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Abstract The self-setting apatite-based bone cement, prepared using the solubility
phase diagram of calcium phosphates, consists of metastable calcium phosphates
and can be transformed to the low-crystallinity apatite with bio-affinity to natural
bones. Various drugs were kneaded into the cement to create an artificial bone cement
with sustained drug release capability and the drug release from the cement matrices
can be controlled based on the parameters of the Higuchi equation, such as drug
concentration, porosity, granular diameter, and diffusion coefficient. Results from
in vitro and in vivo drug release experiments suggested that in vivo drug release from
the apatite cement was dependent on calcium concentration in the body fluids. The
results indicated that anti-osteoporosis drug release from apatite bone cement could
be controlled based on the severity of the disease in osteoporotic rats. In addition,
the amount of diseased bone in the rat increased with the apatite bone cement.
Furthermore, anti-osteoporotic drugs were added to the apatite-collagen composite
cement for the manufacture of three-dimensional perforated macro-porous bone cell
scaffold. The collagen-HAp cement containing DNA complex was administered,
and the growth of cancer cells was effectively suppressed by the continuous DNA
release of the injected collagen-HAp cement containing DNA complex. This highly
functional artificial bone was shown to be suitable for bone regeneration.

Keywords Apatite bone cement + Bioaffinity - Higuchi equation + Osteoporosis
responsive drug release + Apatite-collagen composite cement *
Three-dimensionally perforated macro-porous bone cell scaffold

M. Otsuka (B<)

Faculty of Pharmacy, Research Institute of Pharmaceutical Sciences, Musashino University,
Nishi-tokyo, Japan

e-mail: motsuka@ep.musashino-u.ac.jp

Research Institute of Electronics, Shizuoka University, Hamamatsu, Japan

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 231
A. H. Choi and B. Ben-Nissan (eds.), Innovative Bioceramics in Translational Medicine I,

Springer Series in Biomaterials Science and Engineering 17,
https://doi.org/10.1007/978-981-16-7435-8_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7435-8_8&domain=pdf
mailto:motsuka@ep.musashino-u.ac.jp
https://doi.org/10.1007/978-981-16-7435-8_8

232 M. Otsuka

8.1 Introduction

Bone-related diseases, such as osteoporosis, often involve bone fracture accidents and
resultin a bedridden state, which greatly reduces the patient’s quality of life. Artificial
bones and hip joints have been used as medical devices to restore the functionality of
osteoporosis patients and improve their quality of life [1]. Artificial bones are made
of metal (titanium and stainless steel), ceramics (zirconia, alumina, and calcium
phosphate), or polymers (poly-ether-ether-keton and polyethylene terephthalate)
[2,3].

Hydroxyapatite (HAp), which has good compatibility with hard tissues in the
body, has been used for artificial bones, artificial joints, and dental implants [4,
5]. However, time is required for the stabilization of HAp implants after surgical
implantation. Clinically, it is desirable to develop an artificial bone system that allows
a faster bone cell proliferation and has high cohesiveness with natural bones.

An implantable drug delivery system using a biodegradable polymer material
such as gelatin has been developed as a novel drug delivery system to deliver loaded
pharmaceuticals to natural hard tissue and promote bone formation [6-8]. However,
when using these implants in patients with bone defects, it is difficult to obtain good
clinical scores. Therefore, artificial bone systems have been developed in which
antibiotics and anticancer agents are embedded in synthetic porous HAp beads and
are composed of biocompatible inorganic materials that fill bone defects and control
drugrelease [9, 10]. However, it is not easy to control the amount of drug being loaded
and sintering at high temperatures eliminates the possibility of using the artificial
bone cement for sustained drug release applications as the drug is only physical
adsorbed on surface of the micro-pores.

On the other hand, when using self-setting HAp bone cement [11] that is trans-
formed to stable crystalline HAp after kneading, as the bone cement material, the
drug can be easily sustained released for long-term effects by embedding the drug
powder in the cement. Intelligent drug delivery systems (DDS) have been developed
that release various drugs in response to the degree of pathological condition by
making use of the drug release control technology and biomimetic technology based
on apatite-related bone cement. In this study, the development process of these DDS
has been described.

8.2 Self-hardening Mechanism of the Setting HAp-Related
Bone Cement

Brown and Chou [11] prepared a self-setting HAp-related bone cement based on
the solubility phase diagram of calcium phosphates. The metastable calcium phos-
phates in the cement rapidly underwent crystal transition to form stable HAp by
kneading with a phosphoric acid solution. The cement rapidly self-set to HAp with
low crystallinity as observed by powder X-ray diffraction analysis. Self-setting HAp
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bone cement was developed using this technique, and it has been used clinically
and has been confirmed as an excellent biocompatible artificial bone material. The
artificial bone cement was used as a base material to control drug delivery func-
tion by incorporating various drug powder into the self-setting HAp cement. Since
the drug-containing cement was self-hardened and transformed to low-crystalline
carbonate HAp with high biocompatibility, the drug powder was distributed in the
interconnected pores that exists within the cement. Therefore, after the cement is
set within the human body, drug powder is dissolved and slowly released from the
artificial bone cement throughout micro-pores of the HAp cement matrices.

8.3 Diffusion Theory of Controlled Drug Release
from Self-setting HAp-Related Bone Cement,
and Therapeutical Applications of These Cement
Systems

The first application of self-setting HAp-related bone cement was to treat infections
caused by methicillin-resistant Staphylococcus aureus, often occurring after surgery
to attach an artificial bone. Traditionally, antibacterial agents either in the form of
an injection or in the tablet form is administered after the surgical implantation of
artificial bone in an effort to prevent bacterial infections after surgery. However,
the disadvantage of this approach is the fast dissolution of normal drug powder,
rapid drug diffusion from the implanted site, the body metabolizes the medication,
and eventually gets broken down absorbed by the body. Therefore, a biocompatible
HAp cement was used as the base cement to prevent postoperative infections for
an extended period, and consequently, a HAp bone cement containing the antibiotic
cephalexin (CEX) was synthesized [12].

Figure 8.1 shows the in vitro drug release profile of the HAp bone cement in a
phosphate buffer at 37 °C. It indicated that the HAp cement had CEX sustained-
release characteristics for an extended period of 1 week or more, and the rate of drug
release increased depending on the drug content. The drug filled in the hardened
cement matrix was released by diffusion through the micro-pores. Higuchi reported
that the drug release rate from the cement matrices with micro-pores at time t is
dependent on the porosity of the cement, drug content, drug solubility, surface area of
the cement, and tortuosity of the pores, and was expressed by the following equation
[13]:

D,’S
M, = AMO\/CS—(ZCd —eC)t (8.1)
T

where M, is the drug release amount at time t; A is the surface area of the cement; t
is time; D; is the drug diffusion constant; t is the tortuosity; ¢ is the porosity; Cq is
the drug concentration; My is the total amount of drug; and Cj is the drug solubility.
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Fig. 8.1 Drug release
profiles of HAp cement
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concentrations of cephalexin.
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The CEX release profiles of the HAp bone cements were applied to the Higuchi
equation, as shown in Fig. 8.2 [12]. Since good linear relationships were observed,
the drug diffusion rate in the micro-pores in the cements was the rate-determining
step of the drug release rate, and it indicated that the drug content affected the release
of the drug from the cement [14]. Based on this result, when considering the Higuchi
equation (8.1), it was possible to control the drug release rate without restraints from
artificial bone cement by controlling the geometrical elements of the cement and the
elements related to the drug diffusion characteristics.

Second, based on the Higuchi equation (8.1), the drug release from the HAp
bone cement should be controlled by changing the cement surface area based on the

Fig. 8.2 Effect of drug
concentration on drug
release profiles of the HAP
cement containing
cephalexin, based on the
Higuchi plots. O0: 4.8% drug
cement; o: 2.6% drug
cement; *: 0.9% drug cement
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particle size. As application to treat rheumatic bone deformity, the anti-inflammatory
drug release from the cements containing indomethacin (IMC) with various granular
size and drug concentration of the bone cement granules were tested [15]. The HAp
cement granules with diameters of 2, 4, and 15 mm were prepared and their drug
release rate tested, as shown in Fig. 8.3. The drug release rate of the granules increased
with decrease in granular size of the cement, implying that their release rates were
dependent on the size and drug concentrations. However, when the amounts of drugs
released were corrected to release amount per surface area, the initial drug release
profiles from the granular cements of all sizes overlapped to produce nearly identical
drug release profiles, as shown in Fig. 8.4. This was an evidence that the drug release
from the HAp cement with various size granules followed the Higuchi equation. The

251 25 25
Small 0 0 0 Medium I_argc
4 2 5%dn 4 4
5201 0 Sede 20 . |20
E L
! | | ) 5% drug ] 5% drug
3 151 § t 151 15
o 2% drug
" ]
-%'; 104 §§ oo oo o 104 § 2% drug 104 Ofoo {
S # 1% drug b? go oo . @O 2% drug
2 S4%m oea a4 5-@" 1% drug 5 -&@ .
f EM a8 o8 4 fﬂp 1% drug
0 — e I e .
0 5 10 15 0 5 10 15 0 5 10 15

Time (d) Time (d) Time (d)

Fig. 8.3 Effect of granule size and drug concentration on drug release profiles of the HAp bone
cement granules containing anti-inflammatory agent, indomethacin (IMC)
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result also suggested that it was possible to control drug release by changing the
granular size of the cements.

In addition, as an application to correct bone defects after bone cancer resection
surgery, controlling the release rate of an anticancer drug, 6 mercaptopurine (6-
MP), from the sustained-release bone cement was examined by changing the cement
powder and kneading liquid ratio [16]. Based on the Higuchi equation (8.1), the
geometric structural factors of the micro-pores, such as the porosity (¢) and the tortu-
osity (1), in the self-setting HAp cement can control drug release, and hence, the pore
parameters of the cements were varied by changing the powder-liquid ratio of the
cement. Figure 8.5 shows the effect of change in the powder-liquid ratio of the HAp
cement containing 6-MP on the release rate. The symbols and dotted lines represent
the measured values and simulated values, respectively, based on the Higuchi equa-
tion (8.1). The 6-MP release from the HAp cement increased with increasing in the
powder-liquid ratio, and the measured values were fitted with Higuchi equation (8.1).
The result indicated that the drug release parameters, the porosity (¢) and the porosity
(1), in the Higuchi equation were dependent on the powder-liquid ratio. Thus, it was
concluded that the anticancer drug release rate from the HAp bone cement could be
freely controlled by varying the powder/liquid ratio.

HAp is known to have high adsorption on proteins and peptides and has been
utilized as a material in separation column for liquid chromatography owing to this
property [17]. Therefore, the physicochemical properties, including the adsorption
property of the applied drug to HAp, significantly affects the drug release property
from HAp bone cement. Thus, the interaction between HAp and highly therapeutic
polypeptide-based drugs, such as calcitonin (a therapeutic agent for osteoporosis),
bone growth factors, and anticancer agents were investigated.

In this study, insulin, bovine serum albumin (BSA), and the tripeptide drug
cephalexin were applied to self-setting HAp cement as model peptide drugs with
different molecular weights [18], and the drug release rates from the pores of HAp

Fig. 8.5 Effect of amount of
kneading liquid on drug 30 i 0.65 mL/g

release of HAp bone cement et
containing anti-cancer drug . 0 a o 0.55 mL/g
E’.-". .._."". .;..- 0.45 mL/g
- 20 = q.' L ‘A...--‘
2 REN T A - 0.35mL/g
£ T St o B 025 mLsg
S
-.: (14 )
0

10 = i
RN
e

Tr 1T 1T 1T 1T 1T 1T 1T
20 40 60 80 100

Time (h)

=)
o-ﬁ:_'



8 Intelligent Drug Delivery System for Artificial Bone Cement ... 237

70000
Albumin

60000

40000 .
Insulin

Molecular weight

K X 10 (mgh'2 cm?)

Fig. 8.6 Relationship between drug diffusion rate constant and molecular weight of polypeptide
of the HAp bone cement

bone cement were compared. The in vitro BSA release from the HAp bone cement
was very slow, since BSA has a greater molecular weight and a high affinity for
apatite crystals. In contrast, the drug release of short peptide, cephalexin, was much
faster than that of BSA or Insulin.

Figure 8.6 shows the relationship between the drug release rate and the molecular
weight of various polypeptide drugs from the HAp bone cement matrices. The rela-
tionship revealed a decrease in the drug release rate as the molecular weight increases,
and the result supports the theoretical relationship between diffusion rate constant
and molecular weight. Therefore, it is considered that the drug release rate from
the HAp bone cement decreases as the molecular weight increases. Based on this
finding, it was shown that the polypeptide-based drug can be released in a sustained
manner from the apatite cement DDS for an extended period of several months.

8.4 Effect of Drug Loading Geometrical Structure
on Controlled Drug Release from Self-setting
HAp-Related Bone Cement

Figure 8.7 shows application models of the homogeneous drug loaded-HAp bone
cement and heterogeneous drug loaded-HAp bone cement. As described in the
previous sections, the drug powder was distributed homogeneously within the bone
cement base, and the drug release followed the Higuchi equation. The homoge-
neous drug loaded system was a clinically feasible application method, and had an
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Fig. 8.7 Homogeneous (a) and heterogeneous (b) bone cement application models of HAp bone
cement

advantage that safety at the time is ensured during surgery. In contrast, heteroge-
neous drug-loaded cement was prepared by designing a drug storage compartment
inside the cement and the outer surface of the compartment encapsulated by the
cement to maintain porosity and tortuosity of the cement pores by increasing or
decreasing the cement kneading solution [19]. The device could control drug release
from bone cement by a release mechanism according to the Fick’s equation. The
heterogeneous drug filling system allowed for much longer drug release than the
homogenous system.

Figure 8.8 shows the drug release profile from HAp bone cement filled with
aspirin, which is an anti-inflammatory drug, in a heterogeneous drug loading system.
Since the HAp bone cement of the release control layer was prepared by changing the
amount of seed crystal and kneading liquid, the porosity and tortuosity of micro-pores
in the molded cement were changed in the formulation. The drug release rate of the

Fig. 8.8 Effect of micro
pore structure on drug
release from heterogeneous
aspirin-loaded HAp bone
cement

Amount released (mg)

Time h
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prepared HAp bone cement system varied significantly depending on the formulation
(amount of seed crystal and kneading liquid) of the release control cement layer.
Accurate drug release behavior could be controlled over a long period by filling
the bone defect with aspirin-containing cement and encapsulating the outside with
apatite cement.

8.5 Osteoporosis-Responsive Drug Delivery System Based
on Self-setting HAp Bone Cement

By applying the basic concept of drug release kinetics, the relationship between
the physicochemical properties and drug release properties of the artificial bones
made from self-setting HAp bone cement were theoretically elucidated in the above
section. However, in the process of developing HAp bone cement containing anti-
inflammatory drug indomethacin [20], in order to clarify interaction between HAp
cement matrices and bone cells, the in vitro and the in vivo drug release profiles
were directly compared, but those were not matched well in long-term drug release
period. The ionic concentrations of calcium and phosphoric acid in the serum of
healthy humans are high and supersaturated with respect to HAp contained in bone.
Therefore, it has been reported that low crystalline HAp, similar to natural bone,
precipitates in simulated body fluid (SBF) containing calcium, phosphoric acid, etc.
in the same concentrations as in healthy human body fluid [21]. In contrast, the phos-
phate buffer solution used the in vitro experiments in above section was an unsaturated
solution because it did not contain calcium ion and was similar to those observed
in osteoporotic condition, so the HAp cement matrices were dissolved and disinte-
grated from the cement surface. To explain quantitatively the gap phenomenon of drug
release of HAp bone cement containing the anti-inflammatory drug indomethacin
between in vitro and in vivo experiments, drug kinetics method was applied to the
plasma drug concentration profiles [20]. The in vivo drug release rate from the HAp
bone cement implanted in normal rats was determined based on the plasma drug
concentration profiles using the deconvolution method. After implanting the bone
cement into the living body, rapid in vivo drug release in the deconvoluted drug
release profiles was confirmed during the initial stages; however, it slowed down
significantly after 1 week when compared to the in vitro drug release in phosphate
buffer after 1 week [20]. Figure 8.9 shows the relationship between the in vitro (in
phosphate buffer) and in vivo drug release profiles [20]. In initial drug release stage
within a week, the drug released amount of the in vitro drug release was almost the
same as that of the in vivo release. However, the drug release profile for a prolonged
period, i.e. 1 week or longer, revealed that the in vitro release tend to be significantly
higher than that of the in vivo release [20].

Based on the findings of the in vitro and in vivo drug release from various HAp
bone cements, the authors attempted to design an intelligent HAp bone cement that
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Fig. 8.9 Relationship 3
between in vitro and in vivo
drug release from the HAp
bone cement containing
indomethacin. In vitro test
was performed in 0.1 M
phosphate buffer at pH 6.8,
while the in vivo test was
performed in healthy rats. o:
1% drug-loaded cement; *:
2% drug-loaded cement; A:
5% drug-loaded cement
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had drug release responsive to osteoporosis pathology. In vitro release test of anti-
osteoporosis drug estrogen from the HAp bone cement DDS in SBF with various
calcium concentrations showed that the drug release in SBF containing a high concen-
tration of calcium (10 mg/100 mL Ca*) was suppressed by precipitated HAp-like
crystals on the surface of the cement (Fig. 8.10) [21]. In contrast, in the SBF solution
containing no calcium (0 mg/100 mL Ca*), it was observed that the HAp dissolved
and disintegrated on the cement surface, and the volume of pores present within the
increased, which accelerated drug release. From these findings, it was confirmed
that the plasma calcium concentration-dependent drug release control mechanism

Fig. 8.10 Effect of calcium 500
concentration on the
estradiol release rate on the
Higuchi plots of the HAp
bone cements. A:

10 mg/100 mL Ca*; o:

5 mg/100 mL Ca*; O:
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of HAp bone cement in rats with osteoporosis was consistent with the results of the
in vitro physicochemical experiments.

To assess the therapeutic application for the treatment of osteoporosis, an in vivo
anti-osteoporosis drug release test of HAp bone cement DDS was conducted using
three groups of rats: rats with osteoporosis pathology, rats recovering from pathology,
and healthy rats. As shown in Fig. 8.11, the plasma concentration of calcium in
osteoporotic pathological rats was 5 mg/100 mL, and that of healthy rats was
10 mg/100 mL. The plasma concentration of calcium in the recovery model rats
changed from 5 mg/100 mL at initial stage to 10 mg/100 mL after 14 days.

Figure 8.12 shows the graph of plasma drug concentration after implanting the
HAp bone cements containing anti-osteoporosis drug estradiol in these three groups
of rats, including rats with osteoporosis [22]. In vivo estradiol release in osteoporotic
rats was significantly accelerated, whereas normal rats were significantly suppressed.
In addition, the plasma drug concentration in the recovery rat model was equivalent to

Fig. 8.11 Plasma levels of 12
calcium in osteoporosis %
model rats and recovery =]
model rats. A: healthy rats; i 10
o: rats recovering from °E°
pathology; [I: rats with % 3
osteoporosis pathology 3
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Fig. 8.12 Plasma drug
concentration profiles after
implanting HAP bone
cements containing
anti-osteoporosis drug
estradiol in the osteoporotic
rats. A: healthy rats; *: rats
recovering from pathology;
H: rats with osteoporosis
pathology

Plama level of estradiol (mg/ml)
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Time (days)
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that in osteoporotic rats at the initial stage. However, the plasma drug concentration
was suppressed to the same level as that in normal rats after 2 weeks. Based on these
findings, it was confirmed that the drug release from HAp bone cement DDS was
dependent on the plasma concentration of calcium [22].

Results of an in vivo study showed that HAp bone cement was dissolved or disin-
tegrated by the acid secreted by the activated osteoclasts cells under the condition
of progressive osteoporosis and decrease in the plasma concentration of calcium,
and the drug release was accolated from the cement. Subsequently, it was shown
that when the pathological condition improved and plasma concentration of calcium
increased, osteoblasts were activated on the surface of bone cement to form new
bone and drug release was suppressed. To verify the therapeutic effect of the HAp
bone cement DDS containing estradiol, the bone mineral density of the lumbar verte-
brae of the osteoporotic rats was examined 22 days after implanting DDS cement.
Figure 8.13 shows the radiograms of osteoporotic rats treated with the DDS cement
and/or fed a calcium diet, and the result of the bone mineral density evaluated from
the radiogram. The bone mineral density of the rat groups treated with both the DDS
cement and the calcium diet was significantly higher than that of the other groups,
and the implantation of the DDS cement to the osteoporotic rats resulted in higher
therapeutic effect to improve the bone mineral density.
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IR CR ID CD D H

Fig. 8.13 Radiography and cement density after implanting the HAp bone cements containing
anti-osteoporosis drug estradiol in osteoporotic rats. IR: DDS implant + calcium diet; CR: calcium
diet; ID: DDS implant; CD: control; D, prior to implementing control conditions; H: healthy
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8.6 Drug Delivery System for Hard Tissues Based
on Self-setting Collagen-HAp Composite Cement

In the biological hard tissue, dense bones and shells of marine creatures are function-
ally arranged by a complex of HAp and collagen to form a light, strong and supple
geometric structure. In addition, the space between bones includes osteoblasts, osteo-
clasts, and hematopoietic cells, and has various physiological functions. To obtain a
bio-absorbable and high-strength bone material that mimics biological hard tissue, an
attempt was made to synthesize an organic—inorganic composite material using HAp
and collagen. The HAp cement and insoluble type I collagen were mechanochem-
ically treated in a centrifugal ball mill to obtain self-setting collagen HAp bone
cement.

As shown in Fig. 8.14, the main part of the HAp bone cement was transformed
into HAp; however, its X-ray diffraction profile showed some small diffraction peaks
attributable to original tetra-calcium phosphate, suggesting that the transformation
was not perfect [23]. In contrast, X-ray diffraction profile of the collagen HAp bone
cement indicated that the cement was almost 100% transformed into HAp. These
results suggest the following: the collagen-HAp bone cement, as an organic—inor-
ganic composite, was a functional material that had the ability to self-set and harden
when kneaded with phosphoric acid and undergoes biodegradation after implan-
tation in a living body [23]. The collagen-HAp bone cement was transformed on
the collagen fiber to HAp with low crystallinity and was similar to natural bone
(Fig. 8.14). In addition, the biodegradation rate of the hardened cement matrices could
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be controlled by changing the amount of collagen to 5-20%. These results showed
that the collagen-HAp composite bone cement, which was capable of controlling
biodegradation rate and drug delivery rate, could be prepared by mechanochemical
treatment [23, 24].

The artificial bone implant for osteoporosis treatment that had a bone proliferative
effect was designed based on the collagen-HAp composite bone cement containing
phytonadione (VK2) [23], which acted on osteoblasts and had a bone growth effect.
After implantation of the bone cement DDS containing VK2 in the back of osteo-
porotic rats, the mineral mass of the cement devices was measured by radiography.
It was observed that the mass of the cement with VK2 was significantly higher
than that without (Figs. 8.15 and 8.16). After 22 days of implantation, the bone
cements were removed from the osteoporotic rats and stained. Figure 8.17 shows the
microphotographs of the tissue cross sections of the implanted bone cement DDS
after 22 days. Collagen and new bone were observed inside the collagen-HAp bone
cements, with and without VK2. This indicated that bone remodeling had occurred
within the implant. However, the implanted cement with VK2 showed a tendency
to increase mineral mass, whereas the cement without VK2 showed a tendency to
decrease mineral mass. In the former, the bone grew in the cement, but in the latter,
the cement was phagocytosed from outside by bone cells.

Fig. 8.15 Change in the After 6 days
radiography of collagen/HAp

bone cement containing VK2
after implantation into the
back of osteoporotic rats

high

After 23 days

G B

After 62 days
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Fig. 8.16 Mineral density profiles of collagen-HAp bone cement with and without VK2 after
implantation in the back of osteoporotic rats. o: Collagen-HAp bone cement; A: Collagen-HAp
bone cement containing VK2

Collagen-HAp cement Collagen-HAp cement
containing VK2

Fig. 8.17 Micrographs of collagen-HAp bone cements containing VK2 after implantation in the
back of osteoporotic rats for 62 days

8.7 Bone Cell Scaffold with Biodegradable Collagen-HAp
Composite Cement with Inter-connective-Macro-pores

Conventional bone implant without micro-pore structure, made from sintered HAp,
is commonly used as a filler for bone defects in patients. However, the binding of
the HAp implants to bone is not sufficient. Therefore, the HAp implant with macro-
pores similar to spongy bone was developed as shown in Fig. 8.18. However, their
therapeutic score was limited since the pore shape of the implant was similar to an
inkbottle, and it was not easy for bone cells and blood vessels to penetrate the implant.
In contrast, the biodegradable biomaterial developed and described in the previous
section could freely regulate drug release, was an intelligent material to control
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Fig. 8.18 Cross-sectional images of X-ray computed tomography of the collagen-HAp bone
cement with inter-connective macro-pores and the commercial porous HAp block

bone growth. Therefore, it was possible to prepare the material having a function
closer to that of living bone using collagen-HAp composite material. Additionally,
the preparation of a novel functional material (including living bone cells) having a
bone formation function closer to living bone was attempted.

To develop a new artificial bone that solves these problems, biomaterials
containing three-dimensional nano-pore-structures with inter-connective-macro-
pores were designed, as shown in Fig. 8.18. These biomaterials allow the penetration
of bone cells, supporting their activities, and enabling the formation of capillaries
that promote nutritional supply to the cells. Three-dimensional cement with macro-
pores was prepared using self-setting collagen/HAp cement, and their cross-sections
imaged using X-ray CT, as shown in Fig. 8.18 [25]. The collagen-HAp cement having
inter-connective-macro-pores and HAp cement without macro-pores were implanted
in healthy rats and the in vivo absorption rates were measured and compared using
X-ray CT (Fig. 8.19). The collagen-HAp cement with inter-connective-macro-pores
was rapidly invaded by osteoclast cells and biodegraded and absorbed by remod-
eling, as shown in Fig. 8.19 [23, 25]. However, in other cases, bone cells invaded
the macro-pores and showed biocompatibility, but their implants were not absorbed.
The collagen-HAp cement with macro-pores was shown to be remodeled rapidly by
bone cells. The result indicated that if bone growth factors could be released in a
sustained manner from the collagen-HAp cement with inter-connective macro-pores
bone structure, the cell invasion into the artificial bone could be accelerated and
osteoblasts could be activated, thereby enhancing the function of bone formation,
and thus it could be used as an ideal cell scaffold. Therefore, to design a biomimetic
artificial bone close to the biological hard tissue, it is necessary to equip a drug release
control capability from the collagen-HAp cement structure. To control drug release
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Fig. 8.19 Effect of macro-pores on the mineral density profiles of the HAp-collagen bone cement
with and without inter-connective macro pores. A: Collagen-HAp bone cement with inter-
connected-macro-pores; l: HAp bone cement with inter-connected-macro-pores; ¢: HAp-bone
cement block

from the collagen- HAp cement with inter-connective macro-pores, the cement with
various number of the macro-pores was designed and prepared.

Figure 8.20 shows the effect of the number of macro-pores on the drug release
from the collagen-HAp device containing indomethacin [26]. All drug release profiles
showed straight lines, with a lag time on the Higuchi plot, and the drug release rates
increased as the number of macro-pores increased. It was thus confirmed that the
drug release accelerated because the cement surface area increased as the number
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Fig. 8.21 Effect of macro-pores on the mineral density profiles of the HAp-collagen bone cement
containing VK2. B: collagen-HAp bone cement with inter-connected-macro-pores; 4: collagen-
HAp bone cement; *: HAp bone cement

of macro-pores increased. Therefore, it was shown that by controlling the geometric
structure of the HAp cement device, the drug release rate could be appropriately
controlled, and cell activity could be activated. Artificial bone implants with inter-
connected macro-pores made by the collagen-HAp composite cement containing
VK2 (PC) [24] were designed similar to natural hard tissues and were implanted in
osteoporotic rats. Figure 8.21 shows the implant mass profiles of the PC, collagen-
HAp cement implant (NC) and HAp cement implant (NN), which were evaluated
based on their respective radiograms. In the initial 30 days, the implant mass of the
PC increased due to the invasion of bone cells into the macro pores, and then the total
implant mass decreased after 30 days due to the phagocytosis from the outside of
the device. In the NC, after the slight increase in mass due to bone cell invasion, the
implant mass decreased. In NN, no increase in mass was observed, and the implant
mass gradually decreased due to external phagocytosis.

After the animal experiments, the X-ray diffraction profiles, thermal analytical
curves, and infrared absorption spectra of the removed implanted artificial bone were
measured. The mass of the implants increased and/or decreased due to new bone-
like substance formation by osteoblast-like cells and/or absorption by the osteo-
clast-like-cells during bone remodeling [27]. As shown here, an artificial bone with
inter-connective-macro-pore structure that mimicked the geometric structure of the
natural bone was prepared with collagen HAp cement that mimicked the molec-
ular level structure of the bone, and their biocompatibility and bone formation were
demonstrated in actual osteoporotic rats. These results indicate that the development
of a biomimic artificial bone is possible using such bone cement.
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8.8 Gene Delivery System Consisting of Collagen-HAp
Based Cement with a Cell-Activity-Dependent Drug
Release Mechanism

Various viral vectors have been investigated in gene therapy with high gene expres-
sion efficiency. However, problems with safety, such as immunogenicity, have been
encountered [28]. Therefore, liposomes and micelles have been widely studied
as safe non-viral vectors, instead of viral vectors. Among these, DNA/polycation
complexes, using a cationic component that electrostatically adheres to DNA, have
been developed with high efficacy and safety [29]. The DNA/polycation complexes
have already achieved extremely high gene expression efficiency in some experi-
ments using cultured cells [30]. It was found that by adding hyaluronic acid to the
DNA/polycation complex, a ternary complex with excellent dispersibility could be
obtained. Furthermore, by concentrating the ternary DNA complex prepared at a low
concentration by freeze-drying, a DNA complex nanoparticle concentrated having a
diameter of about 70 nm could be obtained [30].

Injectable collagen HAp cement with good biocompatibility has been developed
for controlled drug release rate by adjusting the crystallinity and additives [31]. To
develop a gene delivery system that could control gene release over a long period
of time, stable hyaluronic acid-coated DNA-cation polymer complex nanoparticles
[30] were encapsulated in self-setting collagen-HAp cement. The collagen-HAp
composite cement, containing the ternary DNA complexes, was cultured with osteo-
clast-like model cells (MCL-6 cells) and osteoblast-like model cells (B 16 melanoma)
of the osteoclast model, followed by the measurement of the device weight change
and DNA release amount.

Figure 8.22 shows the effect of the type of bone cells on the DNA release pattern
from the collagen-HAp composite cement containing the ternary DNA complexes
[31]. When the collagen-HAp device containing DNA was cultured with osteo-
clast-like model cells, it showed significantly higher DNA concentrations than when
cultured with osteoblasts model cells. At this stage, based on the result regarding the
behavior of osteocyte-like-cells under a microscope, it was observed that the model
cells aggregated and adhered on the cement surface and dissolved the surface.
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In addition, the HAp cement containing DNA and the collagen-HAp composite
cement containing DNA were injected into mice transplanted with solid cancer cells
to examine the growth of cancer cells. The mass change profiles of the injected
cement device in the mice were measured with an X-ray CT device [31]. Figure 8.23
shows the mass change profile of the cement devices implanted in mice [31]. The
biodegradation rate of the HAp cement containing DNA was extremely slow, and
even after 12 weeks, the cement mass was 95% or more, resulting in almost no
biodegradation. In contrast, the collagen-HAp cement containing DNA showed a
cement mass of 60% at 4 weeks and 30% or less at 12 weeks, indicating that it was
gradually biodegraded.

Figure 8.24 shows the therapeutic effect after injecting the HAp cement containing
DNA complex and the collagen-HAp cement containing DNA complex into mice
transplanted with solid cancer cells in the abdomen [31]. When the DNA complex
was injected alone, cancer cells proliferated 1 week later. After injecting the HAp
cement containing DNA complex, cancer cells proliferated after 3 weeks. In contrast,
when the collagen-HAp cement containing DNA complex was injected, the cancer
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cells hardly proliferated during the 100-day test period. Therefore, it was considered
that the growth of cancer cells was effectively suppressed by the continuous release
of the injected collagen-HAp cement containing DNA complex at an appropriate
DNA concentration.

8.9 Concluding Remarks

Various bone metabolism-stimulating compounds can be applied to HAp-based arti-
ficial bone to control drug release from the device. By activating biological bone
metabolism, these devices could contribute to the regeneration of hard tissue that is
difficult to regenerate using other means. It was confirmed that the drug released from
the HAp cement matrix was dependent on the concentration of calcium in the biolog-
ical fluid, and it was possible to construct an osteoporotic responsive drug release
control system. By controlling the release of various anti-osteoporotic drugs from
these devices, it is possible to maintain the homeostasis in the living hard tissue.
An artificial bone with inter-connected macro-pores was prepared from collagen
HAp composite cement, with high functionality, such as biodegradable character and
three-dimensional geometric structure that could retain bone cells. Addition of the
controlled release of bone growth factor VK2 to the three-dimensional geometrically
designed artificial bones allowed controlled bone formation and bone remodeling,
and thereby contribute to hard tissue regenerative medicine. The release of DNA from
functional artificial bones could effectively suppress solid cancers in cancer-bearing
rats and develop into new biomaterials that could contribute to bone regenerative
medicine.
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