INTERCONNECTIVE POROUS HA CERAMICS

lymerization step that gelatinizes through the foam-
like CHA slurry in a rapid manner, thus promoting
the formation of an interconnected porous structure.
In this study, we demonstrate the well-organized, in-
terconnective porous structure of IP-CHA and its su-
perior osteoconductivity in vivo.

MATERIALS AND METHODS

Sample preparation

New sintered interconnected porous CHA (IP-CHA}
was developed by Toshiba Ceramics Co., Ltd. Briefly, the
new method is as follows.

1. Slurry preparation: a slurry was prepared by mixing
hydroxyapatite (60 wt %) with a crosslinking substrate
(polyethyleneimine, 40 wt %).

2. Foaming and gelatinization: the slurry was mixed with
a foaming agent (polyoxyethylene lauryl ether, 1 wt %)
and stirred until the mixture had a foamy appearance.
The pore size was controlled by regulating the stirring
time.

3. Gelatinization: To gelatinize the foamed slurry, the
other water-soluble crosslinking agent (poly functional
epoxy compound) was added and the mixture was cast
by pouring into a mold. The porous structure was sta-
bilized in <30 min. The foamy CHA gel was removed
from the mold, dried, and sintered at 1200°C.

The IP-CHA with 75% porosity was used for the following
studies. Cylindrical blocks 10 mm in diameter and 10 mm in
length were prepared for structural and mechanical analy-
ses, and cylindrical blocks 6 mm in diameter and 15 mm in
length were prepared for implantation into the fernoral con-
dyles of rabbits.

For comparison, we purchased a commercialized porous
hydroxyapatite ceramics {HA-A), which has been used in
orthopedic or dental surgery. The pore size ranged from
50 to 300 pm, the mean porosity was 48%, and the bending
strength was 8 Mpa, according to the manufacturer’s infor-
mation.

Scanning electron microscopy

A scanning electron microscope (SEM, JSM-5200, Nihon
Denshi Oyo Co., Ltd., Tokyo, Japan) was used to examine
cross sections of the porous CHA blocks. The sections were
evaluated in terms of macrostructures such as pore size,
regularity of the pore arrangement, wall thickness, and the
condition of interpore connections under x35, and %100
magnification. Microstructural detail, such as bonding of the
hydroxyapatite particles and the unconnected small pores in
the wall structure, were analyzed at x10,000 magnification.
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Mercury porosimetry

The distribution of the interpore connections was mea-
sured from the penetration of Hg vapor in an evacuated
porosimeter (pore sizer, 9310, Shimadzu Co., Japan). The
available pores that were connected by interpore connec-
tions >10 pm in diameter were calculated by the following
equation: Available porosity (%) = Total porosity (%) — Un-
available porosity [(%) the inaccessible pore space calculated
by integrating the cumulative volume of pores that were
connected with interpore connections <10 pm in diameter,
according to the result of mercury porosimeter}.

Animal experiments

New Zealand white rabbits weighing 3.0-3.5 kg were kept
in cages with free access to food pellets and water. Rabbits
were anesthetized with intravenous injections of 1 mL pen-
tobarbital (Nembutal, Dainippon Pharmaceutical Co. Ltd,,
Osaka, Japan; 50 mg/mL) and with intramuscular injections
of 1 mL of xylazine hydrochloride (Seractal, Bayer, Ger-
many; 25 mg/mL). After shaving, disinfection, and draping,
a straight 4-cm skin incision was made over the medial
femoral condyle. The fascia was split, and a drill hole of
6 mm in diameter was made through the femoral condyles.
A matching size cylindrical block of IP-CHA or HA-A was
implanted into the hole, The fascia was closed by absorbable
sutures, and skins were closed by 4-0 nylon sutures. At the
end of each observation period, the rabbits were killed by
intravenous administration of 5 mE pentobarbital. A total of
30 rabbits were used in this study. Of the 28 rabbits that
were implanted with IP-CHA, 16 rabbits with implanted
IP-CHA were killed at 2, 3, 6, and 9 weeks after the surgery
and examined histologically. Twelve rabbits with IP-CHA
were killed at 3, 6, and 9 weeks after the implantation and
were evaluated for mechanical strength. The remaining
2 rabbits implanted with HA-A were killed 3 weeks postop-
eratively for histological evaluation. The animals and the
experiments were carried out at the Animal Laboratory,
Faculty of Medicine, Osaka University.

Histological and mechanical evaluations

The harvested tissues were fixed in 4% paraformaldehyde
(PFA, pH 7.4) at 4°C for 24 h. The tissue samples were de-
calcified in 20 % EDTA (pH 7.4) at 4°C, dehydrated through
an ethanol series and embedded in paraffin. Each sample
was cut into 5-pm sections with a microtome, mounted on
L-polylysine—oated slides (Superfrost White, Matsunami,
Japan), and processed for further examination. Hematoxylin
and eosin stains were used for assessment of cellular details,
fibrosis, mineralization, and angiogenesis in the pores.

The harvested tissues were fixed in 4% PFA solution, and
3 % 3 x 4 mm blocks were cut out of the center part of the
cylindrical IP-CHA blocks. Compression tests were per-
formed within 48 h using AUTOGRAPH AG-2000C
(Shimazu Seisakusho, Japan). The compression speed was
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1 mm/min. Testing was performed vertically toward the
smallest area of the specimen.
Statistical analysis

Compressive strength recordings for IP-CHA at the initial
test and then at 3, 6, or 9 weeks after implantation were

compared using an unpaired t test. p < 0.05 was considered
statistically significant.

RESULTS

Structural characterization

SEM analysis revealed that most of the IP-CHA
pores were similar in size and showed uniform con-
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Figure 1.
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nections with one another [Fig.1(a)]. The pores of
HA-A were separated by irregular, relatively thick
walls, and interpore connections were sparsely dis-
tributed {Fig.1(c}]. The IP-CHA wall surface was very
smooth, and hydroxyapatite particles were lined
closely to one another and bound tightly [Fig.1(b}].
Examination of the HA-A surface revealed that it was
very rough, and the particles were loosely attached to
one another [Fig.1{d)].

Figure 2(a,b) shows the results of mercury porosim-
eter analysis. The graph illustrates the diameters of the
interpore connections. The vertical axis represents the
number of interpore connections at each diameter;
therefore, the area under the curve means the total
number of the connections. In IP-CHA, most of the
interpore connections ranged from 10 and 80 um in

{a—d} SEM photographs of macro/microstructures of IP-CHA (a,b) and HA-A (c,d). Magnification: {a) x100; (b)

x10,000; (c) x35; {d) x10,000. Regularly lined pores (100-200 pm in diameter) were divided by thin walls and interconnected.
(b) Surface of IP-CHA was very smooth and hydroxyapatite particles were bound tightly. (c) Pores of HA-A were randomly
distributed and interpore connections were rarely visible. (d} Surface of HA-A was very rough and the particles were loosely

attached to one another.
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Figure 2. (a,b) Mercury-intrusion curves for (a) IP-CHA and (b) HA-A. The curves show the amount of interpore connec-

tions at each diameter.

diameter, with a maximum peak at 40 um, a dimen-
sion that theoretically would be permissive to cell mi-
gration or tissue invasion from pore to pore. Interpore
connections >10 pm accounted for as much as 90% of
the total porosity in IP-CHA (Fig. 3). The available
porosity of IP-CHA was as high as 67%. However, in
HA-A, most connections were 0.1 to 0.9 pm in diam-
eter, and only 5.3% were >10 pm in diameter. In ad-
dition, the total number of the interpore connections
was much less than IP-CHA. The available porosity of
HA-A was as low as 2.5%. These results were consis-
tent with the observations made in SEM analysis.

Histological findings

Histological analysis was performed with hema-
toxylin and eosin staining for the distal femoral con-
dyle including the implanted IP-CHA. Because bio-
logical events in porous CHA should progress from
the surface into the deeper parts of the implants,
a zonal and time-course analysis was also performed.
A cross section of the implant {6 mm in diameter) was
subdivided into three annular zones of equal width,
each representing an infiltration depth of 1 mm

[Fig.4{a)l-
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Figure 3. The porosity available and unavailable for po-
rous CHAs. The unavailable porosity was determined by
integrating the cumulative volume of pores, which were
connected with interpore connections <10 pm in diameter,
based on the results of mercury porosimeter recordings. The
porosity available was defined by the following equation:
Porosity available (%) = Total porosity (%) - porosity un-
available (%).

Figure 4(b} demonstrates the sequential penetration
of fibrous and bone tissues into the deeper pore from
the surface through the interpore connections. At
2 weeks postoperatively, in zone 1 bordering on the
host bone, the pores were filled with numerous newly
formed crescent-like bony areas. In zone 2, newly
formed bone could be observed on the periphery, and
cuboidal active osteoblastic cells were seen. However,
fibroblastic granulation with angiogenesis was the
main component of the tissue that occupied the pore.
In zone 3, only minimal cellular invasion and blood
clots were found. At 3 weeks postoperatively, newly
formed bone was seen in most of the pores in zone
1 and 2, and even bone marrow formation could be
observed in zone 1.

At 6 weeks, new bone formation with abundant
bone marrow was seen in all pores. Figure 4(c)
demonstrates a representative histological picture at
6 weeks after implantation, in which bone and bone
marrow formation through interpore connections
with cuboidal osteoblasts and vessels were observed.
These results indicate that the IP-CHA has the poten-
tial of osteoconduction into the deep pores through
the interpore connections. Furthermore, our findings
suggest that it takes <6 weeks for new bone tissue to
invade 3 mm deep from the surface of IP-CHA.

For HA-A at 3 weeks postoperatively, no invasion
of bone tissue or vessels could be detected in any of
the pores [Fig.4(b), the right lane].

Compressive strength evaluation

The initial compressive strength of IP-CHA was ap-
proximately 10 Mpa. The IP-CHA implanted into rab-
bit femoral condyle steadily increased its compressive
strength with time until 9 weeks after implantation
(Fig. 5), and finally reached a value of about 30 Mpa,
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Compressive strength at 3, 6, and 9 weeks after im-
plantation was statistically significant (p = 0.0283,
0.0065, 0.0189) when compared with the initial
strength.

DISCUSSION

The ideal artificial bone requires good biocompat-
ibility with no inflammation or toxicity, sufficient me-
chanical strength to bear a large load as a bone sub-
stitute, strong bonding with the host bone, and active
osteoconductivity to support bone ingrowth into the
graft. Ultimately, this material would be replaced or
incorporated into the host bone.’*' None of the ex-
isting biomaterials meet all of these criteria. Among
them, CHA is the most suitable in terms of biocom-
patibility and osteoconductivity. The dense sintered,
solid body of CHA is strong, and it can be used in
areas that experience a large mechanical load. How-
ever, the clinical use of CHA has been limited because
of its low osteoconductivity, absorbability, and conse-
quently, poor ingrowth into this material.’*!” Increas-
ing the porosity of CHA in order to increase bone
ingrowth actually weakens the strength of this graft
material.'”® Thus, engineering an ideal porous hy-
droxyapatite ceramic, which confers mechanical sup-
port and promotes bone ingrowth, has up until this
point eluded biomaterials specialists.

Several researchers have explored the optimal pore
size for in vivo osteoconduction and 150 pm to
500 wm in diameter was reported to be optimal.>8
These studies were not focused on the size of interpore
connections but on the size of the pore itself. However,
the interconnectivity of the pores rather than the pore
size or porosity may be the primary determinant for
osteoconductivity.

In this study, we developed a new sintered CHA
ceramic, IP-CHA, which is characterized by strength
and high porosity, with interconnections of suitable
number and diameter. This product is fabricated by
mixing two crosslinking agents in a foam-gel tech-
nique during the production process.

Although IP-CHA looks macroscopically similar to
commercial CHA, pores of IP-CHA are rather spheri-
cal, even sized, regularly lined, and connected to one
another with window-like openings [Fig.1(a,b)]. The
walls of IP-CHA are thin and delicate, which separates
each pore with an even distance. Visually, IP-CHA has
the appearance of interconnecting bubbles, whereas
HA-A looked like the punched out clay. CHA particles
are tightly attached to each other on the thin walls,
with the result that its surface is much smoother than
HA-A. The differences between these structures are
thought to be derived from various factors such as the
size of particles of hydroxyapatite, filling up ratio,
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Figure 4. (a—) Histological analysis of new bone formation in the porous CHAs ir vivo. (hematoxylin and eosin staining).
{a} Cross section of a IP-CHA cylinder 3 weeks after implantation. For histological analysis, the total implant area was
subdivided into three zones (zones 1-3) by concentric rings with diameters of 6, 4, and 2 mm. For each zone, we evaluated
soft tissue invasion, vascularization and new bone formation. (b) Sequential histological photomicrograph of each zonal area
{zones 1-3) of IP-CHA (2, 3, and 6 weeks after implantation) and HA-A (3 weeks after implantation). The newly formed bone
and bone marrow tissues were observed at the deeper zone with time; original magnification x200. (¢) Photomicrograph
of zone 2 of IP-CHA at 6 weeks after implantation. Active bone formation and bone marrow formation that passed through
the interconnections {closed arrow) were observed. White area shows the ghost of decalcified hydroxyapatite ceramics (HA).
The newly formed bone was rimmed by cuboidal active osteoblasts. The bone marrow tissue contained blood vessels (open
arrow) and adipocytes; original magnification x400).
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Figure 5. Compressive strength of the implanted and
recovered IP-CHAs. The compressive strength significantly
increased with time (*p < 0.05).

and temperature to sinter. However, to date, it has
proven difficult to manipulate these factors in such
a manner in order to engineer a highly organized
micro/macrostructure such as IP-CHA. Typically,
porous CHA ceramics were set by natural drying,
which yielded few interconnections and a nonuniform
distribution of the pores. The most important factor
for our success in IP-CHA seeins to be the adoption of
foam-gel technique, which solidifies the foamed slurry
almost immediately, thus creating a uniform spongy
structure throughout the material.

Generally speaking, the size of the nucleus in most
mammalian cells is >10 wm, and so it is highly likely
that pores <10 pm in diameter will not be permissive
to osteoconduction.® The average diameter of the
interconnections of IP-CHA and HA-A were about
40 pm and <1 um, respectively. The available porosity
amounted to 67% in the case of IP-CHA, which is
much greater than HA-A. We conclude that the excel-
lent interpore connections of IP-CHA appear to enable
superior osteoconduction by allowing cells and tissues
to invade deep into the pores.

Based on tissue analysis, IP-CHA showed a superior
osteoconduction when compared to HA-A. To the best
of our knowledge, no biomaterials have been de-
scribed that exhibit this degree of osteoconduction.
Ayers et al.'? reported that bone ingrowth penetrated
into the CHA implant no more than 300 pm from the
interface at 4 months after implantation in humans.
IP-CHA achieved 3-mm-deep bone ingrowth from its
surface as early as 3 weeks after implantation to the
rabbit femur. Although we have no data from clinical
studies, we speculate that IP-CHA will also achieve
excellent osteoconduction in humans.

In terms of the pores and their interconnectivity, a
few reports claim that natural coral hydroxyapatite,
which also has an interconnected porous structure,
shows good osteoconductivity.?” However, there are
some limitations to the use of this material as a bone
substitute; first, the harvest of natural coral has a nega-
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-tive impact on the environment, and therefore this

limits its supply; second, it is inherently weaker, and
finally, it may be a carrier for disease.?’ Artificial bone
has been required in surgical cases to provide ad-
equate initial strength. Commercially available hy-
droxyapatite ceramics for clinical use range from 4.8
to 60 Mpa, whereas the compressive strength of can-
cellous bone is 1-12 Mpa.®* Taking the porosity of
IP-CHA into consideration, its initial compressive
strength is above average. Furthermore, we noted that
the compressive strength increased steadily in parallel
with bone ingrowth in the pores (Fig. 5). This fact
would also give IP-CHA a great advantage as a bone
substitute.

Finally, we propose some additional clinical appli-
cations for the IP-CHA, taking advantage of its inter-
connected porous structure. In designing artificial
organs, the combination of biomaterials and tissue en-
gineering would be very important,”?* but conven-
tional CHAs have not been applied to tissue engineer-
ing, probably because of few interpore connections.
We believe that this novel IP-CHA is very useful for
bone tissue engineering as a scaffold, where growth
factors/cytokines or osteogenic cells/genes can be
introduced within the interconnected pores. This arti-
ficial hybrid bone may be of therapeutic value in op-
timizing bone formation in vivo.

The authors thank Toeshiba Ceramics Co., Ltd. for supply-
ing the materials and technical assistance and K. Asai for
histological technical assistance and Dr. David C. Morris for
critical reading of the manuscript.
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@ Summary

Recently, we successfully developed a fully opened
inter-connected porbus hydroxyapatite ceramics (IP-
CHA) by adopting “foam-gel” technique which uti-
lizes foaming reagent to yield uniform bubbles in slur-
ry and cross-linking reagent to stabilize the foamy
structure, Structural analysis by scanning electron
microscopy (SEM}) revealed that IP-CHA had even
sized spherical pores which were interconnected by
window-like holes in thetr walls. The surface of the
wall was smooth and hydroxyapatite particles were
bound tightly to one another. According to the results
of mercurry porosimetry, most of the inter-pore con-
nections of IP-CHA ranged from 10 to 80 #m in diam-
eter (average: 40 umy), which are ideal size for cells to
pass through. When a cylindrical IP-CHA (diameter: 6
mm, height: 15 mm) was implanted into a rabbit
femoral condyle, mineralized bone and bone marrow
with abundant vessels formed deep in the pores
through the inter-pore connections. Within a period of
6 weeks, such tissue penetration reached as deep as 3
mm from the surface of the IP-CHA implant. Initial
compression strength was 12 MPa which is equivalent
to that of cancellous bone. Of note, a compression test
at 9 weeks revealed that the implanted IP-CHA steadi-
ly increased in strength to more than three times the
value of the initial test. These results indicate that fully
opened inter-pore connections allowed cell tissue pene-
tration into the deeper pores of IP-CHA, which in tumn,
accomplished a superior osteoconduction.

In future, artificial organs would be in need of the
combination of biomaterials and tissue engineering.
Taking the advantage of IP-CHA into consideration,
IP-CHA would be very useful for artificial bone tissue
engineering as a scafold, into which osteogenic cells,
growth factors or genes could be introduced for its
fully opened interconnectivity.
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