
Chapter 11
Development of Skeletal Drug Delivery System
Based on Apatite/Collagen Composite Cement

Makoto Otsuka

Abstract Since bone resorption and formation occur repeatedly within the
functional units referred to as bone multicellular units, uncoupling between
bone resorption by osteoclasts and bone formation by osteoblasts causes an
absolute decrease in the amount of bone in osteoporosis. For that reason, it is
necessary to fully understand the remodeling characteristics of bone grafts by
osteoclasts and osteoblasts to high-bioactive materials. We have, therefore, prepared
hydroxyapatite (HAp) and collagen composites to improve bioaffinity through the
interaction between materials and bone cells for applications in drug delivery
devices. Apatite/collagen composite cements could be applied to artificial bone
drug delivery systems without drug inactivation caused by high pressure and those
that exhibit long-term slow drug release in vitro and high in vivo biocompatibility
in osteoporosis model rats. On the other hand, geometrical structure of pores in
implantable artificial bone has been proven successful in bone generation, since
bone-related cells can be cultured more readily in interconnected porous materials,
such as coral-modified implant made by calcium phosphate. Interconnective pores
in coral-like material are therapeutically effective in bone regeneration within the
body through the introduction of bone cells and capitally blood vessels as a scaffold
for bone cells to spread and proliferate. The interconnective porous biomaterials
are, therefore, developed based on self-setting apatite/collagen composite cement
as materials with enhanced biocompatibility and drug delivery capability. Since
the drug release rate from the composite device could be controlled by various
geometrical factors, the relationship between drug-release rate and number of
the macropores was investigated by in vitro dissolution test. Bioaffinity of the
interconnective porous biomaterials of apatite/collagen composite cement was
examined in rat models using X-ray computed tomography.
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11.1 Introduction

In order to develop highly bioactive bone materials, it is vital that the characteristics
of bone graft remodeling by osteoclasts and osteoblasts are fully understood. Since
bone resorption and formation occur repeatedly in the functional units called bone
multicellular units, which maintain the dynamic equilibrium of mineral density
in normal bone [1], uncoupling between bone resorption by osteoclasts and bone
formation by osteoblasts causes an absolute decrease in the amount of bone in
osteoporosis. Bioactive ceramics with excellent bioaffinity, such as hydroxyapatite
(HAp), “-tricalcium phosphate, and bioglass ceramics, are developed and can
directly connect with bone [2]. However, the materials currently used as artificial
bones possesses characteristics that are inadequate when compared to natural bone
such as their brittle nature and poor mechanical strength. The material could also
remain in the bone for an extended period because their chemical composition and
geometrical structure are very different from natural bone and they exhibit lower
bioaffinity [2].

On the other hand, a HAp/collagen composite with a nanostructure which is sim-
ilar to natural bone was realized by Miyamoto et al. [3] and Kikuchi et al. [4, 5] and
they reported that apatite and collagen were self-organizing and formed nanostruc-
ture composites by a simultaneous titration coprecipitation method and concluded
that the molecular interaction between apatite and collagen induced formation
of nanostructure particles, which has similar characteristics and biocompatibility
to natural bone. John et al. [6] prepared apatite/collagen composite by using
collagen sponge and investigated its suitability for bone repair applications. The
results indicated that the bio-mimic materials had significantly high bioaffinity with
natural bone after implantation and the molecular level structure of HAp/collagen
composites is a very important factor for the biocompatibility of artificial bone in
vivo. We have, therefore, developed self-setting HAp/collagen composite cement to
improve bioaffinity by enhancing the interaction between the composites and bone
cells for applications in drug delivery and cell scaffold devices [7].

11.2 Artificial Bone Cements Based on Self-Setting
Apatite/Collagen Composite Cements (AC)

11.2.1 Physicochemical Prosperities of the AC

To develop an artificial self-setting bone cement with almost the same chemical
formulation (80 % HAp and 20 % collagen) as natural bone, the AC was prepared
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Fig. 11.1 X-ray diffraction profiles of self-setting apatite cement bulk powder (AP) and self-
setting apatite/collagen composite cement (AC)

as follows: firstly, self-setting apatite cement bulk powder (AP) consisting of an
equimolar mixture of tetracalcium phosphate (TECP, Ca4(PO4)2O) and dicalcium
phosphate dihydrate (DCPD, CaHPO4�2H2O) was prepared by grinding in an agate
vibration mixer mill [8–10]. The AC bulk powder was obtained by grinding the
AP powder with 20 % type I bovine collagen in the vibration mixer mill. The AP
or AC bulk powder (0.500 g) was mixed homogeneously with 0.20 mL of 11 mM
phosphoric acid. The final paste was poured into a plastic mold and stored at 37 ıC
and 100 % relative humidity for 24 h.

The X-ray powder diffraction (XRD) profiles of the sample cements (Fig. 11.1)
were measure to evaluate the test material characteristics as an index of bioaffinity.
The fresh fixed AP cements showed typical diffraction peaks of HAp at 2™ D 31.8
and 32.8ı with additional peaks at 2™ D 28.9 and 29.5ı due to TECP and at
2™ D 26.5ı due to DCPD. The XRD results indicated that the majority of metastable
calcium phosphates, DCPD and TECP, transformed into low-crystallinity HAp, but
some parts of DCPD and TECP did not transform and remained in the cements.
In contrast, the XRD profiles of AC had broad peaks at 31–33ı due to bone-like
HAp and no peaks due to TECP and DCPD (Fig. 11.1). The results also suggested
that crystalline transformation of AP is accelerated by the addition of collagen and
mechanical treatment. The transformed apatite structure in the AC was similar to
natural bone apatite with low crystallinity reported by Kikuchi et al. [4], because the
bone-like nano-apatite crystals precipitated out on collagen matrices during setting
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Fig. 11.2 Effects of grinding on element dispersibility of the AC by electron probe microanalyzer

time after mixing the solution. Chhettry et al. [8] reported the relationship between
crystallinity and solubility of bone-like carbonated apatite and demonstrated that
natural bone apatite had low crystallinity and high solubility. Therefore, the apatite
in the AC might have high solubility and high biocompatibility.

Scanning electron microscopy (SEM) and electron probe microanalyzer (EPMA)
were performed to characterize element dispensability in the AC [7]. The SEM of
AC without grinding showed a rough surface and large particles (more than 20 �m
particles in diameter), indicating that the cement was a heterogeneous system. In
contrast, AC with grinding showed a smooth surface consisting of particles less
than 1–2 �m in diameter.

The natural bone had a smooth surface with cracks. The result of mapping of
calcium by EPMA suggested that there are calcium rich and less part in the AC
without grinding (Fig. 11.2a). The calcium ion distribution in the AC (Fig. 11.2b)
was more homogeneous than that in the AC without grinding, and the calcium ion
homogeneity was almost the same as that of natural bone (Fig. 11.2c). These results
indicated that AC without grinding had a heterogeneous structure in which collagen
and calcium phosphates were not mixed uniformly. On the other hand, calcium and
phosphates were dispersed homogeneously at the nanoscale in the cement as well
as in the natural bone.

The result indicated that the raw materials of the apatite cement, such as DCPC
and TECP, were micronized by mechanical energy during grinding in the vibration
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Fig. 11.3 Microradiogram of
implanted AP and AC
cements in rats by DEXA

mill and distributed into collagen matrices. Then, the micronized DCPD and TECP
dissolved and recrystallized to nanoparticle apatite on collagen matrices. Since
apatite formation of cement was catalyzed on collagen matrices, almost 100 % of
calcium phosphate might be transformed to apatite.

11.2.2 Biodegradation of the AC in Rats

AC cements were implanted into the backs of rats and the density measured using
bone mineral densitometry. Microradiograms of the AP and AC (Fig. 11.3) were
measured by dual energy X-ray absorptiometry after implant in the rats, and the
cement mineral content (BMC) was evaluated based on the microradiograms. The
BMC of the implanted cements decreased with time, indicating that the cement was
gradually bioabsorbed. Bioabsorption rates of the implanted cements (Fig. 11.4a)
were dependent on the quality of cement (cement formulation). The BMCs of both
of the AC and AP decrease over time, and the BMC of the AC was found to be
significantly lower than that of the AP.

The effect of grinding on the BMC of the implanted cements (Fig. 11.4b)
revealed the concentration of BMC decreases over time regardless of whether
grinding was performed. The concentration of BMC in AC without grinding was
always found to be lower than that of the AC.



360 M. Otsuka

Fig. 11.4 Effects of cement formulation on the BMC of AP and AC cements by DEXA

Fig. 11.5 Cross-section micrographs of (a) AP and (b) AC cements after 72 days of implantation

The results of the AP and AC suggested that the biodegradation rate was depen-
dent on the cement quality and geometrical structure, and the rate can be shown as
AP < AC < AC without grinding. The biodegradation rate of the AP was found to be
the slowest as it is composed entirely of pure inorganic material. On the contrary, by
having a nanoscale heterogeneous structure consisting of 80 % apatite and 20 % col-
lagen, the AC without grinding had the highest biodegradation rate (Fig. 11.2a, d).
The decreasing BMC behavior of the AC was found to be between those of the AP
and the AC without grinding. This is mainly due to a decrease in the particle size of
the cement and bone-like cells penetrating into the cement after implantation.

Figure 11.5 shows the micrographs of the cross section of the demineralized
sample cement blocks after 72 days of implantation in soft tissue. The AP
(Fig. 11.5a) kept its original diameter (6 mm) in soft tissues after implantation.
A slight reduction in thickness was also observed as the organic components have
penetrated into the cement. The data from the in vivo experiment showed shrinkage
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in the diameter of AC by approximately 30 %, while an increase in thickness was
recorded (Fig. 11.5b). In contrast, AC without grinding (data not shown) was totally
absorbed and no traces of the cement were discovered in the soft tissues.

These results indicated that the BMC changes and their bioaffinity were signif-
icantly dependent on the quality of apatite and the nano-geometrical structure in
the cement. The biodegradation rate of the AC could be controlled by the cement
formulation and the geometrical structure.

11.3 Drug Delivery System Based on Apatite/Collagen
Composite Cements

In order to develop bone regenerative artificial bone systems, it is necessary that
bone growth factors are loaded in bioactive artificial bone matrices and slowly
releases through time. Shiraki et al. [9] reported that metacarpal bone mineral
density was increased in osteoporosis through the administration of menatetrenone,
vitamin K2 (VK2, anti-osteoporosis drug). They indicated that VK2 prevented
trabecular bone loss and the occurrence of bone fractures [10] in osteoporosis.
Therefore, the VK2 is selected as a model drug and loaded in the bone cement
matrices to develop a drug delivery system.

11.3.1 Therapeutic Effect of Drug Delivery System of the AC
on Bone Mass in the Rats

Apatite/collagen composite cements loaded with bone growth factors is believed to
have a better biocompatibility than simple artificial bone implants. The effects of
anti-osteoporosis drug on bone mass were investigated in the osteoporosis rats. The
AC cement bulk powder was prepared by grinding 80 % AP with 20 % collagen
for 20 min. After that, the bulk powder (0.500 g) of the AP or AC was mixed
homogeneously with 0.20 mL of 11 mM phosphoric acid, then 10 mg of VK2
powders were mixed, and the final paste was poured into a plastic mold and stored
at 37 ıC and 100 % relative humidity for 24 h. Three types of the drug delivery
devices were developed [7]:

1. APK – VK2 loaded in the AP
2. ACPK – VK2 loaded in the AC without grinding
3. ACGK – VK2 loaded in the AC with grinding

After the VK2-loaded devices were implanted in the osteoporosis rats, the BMC
was measured as index of biodegradation rate. Figure 11.6 shows the effects of
VK2 on BMC of apatite/collagen cements implanted in osteoporosis rats. The
BMC profile of the ACGK was significantly higher than those of the ACPK and
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Fig. 11.6 Effects of cement
formulation on BMC of AP
and AC cements containing
VK2

APK. On the other hand, the microstructure of ACGK was significantly different
from APK, and that difference was drastically affected by the duration of the
experimental. For ACGK, the amount of BMC reached its peak at day 7. ACPK
and APK recorded the highest and slowest degradation rates of BMC, respectively.
At day 21, the amount of BMC present can be shown as ACGK > APK > ACPK.

The micrographs of the cross sections of the apatite/collagen cements containing
VK2 taken after 72 days of implantation were shown in Fig. 11.7. After implan-
tation, it was discovered that the APK cement had undergone deformation but
there are no evidence to suggest penetration of organic components into the cement
material (Fig. 11.7a). Likewise for the ACPK cement with a reduction in diameter
but an increase in thickness, the shape of the ACGK cement had been completely
distorted after 72 days (Fig. 11.7b).

The BMC result of the cements loaded with VK2 suggests that their formulation
has a significant effect on the rate of biodegradation. After 72 days, the ACGK
cement recorded an increase in BMC, which was also higher than the ACPK cement
(Fig. 11.6). The organic components had penetrated deeply into the center of the
ACGK (Fig. 11.7b). These results suggested that the changes in BMC were more
dynamic for the ACGK than the ACPK cement. As shown in the X-ray diffraction
results, grinding the apatite/collagen composite cement can lead to a crystalline
structure that is more or less the same as natural bone; this could have an influence
on the release of bone growth factors such as VK2 and the regeneration and
absorption of bone during the experimental period.

The BMC profile of AC suggests the quick release of VK2 may encourage
organic components to penetrate the ACPK cement and stimulate the activity of the
surrounding cells. Observations made from the ACPK micrographs revealed organic
components had penetrated into the cement and causing the shape the cement to
totally deform. On the other hand, a complete absorption of AC was observed.
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Fig. 11.7 Cross-section micrographs of (a) APK, (b) ACGK, and (c) ACPK cement after 72 days
of implantation

On the contrary, the biodegradation profile of APK was almost identical to
the AP, and the organic components did not penetrate deeply into the cement.
These phenomena suggested that both mineral absorption and precipitation were
induced by the organic components and VK2 in the APK cement. Nonetheless,
only absorption was observed on the AP cement. The AP and APK cements
were composed almost entirely of inorganic components, and the formulation and
geometrical structures of the cement are different to natural bone; as a result bone
growth factors might be not affected in the formation of bone.

11.4 Skeletal Bone Cell Scaffold Based on Apatite/Collagen
Composite Cements

The geometrical structure of pores in implantable artificial bone affects bone
regeneration, since bone-related cells grow and proliferate more effectively in
interconnected porous materials, such as coral-modified implants made of calcium
phosphate and porous “-TCP ceramics. Interconnective pores in coral-like materials
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Fig. 11.8 Photograph of
ACP block

are therapeutically effective for bone regeneration in the body through the intro-
duction of bone cells and blood vessels [11, 12]. Notably, interconnective porous
biomaterials are useful as a scaffold for bone cell cultures for implant. Kuboki et al.
[13] discovered the various types of interconnective voids, and pores in artificial
bone enhanced the transition from artificial material to natural bone. These voids
played a key role in stimulating tissue invasion and biocompatibility. Based on the
test results, it can be suggested that continuous voids supported the formation of
new bone by allowing the bone cells and/or tissues to penetrate into the voids more
readily and the growth of new blood vessels commences.

11.4.1 Biodegradation of Scaffold Based on Apatite/Collagen
Composite Cements with Interconnective Macropores
in Rats

Since artificial bones are fabricated with favorable properties using apatite/collagen
composite with connective voids, these devices could be utilized as a bone cell
scaffold to culture bone marrow extracted from patients for bone regenerative
medicine. Artificial bone cement with interconnecting pores as a cell scaffold device
was therefore prepared based on the AC cement and its biocompatibility investigated
after implantation into rats.

The ACP blocks were prepared as follows [14]: cement bulk powders were
mixed homogeneously with 25 mM phosphoric acid to form a paste and poured
into a mold (10 � 10 � depth mm) containing an organized stainless steel needlelike
male dies 600 �m in diameter. The mold is then stored and hardened at 37 ıC and
100 % relative humidity for 24 h. The cement blocks with voids were obtained after
removing the pins as shown in Fig. 11.8. The APN and ACN blocks were used to
harden the AP and AC cement pastes in the mold (10 � 10 � depth mm) without
pins, respectively.
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Fig. 11.9 Plot of time versus
changes in BMC of cement
blocks implanted in rats (�,
ACC; �, ACN; •, APN)

The XRD result indicated that the calcium phosphates from ACN, ACC, and
APN transformed into biological HAp with no peak due to the presence of raw
materials, as previously reported [7]. The result of scanning electron microscopy
with electron probe microanalyzer revealed the ACC cement has a smooth surface
with particles less than 1–2 �m in size and is similar to natural bone [15]. It was
also discovered that the geometrical structure of the implants has an effect on the
behavior of their biological absorption. The microporosities of the APN and ACN
measured using mercury porosimetry were found to be around 40 %, similar to the
value previously published [14]. Therefore, the total porosity of the ACC cement
was calculated to be approximately 64 % by combining the micro- and macropores
which are 40 % and 23 %, respectively.

After the artificial bone blocks (ACN, ACC, and APN) were implanted subcu-
taneously in female SD rats, their BMC profiles were determined by dual energy
X-ray absorptiometry (Fig. 11.9). The analysis revealed the BMC of ACC increased
rapidly to around 120 % after 28 days but dropped to 105 % after 56 days. A similar
trend was also observed for the ACN cement as their BMC rose to approximately
110 % after weeks 1–3 and at day 56 the BMC was around 98 %. In contrast, the
BMC of APN decreased steadily throughout the entire experiment, and at day 56
the BMC was recorded to be approximately 90 % (Fig. 11.9).

The bone mineral density (BMD) of the implanted blocks were also measured
and the results showed the density of ACC increased to around 108 % after 42 days
and then declined significantly (Fig. 11.10). A gradual decrease was observed for
the ACN cement during a 6-week period, and at the end of day 42, the BMD was
approximately 92 %. Moreover, the BMD of APN remained unchanged during the
first 4 weeks of the experiment but then the BMD steadily decreases and by day 56
it was around 94 %.

Based on these results, it is clear that the cement system will ultimately determine
the changes in the BMD profile. During the latter stages of the experiment, a
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Fig. 11.10 Plot of time
versus the changes in BMD
of cement blocks implanted
in rats. �, ACC; �, ACN; •,
APN

decrease in the BMC and BMD was observed with all the implanted blocks,
40–56 days due to the abdomen, and phagocytized on the surface of macropores by
osteoclast-like cells bearing the same resemblance as bone remodeling. Photographs
of removed implants also indicated that the deformation of the cement blocks can
be considered as an indication of biological activity, the order of activity being
ACC > ACN > APN. The results of deformation were consistent with the decrease
in BMC after 40–56 days.

11.5 Drug Release from Biodegradable Apatite/Collagen
Composite Cements with Interconnective Macropores

To improve biocompatibility, three-dimensional perforated porous apatite/collagen
composite cement (ACC) with drug delivery capability was developed. It can be
hypothesized that this will be a powerful tool in controlling bone regeneration if we
can control the release of bone growth factors during cell culture [16].

11.5.1 Controlled In Vitro Drug Release from Skeletal Bone
Cell Scaffold by Interconnective Macropores

The ACC device with drug delivery capability was prepared as follows: the AC
cement paste containing an apatite cement bulk powder, 20 % type I bovine
collagen, and 3 % indomethacin (IMC) bulk powder was poured into the mold
(10.0 � 10.0 � 7.5 mm) to generate interconnective macropores (0, 20, 40, and 60
stainless needles) and stored at 37 ıC and 100 % relative humidity for 24 h.
The X-ray diffraction and FT-IR results of the cement blocks suggested that
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Fig. 11.11 Effects of
interconnective macropores
on in vitro release of IMC
from ACC devices

its characteristics and biocompatibility are comparable to natural bone, and the
application of the device as a biodegradation composite for bone repair can be
anticipated [14].

To investigate the drug release capability of the ACC devices, tests were carried
out in 25 mL of simulated body fluid (SBF) at a pH level of 7.25. The in vitro
release of IMC from ACC with 20, 40, and 60 perforated pores in SBF after
336 h was 6.34 ˙ 0.48, 6.99 ˙ 0.46, 8.41 ˙ 0.61, and 9.34 ˙ 0.51 mg, respectively.
By increasing the number of macropores, the release rate of IMC from ACC
devices also increased. Since the drug release rate-limiting step of the release
from unerosible-homogeneous drug-loaded matrix system was basically the drug
diffusion process in the micropores in the matrix, the drug release from the planar
surface matrix systems follows the Higuchi equation (Eq. 11.1):

Mt D A

r
Cs

Di "

�
.2Cd � "Cs/ t (11.1)

where Mt is the amount of drug released after time t, A is surface are of the device,
D is the diffusion coefficient of the drug, Cs is the solubility, Cd is the concentration
of drug in the matrix, � is the tortuosity, and " is the porosity.

The in vitro IMC release data from ACC with various numbers of macropores
were used to plot IMC release against the square root of time (Fig. 11.11). Since
the same cement formulation was used for all the ACC devices, the geometrical
microstructure (micropore structure) was almost identical for all the devices, and
the diffusion parameters of all ACC, such as porosity, drug concentration in the
matrices, and pore tortuosity, were almost equal. The only exception is the surface
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Fig. 11.12 Higuchi-type plot
for the in vitro release of IMC
from ACC in SBF

area of the devices relative to the geometrical macrostructure of ACC. Therefore,
Higuchi equation (Eq. 11.1) can be simplified to form an equation where the surface
area of macropores is taken into account as the surface area (A) of the device, and
drug release rate of the ACC devices can be manipulated by controlling the value of
A (Eq. 11.2):

Mt D A � K � p
t (11.2)

where K is a constant.
The linear relationship between HC and A of ACC as shown in Fig. 11.12

suggested the adequateness of Eq. 11.3, and value of K is derived from the slope
of the graph. The results therefore suggest the rate of drug release can be controlled
by number of macropores for culturing bone cells:

K D
r

Cs
Di "

�
.2Cd � "Cs/ (11.3)

11.5.2 In Vitro Bone Cell Activity Responsive Drug Release
from Biodegradable Apatite/Collagen Bone Cell
Scaffold with Interconnective Macropores

As osteoclasts reabsorb bone matrices by exuding acid into the microenvironmental
area under the cells [17], it is thus necessary to understand the remodeling of bone
grafts by osteoclasts and osteoblasts in order to produce effective implantable apatite
cement to deliver drugs to areas affected by osteoporosis.
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Fig. 11.13 Effects of dissolution mediums on VK2 release from the AP, AC, and ACC cements

Since the crystalline structure of AC was almost the same as natural bone [7], the
material was phagocytized at the surface of macropores by bone-like cells, similar
to the remodeling of bone.

Therefore, the rapid bioabsorption of AC may be considered to be similar to the
biological action of active bone cells [7]. In order to clarify the rule of osteoclasts
during drug release from the apatite/collagen nano-composite, we investigated
the influence of the dissolution medium on the drug release capabilities of the
device based on a physicochemical model for nanoscale bio-interface between bone
matrices and bone cells.

The ACP0, ACP20, ACP40, and ACP60 were obtained as follows: the AC
cement paste containing an apatite cement bulk powder, 20 % type I bovine
collagen, and 2.5 % VK2 bulk powder was cast in the mold (10.0 � 10.0 � 7.5 mm)
to make interconnective macropores (0, 20, 40, and 60 stainless needles) and
stored at 37 ıC and 100 % relative humidity for 24 h. The X-ray diffraction
and FT-IR results suggested that the samples had similar characteristics to natural
bone [16].

To clarify the role of bone remodeling in the drug delivery system based on
HAp matrices, a physical in vitro dissolution model was established. The drug
release profile was investigated in an SBF solution with a pH of 7.25 to simulate
osteoblast-like conditions (SOB) and in an acetate buffer with a pH of 4.5 to
simulate osteoclast-like conditions (SOC) [16].

Figure 11.13 shows the effect of the dissolution medium on the release of VK2
from AP, AC, and ACC60. It was discovered that virtually no drugs were being
released from AC block and ACC-60 in SOB, but the situation was quite the
opposite in SOC with significant improvements in the drug release rates. The drug
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Fig. 11.14 Effects of dissolution medium on the ACC cement with different numbers of
macropores

release and calcium phosphate dissolution results suggested that the HAp matrices
in the device were dissolved in SOC, and the drug release was accelerated with
increasing porosity. In SOB, however, the device was covered with precipitated HAp
particles and inhibiting the release of drugs from micropores. The drug release from
AC and ACC blocks were dependent on the dissolution medium. However, this is
not the case for the AP block.

The drug release from the ACC and AC blocks in SOC was accelerated by the
increase in porosity due to the dissolution of HAp matrices, as the biomimetic device
had large pores up to 1 �m in size (Fig. 11.13), which could be connected between
apatite and collagen matrices. In SOB, on the other hand, the devices were covered
with small amounts of fine HAp particles, which inhibited drug release. The drug
release results for the AP block revealed that the drug particles did not link together
and were encapsulated in the cement matrices.

The relationship between macropore numbers of ACC block and the dissolution
medium responses to VK2 release is shown in Fig. 11.14. Based on the drug release
profiles, it can be hypothesized that the rate of drug release is dependent on the
dissolution medium, and the results were repeated twice in SOC. For ACC, the
maximum drug release rate in SOC was more or less proportional to the number of
macropores.

Significant deformation of the ACC block was believed to be caused by a
repeatable drug release in SOC and SOB (Fig. 11.14). The phenomena might be
related to the bone cell activities and the responses to drug release from the cement
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device, given that the in vitro drug release experiments can be thought of as a
physicochemical model for the remodeling of bone matrices by osteoblast and
osteoclast cells. Perforated pores of the devices may possibly be used to control
the release of drugs and could be utilized as a bone cell scaffold.
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