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The efficient loading and sustained release of proteins from bioactive microspheres remain a
significant challenge. In this study, we have developed bioactive microspheres which can be
loaded with protein and then have a controlled rate of protein release into a surrounding
medium. This was achieved by preparing a bioactive microsphere system with core-shell
structure, combining a calcium silicate (CS) shell with an alginate (A) core by a one-step
in situ method. The result was to improve the microspheres’ protein adsorption and release,
which yielded a highly bioactive material with potential uses in bone repair applications. The
composition and the core-shell structure, as well as the formation mechanism of the obtained
CS—A microspheres, were investigated by X-ray diffraction, optical microscopy, scanning
electron microscopy, energy dispersive spectrometer dot and line-scanning analysis. The
protein loading efficiency reached 75 per cent in CS—A microspheres with a core-shell struc-
ture by the in situ method. This is significantly higher than that of pure A or CS—A
microspheres prepared by non-in situ method, which lack a core-shell structure. CS—A micro-
spheres with a core-shell structure showed a significant decrease in the burst release of
proteins, maintaining sustained release profile in phosphate-buffered saline (PBS) at both
pH 7.4 and 4.3, compared with the controls. The protein release from CS—A microspheres
is predominantly controlled by a Fickian diffusion mechanism. The CS—A microspheres
with a core-shell structure were shown to have improved apatite-mineralization in simulated
body fluids compared with the controls, most probably owing to the existence of bioactive CS
shell on the surface of the microspheres. Our results indicate that the core-shell structure of
CS—A microspheres play an important role in enhancing protein delivery and mineralization,
which makes these composite materials promising candidates for application in bone tissue

regeneration.
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1. INTRODUCTION

It is predicted that with increased life expectancy in the
developed world, there will be a greater demand for syn-
thetic materials to repair or regenerate lost, injured or
diseased bone [1]. There are still few synthetic materials
having true bone inductivity, which limits their appli-
cation for bone regeneration, especially in large-size
bone defects. To solve this problem, growth factors,
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such as bone morphogenetic proteins, have been incor-
porated into synthetic materials in order to stimulate
de novo bone formation in the centre of large-size
bone defects. The greatest obstacle with this approach
is that the rapid diffusion of the protein from the carrier
material, leading to a precipitous loss of bioactivity; the
result is often insufficient local induction or failure of
bone regeneration [2]. It is critical that the protein is
loaded in the carrier material in conditions that main-
tains its bioactivity [3]. For this reason, the efficient
loading and controlled release of a protein from a syn-
thetic material have remained a significant challenge.
The use of microspheres as protein—drug carriers has
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received considerable attention in recent years [4—6].
Compared with macroporous block scaffolds, the chief
advantage of microspheres is their superior protein-
delivery properties and ability to fill bone defects with
irregular and complex shapes and sizes. Upon implan-
tation, the microspheres are easily conformed to the
irregular implant site, and the interstices between the
particles provide space for both tissue and vascular
ingrowth, which are important for effective and func-
tional bone regeneration [7].

Alginates (As) are natural polysaccharides and their
production does not have the implicit risk of contami-
nation with allo or xeno-proteins or viruses [8].
Because A is generally cytocompatible, it has been
used extensively in medicine, including cell therapy
and tissue engineering applications [8-10]. Calcium
cross-linked A hydrogel is considered a promising
material as a delivery matrix for drugs and proteins,
since its gel microspheres form readily in aqueous sol-
utions at room temperature, eliminating the need for
harsh organic solvents, thereby maintaining the bio-
activity of proteins in the process of loading into the
microspheres [11,12]. In addition, calcium cross-linked
A hydrogel is degradable under physiological conditions
[13,14], which makes A stand out as an attractive can-
didate material for the protein carrier and bone
regeneration [15—17]. However, the major disadvan-
tages of A microspheres is their low loading efficiency
and also rapid release of proteins owing to the mesh-
like networks of the gel [18]. Previous studies have
shown that a core-shell structure in drug—protein car-
riers can overcome the issues of limited loading
efficiencies and rapid release of drug or protein [19—
21]. We therefore hypothesized that introducing a
core-shell structure into the A microspheres could
solve the shortcomings of the pure A.

Calcium silicate (CS) has been tested as a biodegrad-
able biomaterial for bone tissue regeneration. CS is
capable of inducing bone-like apatite formation in simu-
lated body fluid (SBF) and its apatite-formation rate in
SBF is faster than that of Bioglass and apatite-
Wollastonite (A-W) glass-ceramics [22,23]. Titanium
alloys plasma-spray coated with CS have excellent in
vivo bioactivity [24] and porous CS scaffolds have
enhanced in wivo bone formation ability compared
with porous B-tricalcium phosphate ceramics [25]. In
the light of the many advantages of this material, we
decided to prepare CS—A composite microspheres by
combining a CS shell with an A core to improve their
protein delivery and mineralization for potential protein
delivery and bone repair applications.

2. MATERIAL AND METHODS

2.1. In situ preparation and characterization of
calcium silicate— alginate microspheres with
core-shell structure

CS—A microspheres containing 15 and 30 per cent of
CS compound (wt%, named as in situ 15CS—A and
in situ 30CS—A, respectively), were prepared using an
in situ synthesis method by a combination of A cross-
linking with Ca®" ions by the chemical reaction of
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Si03~ and Ca®" ions. In a typical preparation of in
situ 30CS—A microspheres, 0.16 g of NaySiO3 (Sigma-
Aldrich) was dissolved in 25 ml of ddH,O to obtain
Sing—containing slurry, into which 0.5 g of sodium A
(ISP, Koln, Germany) was dissolved. This SiO3 -con-
taining A mixture was extruded drop-wise with a
0.65 mm diameter needle into a 0.1 M CaCl, cross-
linking solution to form CS—A composite spherical
particles. The microspheres were reacted with different
time by immersing in the cross-linking solution, then
filtered, washed with ddH,O twice and dried at 50°C
overnight to obtain the in situ 30CS—A composite
microspheres with a core (A)-shell (CS compound)
structure. In situ 15CS—A microspheres were prepared
in a similar way, but by adding 0.08 g of NaySiO3.

The surface morphology, inner microstructure and
element composition/distribution of the microspheres
were characterized by optical microscopy (Stemi 2000-
C, Zeiss), scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) (Jeol JSM6510).
The phase composition was characterized by X-ray dif-
fraction (XRD). To evaluate the stability of the CS
shells surrounding the A core, the microspheres were
subjected to ultrasonic treatment for 1h in ddH5O.
The surface morphology of microspheres after ultrasonic
treatment was characterized by SEM. Nanoporo-
sity and pore distribution of microspheres were tested
by Brunauer—Emmett—Teller and Barret—Joyner—
Halenda analyses through N, adsorption—desorption
isotherms. The open-pore porosity (P) of the micro-
spheres was tested by Archimedes’ principle. Ethanol
was used as liquid medium. The P was calculated
according to the following formulation:

w2 - w1
P= W2 = W3 x 100%,

where W1 is the dry weight of the microspheres, W2 is
the weight of ethanol saturated with ethanol and W3
is the weight of microspheres suspended in ethanol.

2.2. Non-in situ preparation and
characterization of calcium silicate—
alginate microspheres

Non-in situ CS—A microspheres, containing 15 and 30
per cent of CS compound (wt%, named as non-in situ
15CS—A and non-in situ 30CS—A, respectively) were
prepared as controls. In this study, ‘in situ’ means
that we prepared the A—CS microspheres in a one-
step reaction as shown in §2.1. ‘Non-in situ’ means
that A—CS microspheres were prepared in two steps
(the first step is to prepare the CS powders and the
second step is then to incorporate CS into A). Non-cal-
cined CS powders were first prepared by a precipitation
method according to a previous publication [26]. Half a
gram of sodium alginate was dissolved into 25 ml of
ddH»O, and then either 0.075 or 0.15 g of CS powders
was added to the A solution under stirring for 30 min
to create a uniform mixture. The CS—A mixtures were
extruded drop-wise with a 0.65 mm diameter needle
into a 0.1M CaCl, cross-linking solution to form
CS—A composite spherical particles. These particles
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Scheme 1. Schematic illustration for the preparation of bovine serum albumin (BSA) loaded in situ CS—A microspheres with a
core-shell structure. Core: alginate; shell: calcium silicate layer. (Online version in colour.)

were characterized by the same procedure as described in
§2.1 above.

Another control material, pure A microspheres, was
prepared by same method, but without the addition
of CS or sodium silicate.

2.3. Preparation of bovine serum albumin loaded
in situ calcium silicate— alginate, non-in situ
calcium silicate—alginate and pure alginate
microspheres and evaluation of the loading
efficiency of bovine serum albumin in
microspheres

First, 25 mg of bovine serum albumin (BSA) was dis-
solved in 12.5 ml of ddH,O. (i) To prepare BSA loaded
in situ CS—A microsphere, BSA solution was added to
the Sing-containing A mixtures (prepared in §2.1
described above) under stirring for 5min. BSA and
Si03™-containing A mixtures were obtained. The remain-
ing preparation procedures were the same as those
described in §2.1 above. The details of the procedures
are shown in Scheme 1 (schematic illustration). (ii) To
prepare BSA loaded non-in situ CS—A microsphere,
BSA solution was added to the CS— A mixtures ( prepared
in §2.2 described above) under stirring for 5 min. BSA-
and CS-containing A mixtures were obtained. The
remaining preparation procedures were the same as that
described in §2.2 described above. (iii) BSA loaded pure
A microspheres were prepared without the addition CS
or sodium silicate, by same the method.

To evaluate the loading efficiency of BSA in the
different microsphere species, both the cross-linking
CaCl, solution from the filtering step and the water
from washing step were collected. The residual BSA
(Rpsa) in the CaCl, solution and water was measured
photometrically (UV min-1240, Shimadzu, Japan) at
the wavelength of 280 nm [27]. The loading efficiency
of BSA (LE%) was calculated by the equation,

_ Rpsa
Tsa

in which Thga was the total weight of BSA added to the
microspheres (25 mg in this study).

LE x 100%,

2.4. Bovine serum albumin release kinetics from
microspheres in phosphate-buffered saline

To evaluate the release kinetics of BSA from the
in situ CS—A microspheres, 0.2g of BSA-loaded
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in situ CS—A microspheres were placed in 4 ml PBS
(pH 7.4) at 37°C for 3, 9, 24, 48, 96, 168 and 336 h.
At each time point, 2 ml PBS solution was taken off
and replaced with 2 ml of fresh PBS. The amount of
BSA released in the PBS was then assessed UV
spectroscopy at 280 nm. The released protein at each
time point was calculated by deducting the remaining
protein in the last time point. The release kinetics of
BSA was calculated by the ratio of the released BSA
with the total BSA contents in microspheres. Three
samples from each microsphere species were taken for
mean and standard deviation calculations. The release
kinetics of BSA from non-in situ CS—A and pure A
microspheres controls were evaluated by the same
procedure.

The effect of a lower pH of the PBS on the release
kinetics of BSA from microspheres was also evaluated
by assessing the BSA release in PBS with a pH 4.3.

2.5. The in vitro apatite-mineralization ability
of the in situ calcium silicate—alginate
microspheres in acellular simulated
body fluid

A short-term in wvitro bioactivity study was carried
out using acellular SBF [28,29], which has an ion
concentration similar to human blood plasma. Briefly,
AR-grade CaCl,, Ky,HPO,3H,O, NaCl, KCI,
MgCl,-6H,0O, NaHCO3; and Na,SO, were dissolved in
distilled water and the pH adjusted to 7.4 with HCI
and tris base. Three hundred milligrams of microspheres
were immersed in 200 ml of SBF, and kept at 37°C for
3 days, after which they were washed by water for
two times and dried at 60°C for 1 day. The samples
were analysed by SEM and EDS to determine their apa-
tite-mineralization abilities. The apatite-mineralization
ability of the non-in situ CS—A and pure A micro-
spheres controls were evaluated by the same
procedure. The concentrations of SiOf, Ca*" and
POif ions in SBF after soaking were tested by atomic
emission spectroscopy (AES, Perkin-Elmer Optima
7000DV).

2.6. Statistical analysis

The data were expressed as means + standard deviation
(s.d.) for all experiments and were analysed using one-
way ANOVA with a post hoc test. A p-value < 0.05
was considered statistically significant.
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Figure 1. Optical microscopy images for (a) the pure A, (b) in situ 15CS—A, (¢) in situ 30CS—A, (d) non-in situ 15CS—A and
(e) non-in situ 30CS—A microspheres. (b,¢) In situ CS—A microspheres appear white because of a silicate layer, as a shell, on the
surface of A (core). (e) Only a few white particles on the surface of non-in situ CS—A microspheres. (Online version in colour.)

3. RESULTS AND DISCUSSION

3.1. Characterization of the in situ calcium
silicate— alginate microspheres with core-
shell structure

An in situ method was used to prepare CS—A
microspheres with a core-shell structure at room temp-
erature. Optical microscopy images show that the
microspheres thus obtained were encrusted by a white
CS layer (figure 1b,¢) and approximately 1 mm across
(see the electronic supplementary material, figure S1).
On the non-in situ produced 30CS—A microspheres
only a limited number of white CS particles were seen
on the surface (figure 1e), whereas no obvious CS par-
ticles could be found on the pure A microspheres
(figure 1a). High magnification SEM shows the surface
microstructure of the CS—A microspheres. The in situ
produced 15CS and 30CS—A microspheres have a
coarse surface owing to the formation of a shell com-
posed of CS particles (figure 2b,c), whereas, by
comparison, the pure A (figure 2a), non-in situ
15CS—A (figure 2d) and non-in situ 30CS—A (figure 2¢)
have a smoother surface. EDS analysis revealed the pres-
ence of Ca and Si elements in both in situ 30CS—A
(figure 2¢) and non-in situ 30CS—A (figure 2e) micro-
spheres. XRD analysis indicates that the main phase
of CS in the in situ 30CS—A and non-in situ 30CS—A
microspheres is CazSigO16(OH), (figure 2f ). The micro-
structure and composition of the cross section of
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microspheres were characterized by SEM and EDS line
scanning analysis (figure 3). The in situ CS—A micro-
spheres had an obvious core-shell structure (figure 3b,c),
which was not seen in the pure A and non-in situ CS—A
microspheres (figure 3a,d,e). EDS line scanning analysis
for the inner element distribution of the in situ 30CS—A
microspheres indicates that Ca and Si elements were
found mainly in the shell of microspheres; little or no Ca
and Si elements were found in the core of microspheres
(figure 3f ), which further confirmed that the CS (shell)
wrap the A microspheres (core), forming the core-shell
structure of the in situ CS—A microspheres. Ny adsorp-
tion—desorption analysis has shown that there are few
nanopores in the microspheres. However, the open P
of A microspheres is only 14.3 per cent, and in situ
30CS—A microspheres reacted with CaCly for 30 and
120 min and have 22.8 and 25 per cent P, respectively,
which indicates that CS shells improve the P of
microspheres.

We have tested the stability of the CS shell by an ultra-
sonic shaking method described previously [30]. After 1 h
of ultrasonic treatment, the CS shell was still present on
the surface of the in situ 30CS—A microspheres and
showed no evidence of delaminating from the micro-
spheres (see the electronic supplementary material,
figure S2), indicative of a high degree of stability.

The large size of the microspheres will provide not
only a sufficient surface area for bone cell attachment
and growth, but also large interstitial space (room)
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Figure 2. SEM images for the surface of (a) pure A, (b) in situ 15CS—A, (¢) in situ 30CS—A, (d) non-in situ 15CS—A and
(e) non-in situ 30CS—A microspheres; (f) XRD pattern for the obtained microspheres. Silicate particles mainly composed of
CasSig016(OH), phase were formed on the surface of (b) in situ 15CS—A and (c¢) in situ 30CS—A microspheres; however, (d)
pure A, non-in situ 15CS—A, and (e) non-in situ 30CS—A showed a more smooth surface, compared with in situ CS—A micro-
spheres. (f) XRD shows main CasSigO16(OH), phase in the in situ 30CS—A and non-in situ 30CS—A microspheres. (¢) EDS
shows the Ca and Si elements in the in situ 30CS—A and (€) non-in situ 30CS—A microspheres. (a) The ratio of Ca—Si in the
in situ 30CS—A and non-in situ 30CS—A microspheres was 20.3 and 33.2, respectively. No Si element was detected in pure A

microspheres. (Online version in colour.)

between the microspheres for both tissue and vascular
ingrowth, which is an essential requirement for effective
and functional bone regeneration [31,32]. The core-shell
structure of the microspheres has potential applications
for drug and protein delivery by a sustained release, and
the shell provides the bioactive substrate necessary for
potential bone tissue regeneration by virtue of the
inherent bioactivity of the CS [21].
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3.2. The formation mechanism of the in situ
calcium silicate—alginate microspheres with
core-shell structure

We have investigated the mechanism for the formation
of core-shell structure by observing the surface and
cross-section morphology of the microspheres over
different reaction times as shown in figure 4. It is
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Figure 3. SEM images for the cross sections of (a) pure A, (b) in situ 15CS—A, (c¢) in situ 30CS—A, (d) non-in situ 15CS—A and
(e) non-in situ 30CS—A microspheres. (b,c) In situ CS—A microspheres have a clear core-shell structure. (f) EDS line scanning
analysis (through black line) for the inner element distribution of in situ 30CS—A microspheres. Ca and Si elements are mainly in
the shell of microspheres. There are no obvious Ca and Si elements in the core of microspheres. (Online version in colour.)

observed that all the A microspheres prepared by the
in situ preparation method are completely covered
with the silicate lays at different reaction times of
(figure 4a—c¢) 30, (figure 4d—f) 60 and (figure 4g—1)
120 min. It is interesting to note that silicate layers on
the surface of CS—A microspheres reacted for 30 and
60 min are composed of finer particles (figure 4c,f),
compared with those reacted for 120 min with larger
particles (figure 4). Therefore, this indicated that the
reaction time is not the key factor to form the core-
shell structure, but the important factor to improve
the crystal growth of CS. The potential mechanism
for the formation of the core-shell structure is
suggested. In our study, Na,SiO3 and A were dissolved
together to form a uniform Si-containing A solution.
When this solution is dropped into CaCl, solution, A
will cross-link with Ca*" ions to produce Ca-A and
form microspheres. At the same time, the Sing will
very quickly diffuse onto the surface of the microspheres
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and react with the Ca?' to form a CS shell. With
increased reaction time, more and more Ca’" and
SiOé‘ will be involved in the chemistry reaction,
which will further stimulate the crystal growth of CS.
Therefore, the particle size of CS will increase with
the increase of reacting time.

3.3. Advanced protein-delivery ability and pH
effect on protein release for the in situ
calcium stlicate—alginate microspheres with
core-shell structure

8.8.1. Protein loading and delivery. BSA was selected as
the model protein as it is a stable molecule and also
relatively inexpensive. In the human circulatory
system, serum protein albumin is by far the most abun-
dant protein, accounting for 60 per cent of the total
serum protein. BSA is commonly used to simulate
human albumin, owing to the structural homology of
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Figure 4. SEM images for the in situ 30CS—A microspheres prepared using different reaction times in cross-section solution of
CaCly. (a,b,c) for 30 min, (d,e,f) for 60 min and (g,h,:) for 120 min.

the two proteins [33]. We loaded BSA into the in situ
CS—A, non-in situ CS—A and pure A microspheres at
room temperature, in the process of preparing the
microspheres. The BSA did not affect the core-shell
structure of the in situ CS—A microspheres (see the
electronic supplementary material, figure S3). The load-
ing efficiency of BSA in the in situ 15CS and 30CS—A
microspheres reached 53 and 75 per cent, respectively,
significantly higher than that of the non-in situ
15CS—A at 25 per cent, non-in situ 30CS—A at 37 per
cent and pure A microspheres at 21 per cent (figure
5a). The rate of BSA release from the in situ CS—A
microspheres was significantly slower than that of the
non-in situ CS—A and pure A microspheres (figure
5b). These results indicate that in situ CS—A micro-
spheres not only enhance the loading efficiency of
BSA, but also decrease the burst release of BSA and
maintain a more sustained release, compared with
non-in situ CS—A and pure microspheres (see figure 7,
showing a schematic illustration of BSA release from
the three microsphere types). Alginate microspheres
have obvious advantages for protein delivery and
bone repair because of their preparation conditions,
degradability and compatibility, but their main draw-
back is the relatively low loading efficiency and quick
release for drug/protein stemming from large gel P
[18]. In this study, we have overcome these
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disadvantages with the core-shell structure, which com-
bines CS with A. As we prepared BSA-containing A
and CS—A microspheres in CaCl, cross-linking solution,
parts of BSA will be released into CaCl, solution
through the network structure of A. However, the
formed CS may block the network pore structure of A
and further inhibit BSA release into CaCl, solution,
which leads to an improved loading efficiency. The
inner core of A provides sufficient space to increase
BSA loading and the outer shell CS layer prevents
BSA leakage, thereby enhancing the loading efficiency
of BSA upwards of 75 per cent. This property is very
important, given the high cost of the majority of
growth factors and drugs, and the improved loading
efficiency will in itself greatly reduce the proportion of
costs associated with growth factors and drugs. We
believe there are two major factors contributing to the
slower rate of release of BSA with in situ CS—A micro-
spheres. One factor is the CS shell on the surface of
microspheres which appears to inhibit the BSA release
from the microsphere. The other factor is that CS has
the ability to induce the formation of nano-size apatite
in biological solution (PBS or SBF; see in figure 8), and
these nano-size apatite particles may bind proteins by
the chemical side groups OH™, POz_ and CO%‘,
thereby slowing BSA release from microspheres
[34,35]. Our recent study has further confirmed that
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Figure 5. (a) The loading efficiency of protein (BSA) in the
microspheres. In situ CS—A microspheres have higher loading
efficiency than pure A and non-in situ CS—A microspheres.
With the increase of CS contents in A microspheres, the load-
ing efficiency improved. (b) Protein (BSA) release kinetics
from microspheres in PBS with a pH 7.4 and (¢) the linear
relationship of release and square root time (h'/?). (b) Shows
the in situ CS—A microspheres with core-shell structure
have a slower BSA release than pure A and non-in situ CS—
A microspheres. The linear relationship of release and square
root time in figure (¢) indicates the diffusing mechanism of
protein release from microspheres. (Online version in colour.)

the forme apatite plays an important role in improving
protein delivery [27].

Our experiments showed that there is a linear
relationship between the amount of BSA released
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from microspheres. pH has no obvious effect on protein release
from in situ 30CS—A microspheres; however, non-in situ
30CS—A microspheres have a quicker protein release at pH
4.3 than at pH 7.4. (Online version in colour.)

* BSA
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\.' : ]‘ very quick release * :K,_,- ’

alginate microsphere
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Figure 7. Schematic illustration of the release of BSA from pure
A, in situ CS—A and non-in situ CS—A microspheres. In situ
CS— A microspheres with core-shell structure have a slow release
of BSA; however, pure A and non-in situ CS—A microspheres
have quick release of BSA. (Online version in colour.)

Table 1. The concentrations of SiO:llf7 Ca”" and POif ions
(ppm) in SBFs after soaking the microspheres.

ion concentration (ppm)

microsphere type Sin_ Ca’" POy~
alginate 0 277.0 12.76
in situ 30CS—A 11.49 263.5 11.06
non-in situ 30CS—A 4.15 283.7 12.38

from the microspheres over the square root of time
(figure 5¢), indicating that BSA release from the micro-
spheres is mainly controlled by a Fickian diffusion
mechanism according to the Higuchi model (Q = kHtl/ 2
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Figure 8. SEM micrographs and EDS analysis for the microspheres before and after soaking in SBF's for 3 days. Alginate micro-
spheres (a) before and (b) after soaking, in situ 30CS—A microspheres (c) before and (d) after soaking, non-in situ 30CS—A
microspheres (e) before and (f) after soaking. (b) No apatite particles formed on pure A microspheres after soaking in SBF.
(d) Apatite layer composed of lath-like particles formed on the surface of in situ 30CS—A microspheres. (f) There are a few apa-
tite particles on the surface of non-in situ 30CS—A microspheres. ( f) EDS analysis shows that P peaks were very obvious for in
situ 30CS—A microspheres in SBF and the ratio of Ca—P of apatite is 1.82. There is a weak P peak for non-in situ 30CS—A micro-

spheres in SBF and the ratio of Ca—P of apatite is 23.9.

where () is the amount of drug released in time ¢ and kg is
the Higuchi dissolution constant) [36,37].

8.8.2. The effect of pH on protein release. Previous
studies have shown that the area immediately surround-
ing the ruffled border of osteoclasts during bone
remodelling has a pH of approximately 4.0—the homeo-
static body fluid is approximately pH 7.4 [38,39]. Other
studies have shown that the local environment in the
initial fracture haematoma is acidic, which later becomes
neutral as healing progresses, and then becomes alkaline,
a process that helps support differentiation-related
events during fracture healing [40]. In the present
study, in order to evaluate the effect of pH, BSA release
from microspheres was carried out in PBS buffer with pH
7.4 and 4.3 to simulate the local pH environment in bone.
Our results showed that pH has no obvious effect on

J. R. Soc. Interface (2011)

BSA release from the in situ 30CS—A microspheres,
which maintained a stable and sustained release that
was significantly slower than that of the other micro-
spheres (figure 6). At pH 4.3 non-in situ 30CS—A
microspheres had a faster release rate than that at
pH 7.4 (figure 5); this is most likely attributable to
the faster rate of dissolution of CS particles at pH
4.3, which therefore accelerates the release rate of
BSA. The existence of a CS shell on the surface of the
in situ 30CS—A microspheres appears to obviate the
effect of low pH on BSA release from these microspheres.
Our results indicate that in both acidic and neutral
environments in situ CS—A microspheres still maintain
a very slow and sustained release of protein owing to the
core-shell structure. The slow release of protein from
in situ CS—A microspheres is their main advantage,
compared with non-in situ CS—A and pure A
microspheres.
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3.4. The in vitro mineralization of the in situ
calcium silicate— alginate microspheres with
core-shell structure

The other aim of this study was to prepare bioactive CS—
A composite microspheres for potential bone repair
applications. CS compounds have been shown to be
highly bioactive for bone tissue regeneration owing to
these materials’ excellent osteogenic properties in vivo
and apatite-mineralization ability in SBF [23,25]. Tra-
ditionally, bioactive inorganic materials, including CS,
hydroxyapatite and B-tricalcium phosphate powders
have been incorporated into polymer material by a
non-in situ method [41-43]. Since the majority of the
bioactive compounds end up encased within the centre
of the polymer matrix by this method, the resulting min-
eralization of the composite materials is far from optimal.
In our study, we used an in situ preparation method to
incorporate bioactive CS onto the surface of A thereby
forming a bioactive CS shell, which significantly
enhanced the apatite-mineralization ability in SBF. On
pure A microspheres, no apatite particles formed after 3
days of soaking in SBF (figure 8b). On the in situ
30CS—A microspheres, however, an apatite layer com-
posed of lath-like particles had formed on the surface
(figure 8d); a limited number of apatite particles had
formed on the surface of non-in situ 30CS—A micro-
spheres (figure 8f). EDS analysis showed that the P
signal in in situ 30CS—A microspheres was stronger
than that in non-in situ 30CS—A microspheres. The con-
centrations of Ca®" and POif ions in SBF from the in situ
30CS microspheres were lower than in SBF from the other
microspheres species (table 1), suggesting that more Ca*"
and PO}~ ions are used in the apatite formation on the
surface of the in situ 30CS microspheres than is the case
of the other microspheres. These results indicate that in
situ 30CS— A microspheres have better apatite-mineraliz-
ation ability compared with pure A and non-in situ CS—A
microspheres. Apatite-mineralization ability of bioactive
material is widely used as an indicator of bioactivity
since some bioactive materials form a bond with host
bone via an apatite layer [28]. It therefore stands to
reason that the superior apatite-mineralization of the
in situ CS—A microspheres may indeed be one of the fac-
tors most contributing to the potential bone repair
applications of this material.

4. CONCLUSIONS

In summary, CS—A microspheres with a core-shell struc-
ture were successfully prepared by a one-step in situ
method. The microspheres were composed of a CS shell
and an A core. These microspheres were demonstrated
to be effective protein carriers, having a capacity for
high protein loads and subsequent sustained release.
The microspheres had excellent apatite-mineralization
ability. CS—A microspheres with a core-shell structure
represent a promising candidate biomaterial for bone
repair /regeneration by being both a flexible filler
material and growth factor/drug carrier.

Funding for this study was provided by a research grant from
the Alexander von Humboldt Foundation (C.W.) and the
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South Korean Ministry of Education, Science and
Technology Programme, Project WCU ITCE no. R31-2008-
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