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Abstract

Calcium-deficient hydroxyapatite (CDHA) nano-crystals incorporated with bovine serum albumin (BSA) to form BSA-
loaded nano-carriers were synthesized via both in-situ and ex-situ processes. Amount of BSA uptake by the CDHA nano-
crystals and subsequent release behaviors of the BSA-loaded nano-carriers were investigated. The amount of BSA uptake by
CDHA decreases with increasing pH but a larger amount was observed in the ex-situ compared to in-situ process above
pH=8.0. The release profile showed a bursting behavior for the nano-carrier prepared via the ex-situ process, which is probably
due to the desorption of BSA molecules. In contrast, for the sample synthesized via the in-situ process at a higher pH level, a
slower release profile without bursting behavior due to the dissolution of the BSA-incorporated CDHA crystal is seen from high
solution TEM that indicates different extent of interaction between BSA and CDHA. On the other hand, for the nano-carriers
prepared via the same process at lower pH level, a two-stage release profile was detected. An initial bursting release is due to the
desorption of BSA from the CDHA surface, followed by a slow release as a result of the dissolution of the BSA-incorporated
nano-crystals along its c-axis direction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction material that has been a mineralized tissue of bones
and teeth in humans and vertebrates. HA has been

Hydroxyapatite (HA), having a chemical formula well-recognized as it is an excellent biocompatible
Ca;o(PO4)s(OH),, is a naturally occurring inorganic and bioactive material for a number of clinical
demands in the areas of orthopedics and dentistry
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recognized as having excellent affinity to biological
substances, such as collagen, proteins, enzymes, cells,
and viruses [1,2].

Incorporation of active agents or drugs by physical
absorption within porous HA-based implants has been
frequently reported for orthopedic uses [3—5]. How-
ever, low efficiency of drug encapsulation due to
limited surface area has remained an issue to be
resolved. On the other hand, the inconsistency of
therapeutical effect of different drugs may encounter
when a multiple drug administration is operated,
whereas sequential release and simultaneous release
of multiple drugs are hardly properly controlled by the
same carrier to, for instance, enhance osteogenesis
and suppress antibiotic resistance, respectively [6-8].
These drawbacks seem to be easily overcome by the
use of micro-carriers or nano-carriers delivering anti-
biotics and growth factors with controlled release
kinetics regulated by different synthetic process. Ijn-
tema et al. employed HA microcrystals as micro-
carriers to load BSA of 5-10 wt.% and concluded
that it would be a step ahead if the apatitic crystals are
able to carry higher amount of the active agents for a
variety of biomedical purposes such as drug delivery,
orthopedics and dentistry [9]. Furthermore, it is par-
ticularly critical for those areas where a higher dosage
of drugs with relatively small amount of the carrier is
required.

Very recently, there has been growing interest in
nano-crystals as carriers for bioactive agents. Ueno et
al. employed nano-sized CaCOj as carrier for sustain
release of betamethasone phosphate [10]. Matsumoto
et al. investigated the influence of protein concentra-
tion and synthetic temperature on the protein release
from HA nano-carrier [11]. However, studies on the
release mechanism of protein-loaded nano-carriers
through the manipulation of synthesis are rarely
found in the literature but very important.

The apatite crystal often used to carry drugs or
proteins has regularly a stoichiometric composition,
i.e.,, Ca/P=1.67, in the literature. However, mineral-
ized apatite in humans and vertebrates is essentially
non-stoichiometric, i.e., Ca/P<1.67, or more specifi-
cally, a calcium-deficient hydroxyapatite, i.e., CDHA.
Therefore, it is technically important to simulate the
synthesis of CDHA nano-crystals in the presence of
active agent. As the main concern of this communi-
cation, BSA was employed as a model protein to

further understand the loading efficiency and release
behavior of the BSA in CDHA nano-carriers. There-
fore, the influences of synthetic solution pH and
processing variation on the incorporation of BSA
molecules with CDHA were systematically investigat-
ed. In addition, in order to gain better understanding
on the interfacial structure between BSA and CDHA,
nano-structure at BSA-CDHA interface was further
explored by high resolution transmission electron mi-
croscopy (HR-TEM) and electron energy loss spec-
troscopy (EELS). The subsequent release behaviors of
the resulting BSA-loaded CDHA nano-particles were
explored and correlated with the synthesis scheme
proposed in this investigation.

2. Materials and methods
2.1. BSA-loaded CDHA synthesis

0.25 M Ca(CH5COOQ), solution and 0.16 M H3PO,
solution were used as precursors of Ca and P to
prepare  CDHA nano-particles, respectively. The
molar ratios of Ca to P were fixed at 1.5 and bovine
serum albumin (BSA, Aldrich, A-7638) was selected
as candidate protein in this study. A BSA aqueous
solution of 1500 pg/ml was prepared by dissolving
BSA powder into distilled water for each synthesis
process. For in-situ synthetic process A, BSA solution
was dropped into H3PO, solution maintained at pH
7.5, pH 8.5 and pH 9.5 by the addition of NaOH
solution (1 M) and the samples were named as A-7.5,
A-8.5 and A-9.5, respectively (see Table 1). Subse-
quently, Ca(CH5COO), solution was dropwisely
added into the above solution to form suspensions.

Table 1
Synthetic conditions of the BSA-CDHA nano-carriers
Process Adding sequence pH Sample
range  name
In-situ H;PO4,—~BSA—Ca(CH;CO0), 7.5 A-7.5
process A 8.5 A-8.5
9.5 A-9.5
In-situ Ca(CH;CO0),—BSA—H;PO, 7.5 B-7.5
process B 8.5 B-8.5
9.5 B-9.5
Ex-situ CDHA—BSA 7.5 C-7.5
process C 8.5 C-8.5
9.5 C9.5
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On the other hand, in order to understand the impor-
tance of synthesis sequence on the BSA-loaded
CDHA nano-particles, BSA solution was first
mixed with Ca(CH3COO), solution instead of
H5PO,. After that, H;PO,4 was added into the solu-
tion to form suspensions. The samples were named
as B-7.5, B-8.5 and B-9.5. For comparison, ex-situ
synthetic process was also prepared. CDHA powder
was first prepared at pH 7.5 and dispersed in DI
water. The obtained suspension was then mixed with
the BSA solution in the range of pH from 7.5 to 9.5,
namely as sample C-7.5, C-8.5 and C-9.5. For all the
synthetic processes, the suspensions were filtered off
and the resulting precipitates were then washed with
phosphate-buffered solution (PBS buffered with HCI
at pH 6.8) and DI water for 3 times for further
characterization.

2.2. Characterization

The relative amount of the BSA associated with the
CDHA nano-particles was determined using thermo-
gravimetric analysis, TGA (Perkin Elmer), with a heat-
ing rate of 10 °C/min. Crystallographic phase of the
BSA-loaded CDHA powders was identified by X-ray
diffractometer (M 18XHF, Mac Science, Tokyo, Japan),
at a scanning rate of 4° 26 per min over a range of 20
from 20° to 60°. Fourier transform Infrared (FT-IR)
spectra were recorded on a spectrometer (Model 580,
Perkin-Elmer) using a compressed pellet of about 1 mm
thick prepared by a mixture of 100 mg of KBr and 1 mg
of the BSA powders. The FT-IR spectra were taken
with a resolution of 4.00 cm ™' in the range of 4000—
400 cm™ ! and were averaged from 128 scans. Micro-
structure observations were performed using a Philips
Tecnai 20 (Holland, The Netherlands) transmission
electron microscope operated at 200 keV and equipped
with a Gatan image filter (GIF, Model GIF-2000) for
EELS analysis. EELS spectra were obtained with an
energy resolution of 1 eV (zero-loss peak) and an
energy dispersion of 0.2 eV per channel.

2.3. Release test

Bovine serum albumin-loaded CDHA nano-parti-
cles (0.15 g) were dispersed in 10 ml buffer solution
buffered with NaOH and C¢HgO- at pH 6 with a
stirring rate of 100 rpm at 37 °C. The BSA release

test was carried out by taking 0.1 ml of the buffer
solution and 2 ml of bicinchoninic acid solution
(Sigma, bicinchoninic acid protein assay kit, BCA-1
and B9643) for each juncture. UV—visible spectros-
copy (Agelent 8453) was used for the characterization
of absorbance peaks at 562 nm to determine the BSA
concentration through the use of a pre-determined
standard concentration—intensity calibration curve.

3. Results and discussion
3.1. Material characterization

Fig. 1 shows the FT-IR spectra of the BSA-loaded
nano-particles. The IR spectra of pure BSA and
CDHA are also shown for comparison. The spectrum
of BSA exhibited an apparent absorption band at 1654
em™ ! assigned to amide I, C=0 stretching mode,
1540 cm™ ' assigned to amide II, N-H bending
mode and 1384 cm™ ' assigned to amide III, C-N
stretching mode and N-H bending mode. The spec-
trum of the pure CDHA presents the characteristic
absorption band at 1640 cm™ ' assigned to molecular
water, 1092 and 1040 cm ™' assigned to P—O stretch-
ing mode, and 602 cm™ ' and 563 cm™ ' assigned to
O-P-0 bending mode. For in-situ process (A, B), the
band at 1652 cm™ ' was likely due to the overlap of
1654 cm™~ ! and 1640 cm™ ', suggesting that all the
CDHA powders are associated with BSA. These
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Fig. 1. FT-IR spectra of the nano-carriers synthesized in different
conditions.
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broad, featureless v3 PO;~ bands at 1092—1040 cm ™'
in both samples of A-9.5 and B-9.5 also suggest that
the resulting crystals exhibit poorly-crystalline struc-
ture. It was noted that for all synthetic conditions, no
significant red shift of carboxylate band (1338 cm™ ")
was detected in the final CDHA-BSA composite
powders, indicating no chemical bonding between
surface Ca®" of the CDHA and COO~ (BSA) was
observed in the BSA-loaded CDHA powder [12].

Three possible mechanisms can be adapted to ex-
plain the interaction between the CDHA and BSA
molecules. The first mechanism can be of Ca-bridg-
ing: This charge-transfer bonding was reported by
Ellingsen [13], considering that acid proteins bind to
the P-sites of the HA particles through O~ Ca®'—
COO™ (Ca-bridging). The P-site is a negatively-
charged site formed by six oxygen atoms of phosphate
of the ab crystal plane of the HA [14]. Similar be-
havior can be applied to the CDHA nano-crystals
currently synthesized. The second one can be operated
through the electrostatic interaction between the pos-
itive Ca®" and COO~ (BSA): this has been also
reported by Liou et al. [15] who suggested that there
is an intermediate complex between COO~ and
CDHA. This complex can be formed via the electro-
static interaction between the negative COO™ on BSA
molecule and positive Ca>* on the C-sites of CDHA
surface. Kandori et al. [14] indicated that the C-sites
were located on the crystal planes that are perpendic-
ular to a-axis and b-axis of apatite crystal. These C-
sites were developed as a result of the calcium ions on
the CDHA surface, thus making positive charges to
attract COO™ groups of BSA molecules. The third
one is based on the formation of acetate salt which is
an intermediate product between calcium ions and
COO™ (BSA) after synthesis, or more specifically, a
BSA-bonding Ca ion. However, both Ca-bridging and
BSA-bonding Ca ions cannot further react with
(PO,)’>~ and/or (HPO,4)*~ to form CDHA nano-crys-
tals in the solution. Therefore, once it (Ca-bridging
and/or BSA-bonding Ca ions) occurred, a lower pro-
duction yield of CDHA formation than those pre-
designed (theoretical) can be observed. This is further
evidenced in Fig. 2, where about 15% of the Ca ions
were associated with the BSA, thus a CDHA produc-
tion yield ratio (i.e., the ratio of real to theoretical
production yield) of 85% was attained at the Ca(CH;
COO), concentration of 0.25 M (i.e., the
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Fig. 2. Dependence of Ca(CH;COO), concentrations on the CDHA
production yield rate. The corresponding ratio of Ca®* to amino acid
residue was calculated and shown in the second Y-axis.

corresponding ratio of Ca*' to amino acid residue
was calculated as 3.16 and shown in the second Y-
axis of Fig. 2). As the concentration of Ca(CH3COO),
was further decreased (i.e., the corresponding ratio of
Ca”" to amino acid residue was decreased), a de-
creased CDHA yield ratio was observed. This sug-
gests that an interaction takes place between the BSA
molecules and Ca ions via Ca-bridging or BSA-bond-
ing Ca ions. However, as mentioned before, no red
shift of carboxylate band at 1338 cm™ ' was observed
for all BSA-loaded CDHA samples. Therefore, it is
inferred that Ca-bridging plays an important role be-
tween BSA molecules and CDHA crystals.

Fig. 3 shows the X-ray diffraction (XRD) patterns
of the BSA-loaded CDHA nano-powders. Two major
characteristic diffraction peaks could be obtained for
all the powdered samples: one closed at 20 of ~26°
and the other broad one at ~32°. According to ICDD
No. 46-0905, it can be indexed as a poorly crystalline
calcium-deficient apatite structure. No considerable
difference in those characteristic diffraction peaks
was discerned for both synthetic sequences outlined
above. This may suggest that the presence of the BSA
during the synthesis of the CDHA does not give
pronounced influence on the structural development
of the CDHA nano-crystals.

3.2. BSA incorporation with CDHA

Fig. 4a shows the HR-TEM nano-structure of
sample B-9.5 (in-situ process) and corresponding
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Fig. 3. XRD patterns of the BSA-loaded CDHA nano-carriers
synthesized in different conditions.

color-enhanced image is illustrated in Fig. 4b. As it
can be seen, the nano-structure of the BSA-CDHA
hybrid may be divided into 4 regions as indicated
with different colors. In region A, the lattice fringes
parallel to (100) CDHA were clearly observed in the
long needle-like crystallites, indicating a well-crystal-
lized region. Region B, i.e., the layer nearest to the
highly crystalline inner layer, is formed with a lattice
development strongly affected by the nearest region
of highly-order structure. Region B is a result of
“growth inhibition”. In other words, much poor
crystallization was observed [16]. As the crystal
continuously grows, the effect of BSA molecule
becomes stronger in distributing the deposition of

Ca-P materials, and in a certain case, conjugate as a
complex and integrate into “outer area of the lattice”
(the so-called BSA-CDHA complex), resulting in
an amorphous region C. However, from its nano-
structure, the crystallization is prohibited, and this
may be caused by, possibly, a regulation of lattice
mismatch resulting in somewhat “gradient crystal-
linity”. The outer region D can be considered as a
transition region from BSA-CDHA complex to ab-
sorption BSA. An adsorbed BSA layer is essentially
tangled with the underlying CDHA-BSA complex
(region C).

It was also found that both nano-sized CDHA
crystal and BSA-loaded CDHA samples prepared
via the ex-situ process were more susceptible to elec-
tronic beam bombardment than that prepared via in-
situ process, thus causing radiolysis under HR-TEM
analysis [17]. This probably reveals that different
extent of interaction exists between CDHA and BSA
for in-situ and ex-situ processes, which could be
further explored via derivative thermogravimetry
(DTG) analysis as shown in Fig. 5. For in-situ pro-
cesses of A-9.5 and B-9.5, a broad band at 400 °C
were detected, which is probably attributed to the
thermal decomposition of the BSA-CDHA complex.
Due to the incorporation of BSA molecules into
regions C and D through electrostatic force (C sites)
and/or Ca-bridging (P-sites), a higher thermal decom-
position temperature was observed for BSA-CDHA
complex compared to that of pristine BSA (350 °C).
For the sample prepared in a lower pH value (A-7.5
and B-7.5), this band at 400 °C was not only detected

Fig. 4. (a) HR-TEM photograph of the BSA-loaded CDHA nano-carriers prepared through in-situ processes at pH=9.5, (b) corresponding

color-enhanced image of (a).



T.-Y. Liu et al. / Journal of Controlled Release 107 (2005) 112—121 117

P

pH9.5

Massloss (%)

. . . . . .
100 200 300 400 500
Temperature (°C)

Fig. 5. DTG curves of the BSA-loaded CDHA nano-carriers syn-
thesized in different conditions.

but also the other strong band at 350 °C was detected.
The latter band can be primarily attributed to the
thermal decomposition of adsorbed BSA molecules.
The adsorption of BSA onto CDHA nano-crystals can

be considered as a type of pseudo-Langmuir adsorp-
tion [14]. In other words, a number of the BSA layers
are adsorbed on CDHA surface which are not tightly
bound with CDHA crystals. Therefore, thermal de-
composition temperature of adsorbed BSA molecule
is close to that of pristine BSA. However, the band at
350 °C was not detected for both samples of A-9.5
and B-9.5, which is probably due to the fact that the
outer-layered BSA molecules are easily eluted in the
solution with a higher pH value upon synthesis [1]. In
contrast, for the samples prepared via ex-situ process-
es, only a band at 350 °C was observed. This reflects
that no strong interaction exists in the interface of the
BSA molecules and CDHA crystals for the samples
prepared via ex-situ process.

The TEM images in Fig. 6a—c show that the BSA-
loaded CDHA nano-crystals synthesized in different
conditions present needle-like morphology with
dimensions of 4-12 nm in diameter and 40-70 nm
in length. The particle size was measured from the
TEM images and each datum was averaged from at
least 10 TEM photographs. Furthermore, it was ob-

Fig. 6. TEM micrographs of the BSA-loaded CDHA nano-carriers prepared through different processes, (a)—(c) showing the effect of processing
variation on morphology and size of CDHA nano-crystals before release test, (d)—(f) showing a further reduction in both aspect ratio and size of
the CDHA nano-crystals after release test compared to that before the test. The aspect ratios were measured from the TEM images and each

datum was averaged from at least 10 TEM photographs.
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served that crystal morphology was changed with an
increase of solution pH for the in-situ processes (A
and B). The dependence of the solution pH value on
the aspect ratio of CDHA nano-crystals is further
illustrated in Fig. 7a. It is interesting to note that the
resulting BSA-loaded CDHA nano-crystals derived
from the higher pH solution (A-9.5 and B-9.5)
showed a smaller aspect ratio compared to that syn-
thesized at a lower pH solution (A-7.5 and B-7.5).
Such a preferential growth in the solution at a lower
pH can be correlated with preferential adsorption. It
means that more BSA should be adsorbed onto the C-
sites of the CDHA nano-crystals at a lower pH value,
which causes considerable preferential inhibition ef-
fect on the growth of nano-crystals along the ab axis,
resulting in a high aspect ratio [18]. In contrast, at a
higher solution pH, O~ Ca*~COO~ (Ca-bridging) is
prominent due to the stability of (PO4); . Therefore,
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Fig. 7. Dependence of the pH value of synthetic solution on the (a)
aspect ratio of CDHA crystal, (b) amount of BSA uptake by CDHA
nano-crystal.

crystal growth of both C-sites and P-sites are inhib-
ited, resulting in a lower aspect ratio. Moreover, it is
known that the conformation of protein could be more
linear (unfolding) in the solution with strong base and
ionic strength [19]. The resulting unfolding BSA
molecules and/or amino acid residues strongly
attracted Ca”" through the formation of Ca-bridging
[20], which kinetically lead to the inhibition growth
on the P-sites of CDHA crystals at the earlier crystal-
lization stage. Therefore, the aspect ratio for nano-
carriers prepared via the in-situ process at higher pH is
reduced.

The corresponding amount of the BSA uptake by
the CDHA particles (after calibration by subtracting
water content) determined from the TGA is shown in
Fig. 7b. Obviously, a lower pH resulted in a higher
BSA incorporation, and as high as 17.5 wt.% of the
BSA associated with the CDHA was detected, which
is about 75% higher than that reported in the literature
[9]. In contrast, since the isoelectric point (IEP) of
CDHA and BSA is around 7 and 4.7, respectively
[21,22]. It is then expected that the electrostatic re-
pulsive force between the BSA and CDHA nano-
crystal becomes dominant for a solution with a higher
pH (9.5) compared to that with a lower pH (7.5).
Therefore, an increase in solution pH resulted in a
decreased amount of BSA.

Considerable differences in the amount of the BSA
uptake associated with the CDHA at pH 9.5 can be
seen from Fig. 7b, where the CDHA carries a higher
amount of the BSA from the ex-situ process (C-9.5)
than that from the in-situ processes (A-9.5 and B-9.5).
This may be explained by the aspect ratio of the
CDHA carries, as illustrated in Fig. 7a which showed
the aspect ratio of the nano-carriers prepared via the
ex-situ process (C-9.5) was higher than that prepared
via the in-situ process (A-9.5, B-9.5). The CDHA
nano-particles with a higher aspect ratio indicates a
higher population of the positively-charged C-sites for
BSA adsorption and therefore, the total effective areas
of adsorption sites (C-site) are much larger for the
high aspect-ratio nano-particles compared to that of
low aspect-ratio nano-particles per unit weight. If the
above argument is correct, then, it is conceivable to
realize that the ex-situ CDHA carries higher amount
of the BSA than those in-situ CDHA at pH 9.5.
However, at pH 7.5, the preferential growth along c-
axis for carriers prepared via in-situ process (A-7.5, B-
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7.5) resulted in a larger aspect ratio compared to that
prepared via ex-situ process (C-7.5). Consequently, in
contrast to that at pH 9.5, a higher amount of BSA
(about 10 wt.%) was detected in the in-situ CDHA
than the ex-situ CDHA at pH 7.5.

3.3. Controlled BSA release

The BSA release profiles of the BSA-loaded
CDHA nano-crystals are shown in Fig. 8. It was
found that samples prepared from ex-situ processes
(C-7.5 and C-9.5) showed a pronounced bursting
behavior for the initial time period of 8 h during
which BSA were nearly entirely released. The burst-
ing release of BSA can be assigned to the desorption
of BSA molecules which are not tightly bound with
CDHA surface. In contrast, although the BSA-loaded
CDHA nano-crystals prepared from the in-situ pro-
cesses (A-7.5, B-7.5) showed bursting release beha-
viors in the initial time period, a slow release was then
followed, suggesting a two-stage release mechanism.
The BSA release behavior in the initial stage is similar
to that of the samples prepared from ex-situ process.
This busting release could be assigned to the desorp-
tion of BSA molecules which were not strong inter-
acted with CDHA crystals. The release profile in the
second stage may be attributed to the BSA molecules
which have been incorporated into CDHA crystals
(BSA-CDHA complex). This slow release may result
from the dissolution of CDHA crystal, which will be
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Fig. 8. BSA release profiles of the BSA-loaded CDHA nano-carriers
synthesized in different conditions.
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Fig. 9. ELNES spectra near the Ca L, 3-edge of BSA-loaded CDHA
nano-carriers prepared through in-situ processes at pH=9.5.

further discussed later. However, as the BSA-loaded
CDHA nano-crystal was prepared from in-situ process
with a higher solution pH value (A-9.5 and B-9.5),
only a single-stage slow release profile was detected,
which may be also attributed to the release of incor-
porated BSA from BSA-CDHA complex.

Moreover, as shown in Fig. 6, it was found that a
considerable reduction in the dimension of c-axis was
observed after release test for particularly the CDHA
nano-crystals prepared via in-situ process. This ob-
served size reduction may suggest that the dissolution
of the CDHA nano-crystals is highly anisotropic with
respect to the crystal plane of the CDHA particles.
This result is further supported by HR-TEM shown in
Fig. 4b, where P-sites were rich in amorphous region
C causing higher c-axis dissolution rate compared to
both a and b axes. If the above argument is correct, it
is conceivable to realize that crystal dissolution in c-
axis is responsible for the slow release of incorporated
BSA from BSA—CDHA complex [16]. Moreover, in
order to explore the difference in the release profiles
between samples A-9.5 and B-9.5, electron energy
loss spectroscopy (EELS) was employed to explain
subtle variation in the local structure of nano-scale
regions. As shown in Fig. 9, the excitation counts of
Ca L, 3-edges with energy-loss ranging from 340 to
360 eV were smaller for A-9.5 than those for B-9.5.
According to the Fermi golden rule of quantum me-
chanics [23], a structural disorder presents a lower
excitation count peak in electron-energy loss near-
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edge structure (ELNES). This may suggest that the
crystallinity of A-9.5 is poorer than that of B-9.5,
which subsequently results in the higher release
(also dissolution) rate of sample A-9.5.

It can then be concluded that the release profile
was first dominated by BSA desorption, followed by a
slow release controlled by crystal dissolution. Al-
though the nature of the interaction between BSA
and CDAH is not fully understood at present, this
study suggests that the resulting release profile per-
mits a design of the CDHA nano-crystal as nano-
carrier for drug release.

4. Conclusion

In summary, the amount of BSA uptake was de-
pendent on the solution pH and processing variation,
i.e., in-situ and ex-situ synthetic schemes. Moreover,
both synthetic process and pH value upon synthesis
significantly altered the drug release behaviors of
BSA-loaded CDHA nano-carriers. It is feasible to
employ the CDHA nano-carrier to load protein, such
as acid growth factor and acid protein-drug conjuga-
tion, as component of bone substitutes or as a rein-
forced filler together with a pre-designed drug release
function for particular therapeutic effect.
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