbed agent is liberated too rapidly to
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induce a sustained osteogenic response [18-20]. In the
second approach, the osteoinductive protein is added to the
SBF solution and co-precipitated with the CaP coating onto
the substrate material. In this manner, a more sustained
release is achieved [8, 17, 21]. Unfortunately, the protein
incorporation rate reported with this method is extremely
low, where approximately 3—15% of the proteins in the
SBF were incorporated into the CaP coating [17, 22, 23].
This results in a huge waste of the extremely expensive
osteoinductive proteins [24-26].

In this study, we attempted to improve the protein
incorporation rate by carefully adjusting the substrate sur-
face area to SBF volume ratio (SSA/SV ratio). A low
volume of SBF was employed to increase the SSA/SV ratio
to assure most of the calcium and phosphate ions in the
SBF solution contribute to the coating formation. Bovine
serum albumin (BSA) was used as a model protein to co-
precipitate with the biomimetic coating onto a titanium
substrate. The BSA incorporation rate as well as its sub-
sequent release profiles were investigated.

2 Materials and methods
2.1 Preparation of coating

Commercially available titanium strips (18 mm x 2 mm
x 0.5 mm) were used as the substrates in this research.
These strips were roughened by #800 sandpaper, follow by
an alkaline treatment using 6 M NaOH at 60°C for 24 h.
They were then thoroughly washed with de-ionized water,
and immersed in a modified SBF solution (m-SBF). The
m-SBF solution was prepared based on the procedures
described by Oyane et al. [27], but the ion concentrations
were adjusted according to Table 1.

BSA was employed as a model protein in the current
study, and it was labeled using Alexa488 (Invitrogen,
USA). To avoid protein absorption onto the container wall,
all the tubes used in this study were pre-coated with 1%
non-fluorescent labeled BSA solution for 1 h, and then

Table 1 Inorganic composition of human blood plasma and m-SBF

Ton Concentration (mM)
Blood plasma m-SBF

K* 5.0 6.0
Na*t 142.0 370.0
Ca" 2.5 8.0
Mg>* 1.5 3.0
Cl™ 103.0 376.0
HCO;™ 27.0 18
SO~ 0.5 0
HPO,*~ 1.0 3.0
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washed by PBS for three times. The pretreated titanium
strip was vertically placed into a 1.5 ml tube (Fisher, USA)
containing 1.0 ml m-SBF and BSA. Two Alexa488-BSA
concentrations,10 and 100 pg/ml, were studied. The sam-
ples were incubated in a water bath at 42°C for 24 h and
then removed from the tube, rinsed with deionized water,
and air dried at ambient temperature overnight.

2.2 Characterization of coating

Field emission scanning electron microscopy (FESEM,
JEOL 6335F) was employed to study the surface mor-
phologies of the biomimetic coating with and without BSA
incorporation. Infrared spectra were recorded by a Nicolet
XS60 Fourier transform infrared (FTIR) spectroscopy. The
coating was removed from titanium substrate using a
scalpel and subsequently ground into powder for FTIR
examination. FTIR spectra were obtained between wave-
lengths 4,000-400 cm ™' at a resolution of 2 cm™' and an
average scan of 128 scans. All coatings with and without
BSA were examined using an X-ray diffractometer (Sie-
mens D500) with a copper target. The voltage and current
settings were 40 kV and 40 mA, respectively. A step size
of 0.04° and a scan speed of 0.5°/min were used.

2.3 Incorporation of BSA in the coating

BSA concentrations in m-SBF before and after biomimetic
coating process were compared. Briefly, the amount of
BSA remaining in the m-SBF after the coating process was
measured using a microplate reader (Molecular Devices
M2 plate reader, USA) with a fluorescence absorbance
mode of an excitation wavelength of 497 nm and emission
wavelength of 520 nm. Thus, the BSA incorporation into
the coating can be calculated using the following equation:

(Cinitial - Cremained)
Cinitial

Rincorporalion(%) = x 100% (1)
where Rincorporation 18 the BSA incorporation rate into
coating, Cinjia the initial BSA concentration in SBF before
coating (amount pre-determined), and Ciemaineq 1S the BSA
concentration remained in SBF after coating.

2.4 Efficiency of calcium and phosphate forming
into the coating

The initial concentrations of calcium and phosphate in
m-SBF were 8.0 and 3.0 mM (pre-determined), respec-
tively. Not all the calcium and phosphate in the SBF
participated in the coating formation. The amount of cal-
cium and phosphate participating in the biomimetic coating
formation was determined by measuring the remaining
calcium and phosphate ion concentrations in the SBF after
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coating formation. Similar to the BSA assessment, the
efficiency of calcium and phosphate forming into coating
was also calculated based on Eq. 1, where Cjpjga is the
initial calcium and phosphate concentrations in m-SBF,
and Cremainea 18 the calcium and phosphate concentrations
in m-SBF after coating formation. The calcium concen-
tration in SBF was measured using an atomic absorbance
spectrometer (AAS, Perkin Elmer-5000, USA), and the
phosphate concentration was determined using molybde-
num blue chemistry [28]. For the phosphate measurement,
pure water, 2.5 wt% ammonium molybdate, and 10 wt%
ascorbic acid (v:v:v = 5:1:1) were added in the above
order to form a working solution. The working solution
was mixed with the testing solution at a volume ratio of
4:1(v/v), and then incubated at 60°C for 15 min. The mixed
solution was subsequently examined using a microplate
reader (Biotek, MQX?200) at a wavelength of 830 nm.

2.5 In vitro BSA release kinetics

To study protein release kinetics, the biomimetic coated
titanium strip with Alexa488-BSA (n = 4 for each con-
centration) was soaked in 1.0 ml phosphate buffered saline
(PBS) in a sealed 1.5 ml Eppendorf tube at 37°C for
15 days. At each time point, 1.0 ml of the immersion
solution was taken out for Alexa488-BSA concentration
measurement. The same volume of PBS was added to the
container to maintain a constant volume of the soaking
solution. The Alexa488-BSA concentration in each solu-
tion was determined as stated in Sect. 2.3.

After 15 days of BSA release, the samples were
removed from tubes, rinsed with distilled water and dried
at room temperature. The surface morphology of these
samples was observed using a FESEM.

3 Results
3.1 Coating characterization

Figure 1 shows FESEM micrographs of the biomimetic
coating on a titanium substrate. Incorporation of BSA
resulted in morphological changes of the CaP crystals. Both
the coatings with and without BSA were composed of CaP
crystal plates with a length of approximately 2 pm, but the
morphology of the plates changed substantially after the
incorporation of BSA. The crystal plates of the coating
without BSA were relatively flat with sharp edges, and most
of them were well separated from each other (Fig. 1A and
B). By contrast, the crystal plates of the coating with BSA
were severely bent and contacting with the surrounding
crystals in a random manner (Fig. 1C-F). In addition, as the
BSA concentration in m-SBF increased from 10 to 100 pg/

ml, the extent of bending of the crystals increased as
demonstrated in Fig. ID and F. The obvious differences
between these two biomimetic coatings imply that BSA has
not only incorporated into the coating, but also affected the
lattice structure and orientation of the CaP crystals.

The FTIR spectra of BSA powder, a biomimetic coating
without BSA, and biomimetic coatings with BSA at dif-
ferent concentrations are plotted in Fig. 2. The spectra of
pure BSA and biomimetic coating are present as controls.
The spectrum of the BSA powder exhibited an apparent
absorption band at 1,654 cm ™" assigned to C=0 stretching
mode of amide I and 1,540 cm ™" assigned to N—H bending
mode of amide II. The spectrum of the coating without
BSA illustrated three characteristic bands: 1,040 cm™!
assigned to P-O stretching mode, and both 602 cm™" and
563 cm™!' assigned to O-P-O bending mode. For the
coatings with BSA, two bands at 1,654 cm™!' and
1,540 cm ™" were also observed, suggesting that BSA has
incorporated into the biomimetic coating. The bands for the
coating with a BSA concentration of 100 pg/ml were more
prominent than those with a BSA concentration of 10 pg/
ml, suggesting more BSA is incorporated into the former
coating than the latter. Nevertheless, the OH stretching
band at ~3,572 cm~! was not observed, indicating the
coating formed may not be apatite.

Figure 3 shows the X-ray diffraction (XRD) patterns of
the BSA-loaded biomimetic coatings. The coatings were
identified as octocalcium phosphate (OCP, Cag(HPO,),
(POy)4 - SH,0) which exhibits a unique diffraction peak at
20 = 4.7° corresponding to the (100) plane of OCP. Other
peaks appeared at 10°, 16°, 26°, and 32° in the XRD
spectra also match with OCP. No considerable difference
in those characteristic diffraction peaks was discerned
between the coatings with and without BSA.

3.2 BSA incorporation efficiency

The fluorescence associated Alexa488-BSA was used to
quantify the incorporation of BSA into the biomimetic
coating. About 90% of the BSA (~9 ng) in m-SBF was
incorporated into the biomimetic coating when the original
BSA concentration was low, such as 10 pg/ml (Fig. 4).
When the initial Alexa488-BSA concentration in SBF
increased to 100 pg/ml, the loading efficiency decreased to
about 60%, which is still much higher than the incorpo-
ration rate reported by most researchers [3, 17, 23].

3.3 Calcium and phosphate incorporation efficiency
Calcium and phosphate incorporation rates were also high
in both m-SBF solutions with two different BSA concen-

trations (Fig. 5). Despite of the differences in BSA
concentrations in the two solutions, approximately 90% of
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Fig. 1 Scanning electron microscopy micrographs of biomimetic
coatings prepared with different BSA concentrations: (A) BSA free
(2,000x), (B) 10 pg/ml BSA (2,000x), (C) 100 pg/ml BSA

the phosphate and 60% of the calcium in the initial m-SBF
participated in the biomimetic coating formation in both
groups. Apparently, most of the phosphate in the solution
was used up to form the coating, while 40% of the calcium
still remained in the m-SBF.

3.4 BSA release kinetics

The release profiles of BSA from biomimetic coatings are
shown in Fig. 6. For the coating with a BSA concentration
of 10 pg/ml, there was hardly any BSA released from the
coating after 15 days of immersion in PBS (Fig. 6). By
contrast, the BSA release in the coating with a BSA con-
centration of 100 pg/ml was much faster during the first
12 h of immersion. After the first 12 h, the release of BSA
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(2,000x), and (D) BSA free (10,000x), (E) 10 pg/ml BSA
(10,000x), and (F) 100 pg/ml BSA (10,000x)

slowed down and a sustained release was observed until the
end of the study period (15 days). Basically, about 4 pg
BSA was released in a fashion so-called “burst release” in
the first 12 h, while about 2.5 ng BSA was released in a
sustained mode. The total BSA release from the coating
with a BSA concentration of 100 pg/ml was approximately
6.5 pg, which was about 11% of the total amount of BSA
incorporated into the coating initially.

3.5 Morphology of the coating after BSA release

The morphology of the coating changed dramatically after
BSA release (Fig. 7). The large plate-like porous coating
(Fig. 1) disappeared after immersion in PBS for 15 days.
Instead, a homogenous dense CaP coating was observed
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Fig. 2 FT-IR spectra of the biomimetic coating with different BSA
concentrations: (A) pure BSA, (B) biomimetic coating without BSA,
(C) biomimetic coating with 10 pg/ml BSA, and (D) biomimetic
coating with 100 pg/ml
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Fig. 3 XRD patterns of the biomimetic coating with different BSA
concentrations: (A) biomimetic coating without BSA, (B) biomimetic
coating with 10 pg/ml BSA, and (C) biomimetic coating with 100 pg/
ml BSA

(Fig. 7). Interestingly, compared to the coating without
BSA, a few holes appeared in the coating containing BSA
after 15 days of immersion in PBS. More holes were found
in the coating with a higher BSA concentration (Fig. 7C
and E), which probably indicated that the coating with a
higher BSA content might dissolve faster.

4 Discussion

One objective of this study was to markedly improve the
efficiency of protein loading during the biomimetic coating
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Fig. 4 BSA loading efficiency in biomimetic coating at different
BSA concentrations
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Fig. 5 Calcium and phosphate incorporation efficiencies in biomi-
metic coatings at different BSA concentrations

processing. CaP coating produced by the biomimetic
method has demonstrated the capability of enhancing
early-stage bone apposition and long-term fixation of tita-
nium prostheses [29, 30]. Both of our FTIR and XRD
results confirmed that OCP coating was formed instead of
apatite, which may be due to the high sodium and chloride
concentrations employed in our m-SBF. The release
behavior of incorporating biomolecules onto/into the bio-
mimetic coating has been investigated [31, 32]. It was
found that if the biomolecules were simply adsorbed onto
the surface of the coating, a “burst” release of proteins was
observed which is not beneficial to the bone healing pro-
cess [26]. Biomolecules have also been successfully
incorporated into CaP coating through a biomimetic
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Fig. 6 Cumulative release profiles of BSA from biomimetic coatings
with different BSA concentrations: 10 and 100 pg/ml BSA

coating method, and a sustained release was achieved [21].
However, the loading efficiency of the biomolecules into
the biomimetic CaP coating was extremely low, approxi-
mately 15% [21], leading to a huge waste of the extremely
expensive proteins [5, 33, 34]. Drug loss, especially during
the loading processing, is one of the most common prob-
lems associated with drug delivery systems [35]. The main
reason for the low protein incorporation efficiency was the
relatively large volume of simulated body fluid used in
these studies, 30-200 ml [17, 22, 23]. During the coating
formation, only a small amount of calcium, phosphate and
protein incorporated into the coating, while excessive
minerals and protein remained in the SBF solution. In this
study, we increased the SSA/SV ratio up to 0.072, resulting
in more than 90% of the phosphate ions and 60% of the
calcium ions participated in the coating formation (Fig. 5).
Together with calcium and phosphate ions, a high pro-
portion of protein (up to 90%) added to the m-SBF was
also incorporated into the biomimetic CaP coating (Fig. 4).

In general, about 30-200 ml SBF is used to produce a
CaP coating on an implant [3, 8, 21, 36], which yields an
SSA/SV ratio between 0.005 and 0.03. When the SSA/SV
ratio is too low, a substantial amount of calcium and
phosphate ions as well as proteins remain in SBF after the
coating, resulting in a low loading efficiency. On the other
hand, if SSA/SV ratio is too high, it becomes difficult to
stabilize the SBF and subsequently form biomimetic
coating. In this study, the surface area of the specimens is
fixed. At a given SSA, we carefully adjusted the SV by
selecting containers with appropriate dimensions to mini-
mize the SBF volume used.

It is also known that the BSA incorporation efficiency is
closely associated with the proportion of calcium and
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phosphate ions in the SBF participating in biomimetic CaP
coating formation. BSA molecules have special affinity to
positive calcium ions through their negatively charged
COOH™ terminal groups under a close to neutral pH [37].
The working pH range of m-SBF in our system is between
6.2 and 6.8. Within this pH range, BSA binds to calcium
ions on the surface through electrostatic interactions. It
gradually incorporates into the CaP coating with calcium
and phosphate ions [23, 38]. When the volume of m-SBF is
high, only a small proportion of calcium and phosphate in
the SBF participate in the coating formation, and the rest
together with the excess protein remain in the m-SBF
solution. By contrast, if a low volume, e.g. 1.0 ml, of m-
SBF is used as demonstrated in the current study, almost all
the phosphate ions and a large proportion of calcium ions
in the solution are used up to form the coating (see Fig. 6).
Since BSA is bonded to calcium phosphate, its incorpora-
tion rate increases with the calcium and phosphate
incorporation rate. Different loading efficiencies were
obtained using various BSA concentrations indicating that
it is important to choose an appropriate protein concen-
tration for a certain coating system even though a low m-
SBF volume is used. For a given surface area, the amount
of protein incorporated is limited. Using an extremely high
protein concentration could also lead to a low protein
incorporation efficiency. Therefore, it is critical to choose
the appropriate SBF volume and BSA concentration to
obtain high loading efficiency.

It was found from material characterization that the
biomimetic coating formed on the surface of the titanium
strip was thin and porous. Also, amide bands were detected
by FT-IR (Fig.2) in the protein-containing coating,
implying that BSA has incorporated into the biomimetic
coating. The surface morphology of the coating with BSA
was significantly different from those without BSA. The
heavily bent crystal plates further indicated that the BSA is
not simply adsorbed onto the surface of the coating [26,
38]. Instead, BSA has been incorporated into the lattice
structure of the CaP coating through the electrostatic
interactions between BSA and the mineral [37, 39, 40].

The cumulative release profiles of BSA from the bio-
mimetic coatings suggest that most of BSA was trapped in
the coating after 15 days of immersion in PBS. This was
due to the fact that BSA was chemically bonded to CaP
crystal plates rather than simply adsorbed onto the surface
of the coating, so the bonding between the CaP crystals and
BSA was strong. For the coating prepared with 100 pg/ml
BSA, about 11% BSA was released during the subsequent
immersion. Meanwhile, it was found that part of the
coating dissolved, and left many holes in the coating. These
results collectively imply that the release of BSA may be
controlled by both diffusion and dissolution of the biomi-
metic coating. Although most of the BSA remained in the



J Mater Sci: Mater Med (2009) 20:287-294

293

Fig. 7 Scanning electron microscopy micrographs of biomimetic
coatings with different BSA concentrations after 15 days immersion
in deionized water: (A) BSA free (2,000x), (B) BSA free (5,000%),

coating, it has been reported that the protein could be
released at a much faster rate in vivo due to the faster
degradation rate of the coating at physiological conditions
[17]. In addition, our previous study also demonstrated that
the biomimetic CaP coating properties, such as density and
crystallinity, can be tailored by adjusting the pH, volume
and ionic strength of SBF [41, 42], and the coating density
and crystallinity have direct impact on the coating degra-
dation rate. Chou et al’s study also showed that the pH of
SBF had a clear influence on the morphology and crys-
tallinity of the coating [43]. Ionic strength of SBF was also
shown to affect the density and crystallinity of the coating
[2]. Therefore, the protein release profiles from the bio-
mimetic CaP coating can also be adjusted by tailoring the

(C) 10 pg/ml BSA (2,000x), (D) 10 pg/ml BSA (5,000%), (E)
100 pg/ml BSA (2,000), and (F) 100 pg/ml BSA (5,000%)

coating density and crystallinity and in turn varying the
degradation of the CaP coating.

It was also found that the crystallinity of the coating was
significantly altered after the 15 days of immersion. Our
previous study suggested that the coating formed on tita-
nium substrate has a gradient structure with a dense, low
crystalline coating adjacent to the substrate to form a strong
bonding and a porous, large crystalline top surface to
facilitate tissue ingrowth. As a result, before incubation in
PBS, the coating surface exhibited a highly crystalline
structure (Fig. 1). After the 15 days incubation, the top
layer of the coating was dissolved, and the bottom layer of
the coating was revealed which had a much finer and
denser structure than that on the surface (Fig. 7).
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5 Conclusions

BSA was employed as a model protein to be incorporated
into a calcium phosphate coating using a biomimetic
method. A high incorporation rate (>90%) was achieved by
dramatically reducing the SBF volume used for immersion
the metallic substrate. It was found that the BSA was
successfully incorporated into the biomimetic coating and
resulted in a significant change in crystal morphology and
composition. In the subsequent release study, a sustained
release was achieved for the coating containing 100 pg/ml
BSA. In summary, our results suggest that co-precipitation
is a promising method of incorporating osteoinductive
agents into calcium phosphate coatings, resulting in a
coating with both osteoconductive and osteoinductive
properties.
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