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platelet-rich plasma (PRP) type. We expected the fibrin and
serum in plasma to have supportive effects on BMSCs, and
we tested this using a rat heterotopic bone induction model.””
A fibrin network, which is formed by fibrinogen (fibrin
conversion in a blood clotting reaction), sugports migration,
proliferation, and differentiation of cells; 0-22 induces an-
giogenesis;** and plays a crucial role in the normal
wound-healing process.? It is also well known that serum is
essential for in vitro expansion and differentiation of BMSCs.
Further, in PRP, the promotive effects of growth factors de-
rived from platelets, which promoted osteogenesis,”> ™’ are
expected. Hence, viability of seeded BMSCs and effects after
implantation would be augmented by a fibrin network, se-
rum supply, and/or growth factors from platelets. As a re-
sult, osteogenesis by seeded BMSCs would be promoted in
the autologous plasma/BMSC/B-TCP construct. Our study
using rats showed the promotion of bone formation by the
PPP/BMSC/B-TCP construct compared with a BMSC/B-TCP
construct prepared using a culture medium and a PRP/
BMSCs/B-TCP construct, in spite of reports that PRP en-
hances bone formation by growth factors released from
platelets.?>%” Although the effect of growth factors released
from platelets is still controversial, it was revealed that fibrin
and/or serum in plasma promoted bone formation in rats.

Although the usefulness of the tissue-engineered con-
structs on bone regeneration has been revealed in many ani-
mal species, including mice,?® rats,>'V1® rabbits,?® canines,>*°
goats,'>13173! and sheep,'® there have been few reports ex-
amining this phenomenon in nonhuman primates.®? Tt is
generally known that there are large differences of bone for-
mation capability among animal species, and monkeys are
most similar to humans in this regard.>® For clinical appli-
cation, in vivo bone formation capability should be examined
in nonhuman primates.

The purposes of this study were as follows: (1) to confirm
in vivo bone formation capability of the autologous plasma
(PPP or PRP)/BMSC/B-TCP construct compared with a
BMSC/B-TCP construct using culture medium; (2) to exam-
ine the influence of cell concentration on the BMSCs/B-TCP
construct using culture medium or autologous plasma; and
(3) to elucidate the effect of fibrin and serum on in vivo bone
formation by the BMSCs/B-TCP construct using a ectopic
bone formation model in nonhuman primates.

Materials and Methods
Animals

All animal procedures were performed in accordance with
the guidelines of Tokyo Medical and Dental University for
the care and use of laboratory animals. Ten skeletally mature
male cynomolgus monkeys (Macaca fascicularis, aged 5-6
years, weight 2.8-3.8kg) were used for this study. After the
collection of bone marrow and venous blood, the trans-
plantation and harvest of implants were performed under
general anesthesia by intramuscular injection of 10mg/kg
ketamine hydrochloride and 0.1mg/kg medetomidine
hydrochloride. No monkeys were killed during experiments.

Isolation and culture of BMSCs

Bone marrow was aspirated from both the bilateral pos-
terior iliac crests and the bilateral greater trochanters of the
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femurs of each monkey using a bone marrow biopsy needle
(Cardinal Health, Dublin, OH) and collected into 30 mL of
Dulbecco’s modified Eagle’s medium (DMEM; Sigma Che-
mical, St. Louis, MO) containing 200IU sodium heparin. The
total volume of the bone marrow aspirated from each site
was 5mL. The bone marrow suspension was centrifuged at
1000¢ for 5min and resuspended in the culture medium:
DMEM containing 10% fetal bovine serum (Sigma Chemi-
cal), 1% antibiotic-antimycotic (100 units/mL Penicillin G
sodium, 100 pg/mL Streptomycin sulfate, and 0.25 ug/mL
Amphotericine B; Invitrogen), and 100nM dexamethasone
(Sigma-Aldrich, St. Louis, MO). Aliquot of the suspension
was used to count the number of nucleated cells (NCs) after
hemolysis, and the bone marrow suspension was plated at
1x10°NCs/cm? into 75 cm? culture flasks (BD Biosciences,
Franklin Lakes, NJ) and cultured at 37°C in a humidified
atmosphere with 5% CO,. The culture medium was changed
twice a week thereafter. Upon subconfluence of adherent
BMSCs, BMSCs were detached with 0.25% trypsin contain-
ing 1mM EDTA (Invitrogen) and reseeded into 75cm?
flasks at a density of 4x10° BMSCs/cm®. Four days after
the subculture, the culture medium was changed to an os-
teogenic medium consisting of the culture medium, 50 pg/
mL ascorbic acid phosphate (Wako, Osaka, Japan), and
2mM B-glycerophosphate (Sigma-Aldrich). After 3 days’
osteogenic induction, the BMSCs were used for subsequent
implantation experiments.

Preparation of autologous plasma
and autologous serum

For preparation of autologous plasma (PPP and PRP),
whole blood was collected into a sterile tube containing citrate
phosphate dextrose (CPD) solution (2.63% sodium citrate,
0.327% citric acid, 2.32% dextrose, and 0.251% sodium dihy-
drogen phosphate; TERUMO, Tokyo, Japan) with one-ninth
volume of the collected blood as an anticoagulant. The blood
was centrifuged at 800 g for 10 min, and the upper layer, in-
cluding plasma and the buffy coat (mostly white blood cells
and platelets), was transferred to another tube except for the
bottom layer that included red blood cells. To spin down the
buffy coat, further centrifugation of the transferred layers was
performed at 1500 g for 10 min, the bottom layer was collected
as PRP (one-tenth volume of the whole blood), and the re-
mainder was collected as PPP (half volume of the whole
blood). The number of platelets in the whole blood, PPP, and
PRP was counted using Coulter Counter® (Beckman Coulter,
Fullerton, CA). For preparation of autologous serum, whole
blood was collected in a sterile tube and incubated at room
temperature for a few hours. After the blood coagulated, the
tube was centrifuged at 2380 g for 10 min, and the serum was
collected from the upper layer. Considering the influence of
the CPD solution in the plasma, serum was also mixed with
the CPD solution at a 9:1v/v ratio.

Preparation of BMSC/B-TCP constructs

Porous ceramic scaffolds. Porous B-TCP blocks (Osfer-
ion®; Olympus, Tokyo, Japan) were used in this study. The
blocks were 5x5x5 mm in dimension and 75% porous, with
a macropore size ranging from 200 to 400 pm and micropore
size under 5pm. The macropores were interconnected by
paths with diameters of 100-200 pm.>**
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Experiment 1 (comparative study of BMSC/B-TCP,
PPP/BMSC/B-TCP, and PRP/BMSC/B-TCP constructs).
Cultured osteogenic BMSCs were suspended in the culture
medium, autologous PPP, or PRP at a concentration of
2%108 cells/mL. The cell suspension using the culture me-
dium was seeded into porous B-TCP cubes using the spon-
taneous penetration under the low-pressure method,” in
which cell suspension is seeded into porous scaffolds under
low pressure (50 mmHg) with a simple device and homo-
genously distributed into porous scaffolds. The procedure
only requires a few minutes. Subsequently, the BMSC/B-TCP
constructs using the culture medium (M group) were incu-
bated for 3h for cell attachment. The cell suspension pre-
pared utilizing PPP or PRP was mixed with 2% calcium
chloride at a 7:1v/v ratio to initiate fibrin gel formation. It
was immediately introduced into porous B-TCP cubes using
the same technique as mentioned above. After gelation of
each introduced cell suspension was completed, autologous
transplantation of both PPP/BMSC/B-TCP (P group) and
PRP/BMSC/B-TCP constructs (R group) was conducted with
the M group and B-TCP without cells (control group) (Table
1A). Some constructs were used for analysis by scanning
electron microscopy (SEM).

Experiment 2 (influence of BMSC concentration). To
examine the influence of cell concentration on in vivo bone
formation of the BMSC/B-TCP constructs, cultured osteo-
genic BMSCs were suspended in the culture medium or PPP
at a series of concentrations: 2000x10°cells/mL (M2000
group or P2000 group), 200x10° cells/mL (M200 group or
P200 group), and 20x10° cells/mL (M20 group or P20 group).
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Each construct was prepared via the same techniques as used
in Experiment 1, and autologous transplantation was per-
formed (Table 1B).

Experiment 3 (effect of fibrin and serum). The gel that
formed in the implant prepared using autologous plasma is
composed of fibrin networks, and serum (as basic nutrients)
with low concentrations (PPP) or high concentrations (PRP)
of growth factors derived from platelets. To elucidate the
effects of fibrin and serum on bone formation, five groups of
BMSC/B-TCP constructs were prepared and transplanted
(Table 1C). Except for the 0S group, BMSCs were suspended
at a concentration of 2x10° cells/mL in autologous serum or
phosphate-buffered saline (PBS) containing the CPD solution
at a 9:1v/v ratio mixed with human fibrinogen powder
(BOLHEAL®; Teijin Pharma, Tokyo, Japan) at each concen-
tration (1, 4, or 16 mg/mL). Subsequently, the cell suspension
was mixed with 7units/mL thrombin (BOLHEAL) in 2%
calcium chloride at a 7:1v/v ratio to initiate fibrin gel for-
mation and introduced into the scaffolds. To prepare the
construct of the 0S group, BMSCs were suspended at a
concentration of 2x10° cells /mL in autologous serum, seeded
into the scaffold, and incubated for 3h for cell attachment.

SEM examination

Extra implants from the M, P, and control groups were not
implanted and were instead utilized for SEM analyses. The
samples were fixed with 2.5% glutaraldehyde, divided into
two halves, dehydrated through a graded series of ethanol,
dried by a critical point dryer, mounted onto aluminum

TaBLE 1. EXPERIMENTAL GROUPS

(A) Experiment 1

Groups Constructs Cell concentration (x10° cells/mL)
M BMSC/B-TCP

P PPP/BMSC/B-TCP 2000

R PRP/BMSC/B-TCP

Control B-TCP 0

(B) Experiment 2

Groups Constructs Cell concentration (x10° cells/mL)
M2000 2000

M200 BMSC/B-TCP 200

M20 20

P2000 2000

P200 PPP/BMSC/B-TCP 200

P20 20

(C) Experiment 3

Groups Constructs Fibrinogen (mg/mL) Cell concentration (x10°cells/mL)
45 Fibrin/AS/BMSC/B-TCP 4

4P Fibrin/PBS/BMSC/B-TCP 4

0s AS/BMSC/B-TCP 0 2000

15 Fibrin/AS/BMSC/B-TCP 1

165 Fibrin/AS/BMSC/B-TCP 16

AS, autologous serum.
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stubs, and sputter-coated with platinum. The samples were
observed from the cut plane using a scanning electron mi-
croscope (S-4500; Hitachi, Tokyo, Japan).

Implantation

Three, three, and four male monkeys were used in Ex-
periments 1, 2, and 3, respectively. Three implants were used
for each group and each time point per monkey. The surgical
procedures were performed under general anesthesia. After
shaving and disinfecting the dorsal areas, a longitudinal skin
incision was made to expose the muscle fascia. Separate
fascia incisions were made, and using blunt dissection, in-
tramuscular pockets were created that were filled with one of
the constructs, according to a randomized scheme. After the
constructs were implanted, the fascia and the skin were
closed. After 1, 2, 3, and 6 weeks (Experiment 1), 5 weeks
{(Experiment 2), or 3 and 5 weeks (Experiment 3), implants
were harvested under general anesthesia. The fascia and skin
incision were closed, and the animals were not killed as a
part of these experiments and continuously bred.

Histological and histomorphometric examination

The harvested implants were fixed in a 4% paraformal-
dehyde solution for 1 week, decalcified in a 4% EDTA solu-
tion, and embedded in paraffin blocks. Fach block was
sectioned at 5pm thickness with five sections at equal in-
tervals derived from one block. The sections were stained
with hematoxylin and eosin (H&E) and tartrate-resistant acid
phosphatase (TRAP). For immunohistochemical analysis,
after deparaffinized sections were treated in turn with
0.4mg/mL proteinase K (DakoCytomation, Glostrup, Den-
mark), 3% hydrogen peroxide in methanol, and 5% skim
milk, they were incubated with mouse anti-human CD31
monoclonal antibody (1:100 dilution; DakoCytomation)
overnight at 4°C and reacted for 10 min with biotinylated pig
anti-mouse/rabbit/goat immunoglobulin G (DakoCytoma-
tion). Immunostaining was detected with peroxidase-labeled
streptavidin (DakoCytomation), followed by 3,3'-diamino-
benzidine tetrahydrochloride staining; counter staining was
performed with methyl green. For histomorphometric ex-
amination of newly formed bone, the area of bone formation
was painted black using image-editing software (Photo-
shop®; Adobe Systems, San Jose, CA). The black area of each
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section was extracted using Photoshop and measured using
image analysis software (Scion Image®; Scion Corporation,
Frederick, MD). Modifying the report by Dennis et al.,* the
bone formation area (BFA) was defined as the ratio of newly
formed bone per whole sectional area including newly
formed bone, pores, and B—TCP.35 The BFA of a single im-
plant was an average of five sections (Fig. 1).

Statistics

Average values were expressed as the meanstandard
deviation (SD). The Tukey-Kramer test (Experiments 1 and 3)
and paired t-test (Experiment 2) were used to assess differ-
ences. Differences were considered to be statistically signifi-
cant when the p-value was <0.05.

Results

Experiment 1 (comparison among the M, P,
and R groups)

The constructs of the M, P, and control groups just before
implantation were observed by SEM. Figure 2A demon-
strates the porous structure of the control group (B-TCP only)
with macropores ranging from 200 to 400 um interconnected
by paths with diameters of 100-200 pm and a micropore
structure below 5pm. In the M group, BMSCs were two-
dimensionally attached to the pore surface of B-TCP (Fig. 2B,
D). In contrast, BMSCs in the P group were three-dimen-
sionally retained by the fibrin network formed in the pores
(Fig. 2C, E). The number of platelets in whole blood, PPP,
and PRP was 26.7+6.9, 54+0.9, and 152.3 +23.1x10*/yL,
respectively. The number of platelets of PRP was approxi-
mately 30-fold that of PPP in this study.

At 3 weeks after implantation, there was a large quantity
of newly formed bone in the P and R groups in the periph-
eral area, while the M group had less bone formation in the
partial peripheral area. Moreover, six of the nine M group
implants (three implants per animal) showed no bone for-
mation (details are shown in Table 2). The invasion of many
blood vessels also appeared with thicker, newly formed bone
in both the P and R groups, compared to the M group, which
had few blood vessels (Fig. 3A). At 6 weeks, bone formation
expanded into the central area, became thicker, and was
homogenously distributed throughout the whole area in the

FIG. 1. Histomorphometric analysis of newly formed bone. (A) Five sections at equal intervals were made from one
implant. (B) Each section was stained with H&E. (C) The area of bone formation was selected and painted black using
Photoshop. (D) The area painted black in each section was extracted using Photoshop and measured using Scion Image. BEA
was defined as the ratio of newly formed bone per whole sectional area including newly formed bone, pores, and B-TCP. The
BFA of one implant was an average of five sections. Color image available online at www.liebertonline.com/ten.
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FIG. 2. SEM findings of the constructs before implantation. (A) Porous structure of the scaffold. The macropores and
interconnecting pores are indicated. (B, D) The M group 3h after seeding BMSCs. The BMSCs were attached to the pore
surface. (C, E) The P group just after seeding BMSCs. Most of the macropores were filled with fibrin gel. The BMSCs
were retained with a fibrin network formed in the pores. Arrowheads indicate seeded BMSCs; asterisks indicate fibrin gels.
Scale bars: 200 um (A-C) and 30 um (D, E).

P and R groups; blood vessels had also developed. In the M
group, there was less bone formation and invasion of blood
vessels in the central area, and the distribution of newly
formed bone was not uniform (Fig. 3A). In the control group,
there was no bone formation at both 3 and 6 weeks (data not
shown). In histomorphometric analysis of newly formed
bone, the BFA in the P and R groups were significantly
higher than the M group at both 3 and 6 weeks. Moreover,
there was no significant difference between the P and R
groups at these times (Fig. 3B). These results suggest that
growth factors released from platelets had little effect on
bone formation; therefore, we focused on PPP, which could

be more abundantly obtained than PRP. Further, we exam-
ined the histological differences between the M and P groups
in the early stages. At 1 week, in the M group invasion of
more fibrous tissue into the implant was seen with few blood
vessels stained with anti-CD31 antibody. On the other hand,
comparatively many blood vessels appeared with less inva-
sion of other tissues at the peripheral area in the P group
(Fig. 3C). At 2 weeks, blood vessels extended and reached
the central area in the P group, while invasion of blood
vessels was delayed in the peripheral area in the M group
(Fig. 3C). At 3 weeks, TRAP-positive cells appeared at
the peripheral area in only the P group, according to the

TABLE 2. BoNE FORMATION IN EXPERIMENT 1

Case 1 Case 2 Case 3
Groups Constructs 3 Weeks 6 Weeks 3 Weeks 6 Weeks 3 Weeks 6 Weeks
M BMSC/B-TCP 0/3 1/3 2/3 3/3 0/3 3/3
P PPP/BMSC/B-TCP 3/3 3/3 3/3 3/3 3/3 3/3
R PRP/BMSC/B-TCP 2/3 3/3 3/3 3/3 3/3 3/3
Control B-TCP 0/3 0/3 0/3 0/3 0/3 0/3

Number of implants with bone formation/Total implants.
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FIG. 4. Influences of BMSC
concentration in the M and P
groups (Experiment 2). (A)
Representative histological
sections at 5 weeks stained
with H&E. Images taken from
the central parts of each im-
plant. The extent of bone for-
mation in the M groups was
reduced with a decrease in cell
concentration. In contrast, the
newly formed bone of both
the P2000 and P200 groups
distributed to the entire sec-
tional area. Scale bar: 1 mm.
(B) BFA at 5 weeks. BFAs of
the P groups were signifi-
cantly higher than those of the
M groups at each concentra-
tion, especially at the concen-
tration of 20x10° cells/mL.
The data are expressed as
mean £ SD (*p < 0.05). Color
image available online at
www liebertonline.com/ten.

progression of osteogenesis and angiogenesis (Fig. 3C). From
these results, we confirmed that plasma enhanced osteo-
genesis and angiogenesis in the BMSC/B-TCP construct.

Experiment 2 (influence of BMSCs concentration
in the M and P groups)

To investigate how cell concentration affects bone forma-
tion in the M and P groups, constructs were prepared with
cell suspensions at three concentrations in each group. The
extent of newly formed bone tended to be reduced in both

groups according to the decrease in cell concentration.
However, these influences were smaller in the P groups. The
extent of bone formation of the P200 group was almost equal
to that of the P2000 group; bone formation of the P20 group
was distributed to nearly the same extent as in the M200
group. However, there was little or no bone formation in the
implants of the M20 group (Fig. 4A and Table 3). The BFA of
the P groups was higher than that of the M groups at each
concentration. Though BFA was reduced with decreased cell
concentration in both groups, the P group was less affected
by the reduction of cell concentration. Further, the BFAs of

<

FIG.3. Comparison among the M, P, and R groups (Experiment 1). (A) Representative histological sections at 3 and 6 weeks
stained with H&E. Images taken from the central parts of each implant. At 3 weeks, there was much newly formed bone with
many invaded blood vessels in the P and R groups in all the peripheral areas. At 6 weeks, bone formation invaded the central
area, became thicker, and was homogenously distributed in the entire area in the P and R groups, differing from the M group.
T, B-TCP; B, newly formed bone; arrowhead, blood vessels. Scale bars: 1 mm (whole area) and 250 pm (high magnification).
(B) BFA at 3 and 6 weeks. The data are expressed as the mean &+ SD (*p < 0.05). (C) Representative histological sections of the
peripheral area at early stages stained with H&E, TRAP, and immunohistochemistry for the anti-CD31 antibody. Blood
vessels invaded and developed earlier in the P group than the M group. At 3 weeks, many TRAP-positive cells appeared only
in the P group. Scale bars: 500 pm (H&E and CD31) and 200 pm (TRAP). Asterisks indicate outside area of implants. Color

image available online at www liebertonline.com/ten.
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the constructs in the P groups (P200 and P20 groups) were
almost equal to those of the M group constructs with, re-
spectively, 10-fold higher cell concentrations (M2000 and
M200 groups) (Fig. 4B).

Experiment 3 (effect of fibrin and serum)

Based on the results of Experiments 1 and 2, we hypoth-
esized that the fibrin network and/or serum in plasma
would be key factors promoting angiogenesis and osteo-
genesis. To clarify the effect of these components, we pre-
pared and implanted constructs with five different
compositions (Table 1C). To find the normal value of fibrin-
ogen concentration in cynomolgus monkeys, the fibrinogen
concentration in venous blood from monkeys was mea-
sured. The mean value of the fibrinogen concentration was
3.73+1.27mg/mL (n=10). Therefore, we set 4mg/mL as
the physiological fibrinogen concentration in this experi-
ment. At 3 and 5 weeks after implantation, constructs were
extracted for histological examination; all of the extracted
constructs showed bone formation. At 3 weeks, bone in the
4S and 1S groups was formed in the entire peripheral area,
while there was less bone formation in the partial peripheral
area in the 4P, 0S, and 16S groups (Fig. 5A). Many blood
vessels were also seen in the peripheral area with newly
formed bone in the 45 and 1S groups, as found in the P group
(Fig. 5A). At 5 weeks, there was newly formed bone in al-
most the entire area of implants in all five groups. However,
we observed less bone formation at the central area in the 4P,
0S, and 16S groups (Fig. 5A). In the quantitative analysis, the
BFA of the 4S group was significantly higher than that of the
4P, 0S, or 16S group at 3 weeks (Fig. 5B). At 5 weeks, there
was no significant difference among the five groups (Fig.
5C). These findings demonstrated that both fibrin net-
works from the physiological fibrinogen concentration
(4mg/mL) and serum played a crucial role for the en-
hancement of angiogenesis and osteogenesis, especially in
the early stages.

Discussion

We showed here that the autologous plasma (PPP or
PRP)/BMSC/B-TCP constructs have more potential for bone
formation than the BMSC/B-TCP construct prepared using a
culture medium in a monkey heterotopic bone formation
model. We also showed that both fibrin networks formed
from native fibrinogen concentration (4 mg/mL) and serum
in plasma were essential elements for the enhancement of
angiogenesis and osteogenesis in BMSC/B-TCP construct.

PRP has been widely used in the field of bone regenera-
tion, due to the effect on bone formation of fibrin and vari-
ous growth factors (transforming growth factor beta,
platelet-derived growth factor, etc) released from plate-
lets;”> % therefore, we examined the bone formation capa-
bility of the PRP/BMSC/B-TCP construct using rats in
previous study.'® From this result, it was revealed that PPP,
rather than PRP, had higher bone formation capability in the
BMSC/B-TCP construct. This confirmed other reports that
PRP had little effect on bone formation.*”?® The function of
PRP on bone formation is still controversial, and therefore, to
clarify the potential effects of PPP and PRP/BMSC/B-TCP
constructs, we conducted Experiment 1 using monkeys,
which are most similar to humans.®

TORIGOE ET AL.

In contrast with our previous report using rats, there was no
histological and histomorphometric difference between the P
and R groups, although each of the two groups had a signif-
icantly higher BFA than the M group. The difference between
our two studies suggests that PRP has diverse effects that
depend on the difference in implantation sites, animal species,
platelet concentration, reactivity to growth factors, and the
like.*® Considering that PPP is more easily and abundantly
available than PRP and, therefore, is advantageous when
applied to the repair of large bone defects, we focused on PPP
and performed a detailed examination. Characteristically,
enhanced angiogenesis and little other tissue invasion were
found at early stages in the P group. These findings suggest
that early nutrient supply by blood flow, without invasion of
other tissues, could increase the potential of seeded BMSCs.
Additionally, they might explain the reason why the extent
of the bone formation in the P group was homogenous at 6
weeks, in contrast with the nonuniform results obtained in the
M group. Based on the results of Experiment 1, we hypothe-
sized that fibrin and serum component in plasma promoted
angiogenesis and subsequent osteogenesis, even without
growth factors from platelets.

In Experiment 2, the extent of bone formation and BFA
were dramatically reduced in the M groups with a decrease
in cell concentration, whereas these influences in the P
groups were small both histologically and histomorphome-
trically. Additionally, it was demonstrated that the P groups
required only one-tenth the number of BMSCs of the M
groups. The potential of seeded BMSCs was possibly in-
creased using PPP. Studies on bone formation that combine
BMSCs and a porous scaffold generally utilize a cell sus-
pension at concentrations of 1x10° to 3x107 cells/mL.>"2
However, obtaining a large number of BMSCs is costly and
requires long culture periods. Further, the osteogenic po-
tential of BMSCs is known to decrease with proliferation.***3
Therefore, PPP, which could reduce the number of seeded
BMSCs, is very beneficial in repairing massive bone defects.

Some studies reported the availability of plasma/BMSC/
porous ceramic constructs.””**2! However, these studies did
not reveal which components in the plasma facilitated the in
vivo bone formation capability. Therefore, we performed
Experiment 3 to elucidate the mechanism of the augmenta-
tion by plasma. Because the BFAs of the P and R groups were
almost equivalent in Experiment 1, we regarded effects of the
growth factors released from platelets as negligible and used
autologous serum from whole blood in Experiment 3. Con-
sidering that some combinations of purified fibrin/ceramic
scaffolds were reported to have osteoinductivity in hetero-
topic sites?® and that fibrin was known to induce angiogen-
esis,”>? the implants prepared with fibrin were predicted to
obtain sufficient bone formation. Despite the prediction, the
4P and 16S groups showed statistically lower BFAs at 3
weeks, although the 0S group without fibrin showed lower
BFA, as expected. In comparison with the 45 group, the re-
sult of the 4P group suggests that the fibrin network by itself
is insufficient for early angiogenesis and osteogenesis; thus,
serum was also necessary.

In the tissue engineering field, various porous materials
have been used as scaffolds because the structure provides a
large effective surface for cell expansion and tissue organi-
zation. However, the material structure was believed to have
negative effects on nutrient diffusion surrounding tissues
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FIG. 5. Effects of fibrin and serum (Experiment 3). (A) Representative histological sections at 3 and 5 weeks stained with
H&E. Images are from the central parts of each implant. By 3 weeks, a great quantity of bone and many blood vessels had
formed in the entire peripheral area in both the 45 and 1S groups. At 5 weeks, in the 45 and 15 groups, thicker bone extended
with many developed blood vessels to the central area, compared to the 4P, 0S, and 165 groups. T, B-TCP. Arrowheads
indicate blood vessels. Scale bars: 1 mm (whole area) and 250 pm (high magnification). (B) BFA at 3 and 6 weeks. The data are
expressed as mean +SD (*p < 0.05). Color image available online at www liebertonline.com/ten.
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TasLE 3. BONE FORMATION IN EXPERIMENT 2

5 Weeks
Groups Constructs Casel  Case2  Case 3
M2000 3/3 3/3 0/3
M200 BMSC/B-TCP 3/3 3/3 0/3
M20 2/3 2/3 0/3
P2000 3/3 3/3 3/3
P200 PPP/BMSC/B-TCP 3/3 3/3 3/3
P20 3/3 3/3 3/3

Number of implants with bone formation/Total implants.

and resultant cell survival.’> 8 Therefore, as a mechanism of
the augmentation of bone formation by plasma, the serum
component contained in plasma was supposed to support
BMSC survival after the implantation, especially in the early
stages. Lower BFA in the 0S and 16S groups revealed that
osteogenesis depends on fibrinogen concentration, and it is
important that BMSCs are retained in the fibrin network
formed from fibrinogen with the physiological concentration
(the physiological fibrinogen concentration in cynomolgus
monkeys is approximately 4mg/mL). This result is consis-
tent with the reports that fibrin from 5mg/mL fibrinogen
promoted osteogenic differentiation of BMSCs' and that a
fibrin network formed from fibrinogen with a high concen-
tration of inhibited cell growth and migration.?! From these
results, it was confirmed that both serum and fibrin net-
works that formed from the normal fibrinogen concentration,
which was equal to normal plasma, are essential for en-
hanced angiogenesis and osteogenesis at the early stages of
implantation. However, BFAs of the five groups were almost
equivalent at 5 weeks, although there was a delay in bone
formation in the central area in the 4P, 0S, and 16S groups.
Considering the limitation of the available space for bone
formation in the scaffolds, transplantation with decreased
cell concentration might have revealed superior effects of the
4S group on bone formation also at 5 weeks.

This study, using nonhuman primates, indicates that uti-
lization of the PPP/BMSCs/B-TCP construct, which can be
easily prepared, will be a more advantageous strategy for
clinical application of tissue-engineered bone regeneration.

Conclusion

The bone formation capability of the autologous plasma
(PPP or PRP)/BMSC/B-TCP construct was enhanced in
nonhuman primates compared to the BMSC/B-TCP con-
struct prepared using a culture medium. The bone formation
capability of PPP/BMSC/B-TCP construct was less influ-
enced by the decrease in the number of BMSCs. Both fibrin
networks, which formed from a native fibrinogen concen-
fration, and serum were essential to the enhancement of
angiogenesis and osteogenesis, especially in the early stages.
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Fresh Bone Marrow Introduction into Porous Scaffolds
Using a Simple Low-Pressure Loading Method for Effective Osteogenesis
in a Rabbit Model
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ABSTRACT: Recent advances in tissue engineering techniques have allowed porous biomaterials to be combined with osteogenic cells for
effective bone regeneration. We developed a simple low-pressure cell-loading method using only syringes and stopcocks, and examined the
effect of this method on osteogenesis when applied to the combination of highly porous B-tricalcium phosphate (3-TCP) and fresh autologous
bone marrow. Both block and granule B-TCP scaffolds were used to prepare implants in three different ways: without bone marrow as a
control, with bone marrow that was allowed to penetrate spontaneously under atmospheric pressure (AP group), and with bone marrow that
was seeded under low pressure (ULP group). These implants were transplanted into rabbit intramuscular sites, and the samples were
examined biclogically and histologically. The penetration efficiency of the block implants after marrow introduction was significantly higher
in the ULP group than in the AP group. In the transplanted block samples, alkaline phosphatase activity was significantly higher in the ULP
group at 2 weeks after implantation, and significantly more newly formed bone was observed in the ULP group at both 5 and 10 weeks
compared with the AP group. Similar results were observed even in the experiment using -TCP granules, which are smaller than the blocks
and frequently used clinically. Because of its convenience and safety, this low-pressure method might be a novel, effective treatment to
promote osteogenesis with bone marrow in clinical bone reconstruction surgeries. © 2008 Orthopaedic Research Society. Published by Wiley
Periodicals, Inc. J Orthop Res 27:1-7, 2009

Keywords: low pressure; bone marrow; porous scaffold; osteogenesis; clinical application

Autologous bone is the ideal graft material for use in  bone marrow derived stromal cells (BMSCs) with porous

reconstructive orthopaedic surgery. However, its harvest-  scaffolds.'®'® Researchers previously reported that a
ing is closely associated with donor site morbidity," and  low-pressure environment enhances cell-loading effi-
it is available in limited amounts. Given these problems,  ciency and bone formation.'”'® We have further developed

calcium phosphate ceramics have been increasingly  an ameliorated low-pressure cell-loading procedure'® in
used as bone substitutes.?”® Most have proven both  which cell soaking is conducted under a low-pressure

biocompatible and osteoconductive; however, the mate- environment, whereas previous methods used low
rials themselves have little osteoinductive properties.»®  pressure after cell soaking to remove remaining air.
Therefore, biologically active tissue-inducing substan-  This “under low pressure” (ULP) loading method is more
ces or cells are preferable for use with the ceramics. effective for loading efficiency and bone formation of

Bone marrow has a good osteogenic ability when  in vitro expanded BMSCs when compared with conven-

combined with porous ceramics,5~° and has the clinical ~ tional low-pressure methods.’® We hypothesized that
merits of being autologous and intraoperatively avail-  this method would also be beneficial for enhancing
able, with harvesting done by a simple, safe aspira-  osteogenesis using fresh bone marrow combined with
tion.!%1! However, porous ceramics have small pores,  porous scaffolds.

and a large amount of remaining air can prevent marrow We modified the ULP method to use only syringes and

penetration. Bone marrow is highly viscous, which can  stopcocks, making it more simple and useful for clinical
also impair sufficient penetration. To achieve more  application. In arabbit ectopic transplantation model, the
effective hone regeneration, the efficiency with which  effect of the ULP method on osteogenesis was examined
bone marrow is introduced into porous biomaterials  using fresh autologous bone marrow with highly porous
must be improved. Attempts to augment osteogenesisby  B-tricalcium phosphate (B-T'CP), which is bioabsorbable
concentrating bone marrow have been reported,'>*but  with good osteoconductive properties.®
to our knowledge, the influence of marrow loading
efficiency on osteogenesis has been rarely investigated.

The importance of cell-loading efficiency has been =~ MATERIALS AND METHODS
discussed in tissue engineering using in vitro expanded  This study used 28 Japanese white rabbits (Saitama Animal
Laboratory, Japan), all 4 months old and weighing 2.8 to 3.2 kg.
Correspondence to: Shinichi Sotome (T: +81-3-5803-5272; F: +81- The rabbits were kept and treated according to the guidelines of
3-5803-5272; E-mail: sotome.orth@tmd.ac jp) the Tokyo Medical and Dental University for the care and use of
© 2008 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. laboratory animals.
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Preparation of the Implants

Three milliliters of bone marrow were aspirated percutaneously
from the bilateral iliac crests of each rabbit using an 18-gauge
needle and a heparinized 10-mL syringe. The harvested
marrow was immediately introduced into highly porous B-TCP
(Osferion®: Olympus Biomaterial, Japan), which had a 3D
structure with 70% porosity with interconnecting macropores
(200—400 pum) and micropores (<5 um); this introduction was
done under atmospheric pressure (AP group) or under low
pressure (ULP group). The ULP method is a quite simple
procedure modified from the described method,*® using dispos-
able syringes and stopcocks, which are available in any
operating room. Briefly, the B-TCPs are set in the 20-mL
syringe at the 1-mL level (Fig. 1A), and the inner cylinder is
pulled to 20 mL after closing the stopcock (Fig. 1B) to create low
pressure. The stopcock is then turned to seed the prepared bone
marrow into the porous implants under low pressure (Fig. 10).
After tapping carefully to allow for sufficient cell penetration
and removal of the surrounding air bubbles, the low pressure is
released (Fig. 1D). This procedure is conducted in a completely
closed system and can be completed within a minute.

In 20 rabbits, 12 B-TCP blocks (4.0 x 4.0 x 4.0 mm) blocks
were prepared for each animal. Four blocks were used without
bone marrow as a control group, four were used with autologous
bone marrow penetrated spontaneously under atmospheric
pressure (AP group), and four were used with marrow seeded
under low pressure (ULP group). In the other eight rabbits,
12 granule implants were prepared in the same manner as the

c

A B D
Figure 1. (A) Implants are set in a 20-mL syringe at the 1-mL
level. (B) The inner cylinder is pulled to 20 mL after closing the
stopcock to create low pressure. (C) The stopcock is turned to seed
the prepared bone marrow into porous implants under low
pressure. (D) After tapping carefully, the inner cylinder is put back
to the set position. The theoretical low pressure at bone marrow
introduction can be calculated as below:

P = AP x Viin/ (r2H — V(1 — Ppore) ~ Vam),
Vinin = 12k — Vi(1 — Ppore)

where P is the theoretical low pressure after bone marrow
penetration; AP is the atmospheric pressure; Viin is the minimum
volume before pulling the inner cylinder; r is the half of the syringe
diameter; V; is the volume of the implant; Py, is the porosity of the
implant; Vgy is the volume of penetrated bone marrow; H is the
height after pulling the cylinder; and & is the height before pulling
the cylinder. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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block B-TCPs: four as a control group, four as an AP group, and
four as an ULP group. Each implant consisted of seven granule
B-TCPs, which are smaller than the blocks at 2.0 mm in
diameter.

Evaluation of the implants

To evaluate bone marrow penetration efficiency, a portion of
the prepared block implants (n = 6) were not transplanted, and
were examined histologically. The samples were fixed in 10%
formalin immediately after seeding and were stained using the
Villanueva method. Samples were embedded in methylmetha-
crylate (Wako Pure Chemical Industries, Japan) without
decalcification, and were cut into 5 pm-thick sections using a
microtome. Quantification of bone marrow penetration into
the block implants was calculated according to a previously
described method.'®? Briefly, the block B-TCPs were divided
into five sections at equal intervals. The area of bone marrow
penetration within the macropores was manually selected and
measured using image-editing software (Photoshop, Adobe
Systems, San Jose, CA) and image analysis software (Scion
Image, Scion Corp., Frederick, MD). Bone marrow penetration
efficiency was defined as the ratio of bone marrow penetrated
area per whole sectional area, including pores and B-TCP. The
average ratio of the five sections was used for analysis.

To assess implant microstructure, scanning electron micro-
scopic (SEM) analysis was performed. The prepared block
implants were also examined by SEM. The block implants
penetrated with PBS served as a control, and the block samples
in the AP and ULP groups were fixed with 2.5% glutaraldehyde
in a 0.1-M sodium cacodylate buffer (pH 7.4) and were then cut
at the center and postfixed with 0.1% osmium tetroxide. After
fixing the samples onto stubs, they were sputtercoated and
examined using an Hitachi S-4500 microscope.

Transplantation

The rabbits were anesthetized with an intramuscular injection
of ketamine hydrochloride (25 mg/kg) and medetomidine
hydrochloride (0.1 mg/kg). Prophylactic antibacterial treat-
ment consisted of cefazolin at a dose of 25 mg/kg. Once
anesthetized, the rabbits were aseptically draped, and skin
incisions were made at the midsagittal line of the lower back.
The fascias were cut at 12 sites with a 1-cm length, the muscles
were split, and the prepared implants were randomly trans-
planted into each site. After the fascia and the skin were
closed, rabbits were returned to their cages and allowed
unlimited movement. No functional impairments were
observed postoperatively. Eight of the 20 rabbits with block
implants were sacrificed after 2 or 4 weeks, and the samples
harvested for biochemical analysis. The remainder were
sacrificed after 5 or 10 weeks and examined histologically to
evaluate bone formation.

Biochemical Analysis

To evaluate osteogenic capability in early differentiation
phases of the progenitor cells, the alkaline phosphatase
(ALP) activities in transplanted block samples of each group
were analyzed. ALP was quantified by a modification of a total
enzyme activity method.?® The harvested samples were
first crushed with a forceps, homogenized in 500 uL 0.2%
Triton X-100, and then sonicated to destroy cell membranes.
After centrifugation at 3000 rpm for 5 min at 4°C, 20 pL of
the supernatant was added to 200 pl of substrate buffer
(10 mM disodum p-nitrophenylphosphate hexahydrate, 0.056 M
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2-amino-2-methyl-1,3-propanediol, and 1 mM MgCly) in a
96-well plate. After incubation of the mixtures at 37.0°C for
30 min, absorbance at 405 nm was measured on a microplate
reader. ALP activity was determined as millimoles of
p-nitrophenyl released per implant after a 30-min incubation
using a standard curve, employing the reaction of 20 pL of a
p-nitrophenyl solution (Wako, Kyoto, Japan) and 200 pL of
substrate buffer for 30 min. The average data of the four
samples in each rabbit were used for analysis.

Histological Analysis

The harvested samples were fixed in 10% formalin
and decalcified in KCX solution (Falma, Japan), dehydrated,
embedded in paraffin, cut into 5-um sections, and stained with
H&E stain. Specimens were examined under light microscopy.
Newly formed bone in the block and granule implants was
quantified by the same procedure as the bone marrow
penetration efficiency. The average data of the four samples
in each rabbit were used for analysis. The center sections in
the block samples were also evaluated to show bone formation.
Bone formation ratio in each group was also evaluated in both
block and granule samples.

Statistical Analysis

Data were expressed as meand+standard deviation (SD).
Statistical analysis was performed using paired ¢-test or one-
way repeated ANOVA, and the Tukey-Kramer test was used

for post hoc pairwise comparisons. Friedman test and Steel-
Dwass’ post hoc test were used for nonparametric data. The
confidence interval was set at 95%; the significance level at
p<0.05.

RESULTS

Bone Marrow Penetration Efficiency

Histological features of the block implants in the ULP
group immediately after bone marrow introduction
showed that marrow cells penetrated through the whole
scaffold, whereas penetration was insufficient and
inhomogeneous in the AP group, especially centrally
(Fig. 2A and B). In the ULP group, the area of bone
marrow penetration into the macropores of the block
implants was significantly higher than in the AP group
(p <0.01; Fig. 2C). SEM analysis of the ULP group
showed dense nets of fibrin even in the micropores,
where the size was <5 pm, such that cells could not be
induced (Fig. 2F). On the other hand, there were fewer
fibrin nets induced into the micropores in the AP group
(Fig. 2E).

In Vivo Osteogenesis
ALP activity in the transplanted samples of the ULP
group was higher than in the control or AP groups

ULP
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Figure 2. Villanueva staining of the center sections in the block B-TCP after marrow introduction (original magnification 12.5x): (A) AP
group, (B) ULP group; scale bar = 1 mm; P, macropores; I, implant area; M, marrow inducing area. (C) The graph presents the mean marrow-
inducing area with the SD bars (n = 6); **p < 0.01. SEM analysis shows the micropore structures in the center of the block B-TCP penetrated
with PBS as a control (D), in the AP group (E) and ULP group (F) (original magnifucation 5000x); scale bar =6 um; F, fibrin nets; Mi,
micropores. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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(Fig. 3H), especially at 2 weeks (p < 0.05). Histological
analysis showed new bone formation in most AP
samples and in almost all ULP samples; however, no
bone formation was detected at either 5 or 10 weeks in
any control samples without bone marrow introduction
(Table 1). In the block implants, bone was spread over
almost the entire implant in the ULP group (Fig. 3B and
E), whereas bone formation was limited to the periph-
eral sites in the AP group (Fig. 3A and D) at 5 weeks.
The implants had begun to be absorbed at 10 weeks, but
much bone was preserved over the whole area in the
ULP group (Fig. 3G). On the other hand, a smaller

5W

ULP

AP

ULP

amount of bone was detected in the AP group (Fig. 3F).
In the quantitative analysis, significantly more newly
formed bone was detected in the ULP group compared
with the AP group at both 5 and 10 weeks (p < 0.01;
Fig. 31), and the difference between the groups was
more pronounced centrally (Fig. 3J).

Similar results were observed in the experiment using
B-TCP granules, which were smaller than the blocks. In
the granule implants, significantly more bone formation
was detected in the ULP group compared with the AP
group at both 5 (p<0.05) and 10 weeks (p <0.01)
(Fig. 4A—H). Furthermore, the formed bone tissue was
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Figure 3. Representative histological specimens of block implants at 5 weeks (original magnification 12.5x): (A) AP group, (B) ULP group,
(C) control; high-magnification views (original magnification 100x): (D) AP group, (E) ULP group; the histological sections at 10 weeks
(original magnification 12.5x): (F) AP group, (G) ULP group. Little bone formation was observed at the periphery in the AP group, whereas
significant bone formation was evident centrally in the ULP group both at 5 and 10 weeks; scale bar =1 mm (A—C), high-magnification
125 um (D, E); B, newly formed bone; P, macropores; I, implant area. ALP activity per block at 2 weeks or 4 weeks (n = 4) is indicated as the
mean + SD (H); *p < 0.05 versus control, AP group, 'p < 0.05 versus control. The quantitative analysis of newly formed bone in the total area
(I) and the central area (J); the graphs present the mean bone formation area 5D (n = 6); 'p < 0.05 versus control, **p < 0.01 versus control,
AP group. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Table 1. Bone Formation Ratio at 5 Weeks and 10 Weeks
(per Total Samples in Each Group)

Group 5 Weeks 10 Weeks
Control 0/24 0/24
Block AP 21/24 19/24
ULP 22/24 23/24
Control 0/16 0/16
Granule AP 14/16 14/16
ULP 16/16 15/16

limited to the periphery of each granule implant in the
AP group, whereas more bone was observed over the
whole area in the ULP group.

DISCUSSION

Bone marrow aspiration is a simple, safe, effective
means of harvesting osteogenic progenitors,?! and the
method of aspiration has been studied and defined.'®!!
Bone marrow has an osteogenic capability in both
orthotopic?® and heterotopic sites,?® and its combina-
tion with adequate scaffolds can enhance bone forma-

5W

AP ULP

10W

AP uLP

tion.®~%1213 In addition, these methods have clinical
merits of being autologous, so no concern exists about
immunologic responses.

Despite its clinical utility, the population of osteopro-
genitor cells in bone marrow is limited,2! and thus the
bone formation capability of fresh marrow may be
limited. Attempts have been made to augment the
efficacy of bone marrow cells in bone regeneration. One
approach for effective osteogenesis using BMSCs is to
expand them in vitro with osteogenic supplements 2%
Indeed, numerous studies showed the efficacy of in vitro
expanded BMSCs when combined with porous scaffolds
in bone regeneration.?6-28

As tissue engineering techniques have advanced, the
efficacy of cell-loading procedures into porous scaffolds
has also been studied. Because seeding with simple
droplets of a cell suspension onto porous scaffolds is
inefficient, primarily due to interference by air remain-
ing in the pores, several improved cell-loading methods
have been examined. Bone formation is enhanced by
methods that create a low-pressure environment to
remove the remaining air using a vacuum desiccator
after seeding cells into ceramics.”!® However, these and
many of the other methods require special devices that

control
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Figure 4. Representative histological specimens of the granule implants at 5 weeks (original magnification 12.5x): (A) AP group, (B) ULP
group, (C) control; high-magnification views (original magnification 40x): (D) AP group, (E) ULP group; the histological sections at 10 weeks
(original magnification 12.5x): (F) AP group, (G) ULP group. More bone formation was detected over the whole area of each granule in the
ULP group compared with the AP group both at 5 and 10 weeks; scale bar =1 mm (A-C), high-magnification 312.5 ym (D, E); G, granule
implant; B, newly formed bone. The quantitative analysis of newly formed bone (H); the graphs present the mean bone formation area +SD
(n=4); "'p < 0.05 versus control, *p < 0.05 versus control, AP group, **p < 0.01 versus control, AP group. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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complicate the process. We devised a simple low-
pressure cell-loading method to ameliorate these prob-
lems.® This method differs from other procedures in that
cell soaking is performed under low pressure, whereas
the low pressure is applied after cell soaking in the other
conventional procedures. This ULP method enhances
the cell-loading efficiency and in vivo bone formation
capability of expanded BMSCs with porous scaffolds
nearly twofold compared with the conventional low-
pressure methods.

Given these facts, we extended this tissue engineering
technique in this study to osteogenesis using fresh bone
marrow to exploit the optimal osteogenic potential of the
fresh bone marrow. This ULP loading method has
advantages when applied to fresh bone marrow. Because
fresh bone marrow possesses a viscosity and forms clots
immediately after harvesting, low pressure after seeding
can lead to a lower effect in removing the residual air due
to the higher surface tension. On the other hand, the low
pressure environment is maintained before and during
seeding in this ULP method, and the introduction is
completed within a minute, which is considered to be
more useful for effective marrow introduction.

In the present study, the ULP method was further
modified to simplify it for clinical use by enabling the
marrow introduction to be done under a completely
closed system that requires no special devices beyond
syringes and stopcocks. In the 8-TCP blocks, as expected,
the bone marrow was introduced almost twofold more
efficiently under low pressure compared with simple
droplets. The marrow penetration efficiency directly
affected in vivo osteogenesis. Both the biochemical
activity of the osteoprogenitor cells in the early differ-
entiation phases and the observed new bone formationin
the implants were significantly enhanced with low-
pressure loading. Although the effect of the low-pressure
loading method might have been assumed to be less for the
granule B-TCPs than the block B-TCPs because of their
smaller sizes, this method also enhanced bone formation in
the granule materials, which are frequently used clin-
ically. These results suggest that this technique is effective
for osteogenesis with fresh autologous bone marrow and
porous scaffolds for use in clinical bone reconstruction.

Connolly et al.’? described that concentration of the
bone marrow cells using density gradient separation
resulted in increased bone formation. Muschler et al.'®
demonstrated an effective method to prepare composite
grafts with an increased proportion of progenitor cells by
letting autologous bone marrow pass through materials
at a controlled rate. This selective cell retention
procedure can be performed intraoperatively with a
commercially available device, and can be expected to
enhance bone formation.!* However, the cell concen-
tration method might not be effective enough by itself,
and may be more effective for osteogenesis when com-
bined with a bone marrow clot.>!* Becker et al’
reported that whole bone marrow showed a greater in
vivo osteogenic capability rather than concentrated
monouclear cells, also suggesting the possibility that
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marrow clot consisting of fibrin networks are important
for osteogenesis.

We used fresh, whole bone marrow with the highly
porous B-TCP, in which interconnecting macropores
allowed for good in-growth of blood vessels and other
tissues, and the micropores retained a great deal of
proteins including osteogenic cytokines within their
large surface areas. In the macropores, fresh bone
marrow (osteoprogenitor cells and autologous plasma)
forms fibrin clots and can serve as a 3D scaffold for
attachment and growth of cells.??3° In addition, SEM of
the samples seeded with the ULP method showed the
presence of enriched fibrin nets even in the micropores
where the cells cannot be introduced. Some growth
factors, including fibroblast growth factor-2 and vascular
endothelial growth factor, are known to bind to fibrin and
to potentiate endothelial cell proliferation when
bound.?"32 Thus, the fibrin nets in the micropores may
also work to retain growth factors present in the
bone marrow or delivered by the degranulation of
platelets, and may have a potential effect on vasculari-
zation.®® Although the role of the fibrin in osteogenesis
needs further investigation, the dense fibrin nets within
the micropores introduced by this low-pressure method
also contribute to the increased bone formation despite
the small number of progenitor cells contained in fresh
bone marrow.

This study used relatively small biomaterials in a
rabbit ectopic bone formation model to clearly observe
the influence of bone marrow and its loading method on
in vivo osteogenesis. Further examination may be
required to demonstrate the clinical benefits of this
method. However, this study represents the possibility of
improved osteogenesis with a combination of fresh bone
marrow and porous biomaterials by using the “under
low-pressure” method. Because this method is simple,
safe, rapid, and inexpensive, it should have use in a wide
variety of clinical applications.
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Vertebroplasty Using Hydroxyapatite Blocks

MASASHI OSHIMA, MD; HIROMI MATSUZAKL MD; YASUAKI TOKUHASHI, MD; AKIHIRO OKAWA, MD

Full article available online at OrthoSuperSite.com/view.asp?riD=60145

Vertebroplasty was performed using hydroxvapatite blocks to examine the course of com-
pressive strength and histological features in a dog mudel. The vertebral fracture molel
was prepared by punching a hole in the center of the vertebra and at 4 sites around the
vertebra (5 holes in total from the front side of the vertebra using an air drill and hoflow
ing the holes. Measurements were made on healthy verebrae, vertebrae from the verte-
bral fracture model, vertebiae removed from animals immediately after vertebroplasty,
vertebrae collected 1 and 2 months after vertehroplasty. and vertebrae untreated for 1
month after vertebral fracture, Histological examinations were also performed 1 and 2
sweeks and 1 and 2 months after vertebroplasty with hychoxyapatite blocks. The strength of
vertebrae in the fracture model immediately after vertebroplasty was significantly higher
than that in the untreated fracture, and the strength of verebrae 1 month after the proce
dure was equivalent to that of healthy vertebrae. Hislologically. new bone formation was
found aroune hydroxyapatile blocks 2 weeks after the procedure, and strong crosslinking
between neighbaring hydroxyapatite blocks was found after 1 month,

These results suggest that hydroxyapatite blocks may be effective as filling material for
vertebral fracture from both hiomechanical and histological perspectives.
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ertebra repair at the pedicle of

the vertebral arch using poly-

methylmethacrylate (PMMA),'
calcium phosphate cement,” and hydroxy-
apatite blocks? is of interest as a minimally
invasive treatment for fracture. Hydroxy-
apatite blocks are significantly superior
to other materials in terms of dynamic
strength, bone altinity. filling techniyue,
und complications, since the vertebra can
be repaired by filling with box-shaped
hydroxyapatite blocks with no risk of the
blocks flowing into blood vessels.! How-
ever, changes over time in the dynamic
strength of vertebrae filled with hydroxy-
apatite blocks and histological changes
after vertebroplasty have not been exam-
ined. Therefore, in this study, we prepared
a dog maodel of Jumber vertebral tracture
and examined the dynamic swength and
histological characteristics of vertebrae 1
and 2 weeks and | and 2 months after ver-
tebroplasty using hydroxyapatite blocks.

MATERIALS AND METHODS

Eight 6-mouth-old beagles were used
in the study. Anesthesia wits performed by
gradual administration of 30 mg of double-
diluted 3% pentobarbiturate ito a vein.
General anesthesin was ensured by adding
the anesthetic agent as needed based on
monitoring of the depth of anesthesia. A
transperitoneal approach was taken after
a midsagittal incision in the abdominal
region. After turning the aorta abdomina-
lis 1o the side and tying up the segmental
artery and vein, we approached the front

£ e HEREIRBEY
Figure 1: Hydroxyapatite block and surgical findings after vertebroplasty with hydroxyapatite blocks in the vertebral

side of the lumber vertehra. The vertebral
fracture model was prepared by punching
a hole in the center of the vertebra and at 4
sites around the vertebra (5 holes in totul)
from the front side of the vertebra using
a 3-mm air drill and hollowing the holes.
The study was performed after obtaining
approval from our institutional ethical
committee tor preclinical studies.

Verebral repair was performed using
hydroxyapatite blocks developed for dogs
{HOYA Co. Tokyo, Japan) with a poros-
ity of 30% and a size of 2.0X2.0X3.6 mm
with 1 sloping face. The inner cavity of
the vertebra in the vertebral fracture mod-
el was filled fimly with hydroxyapatite
blocks from « hole prepared in the front
side of the vertebra using an impactor (Fig-
ure 1). Each vertebra was filled with 12 ©0
22 hydroxyapatite blocks (13.5£2.5). The
percentage occupation of the hydroxyapa-
tite blocks (total volume of hydroxyapatite
blocks in the vertebra/volume of the ver-
tebra) was 275 1o 34% (30.7x2.6). Plain
radiographs obtained after the procedure
are shown in Figure 2. Neighboring verte-
brae were used as controls.

Animals were sacrificed at 1 week. 2
weeks, 1 month, and 2 months after ver-
tebroplasty. and vertebrae were removed
for measurcment of the dynamic strength.
Measurements were made on 16 healthy
vertebrae, 6 vertebrie removed prior {o
treatment of vertebral fracture. 14 re-
moved from animals immediately after
vertebroplasty. 4 collected | month after
vertebroplasty. 4 collected 2 months af-

vertebroplasty vith hydroxyapatite biocks. Figure 3: Measurement of maximum compressive strength,
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ter verfebroplusty, and 2 untreated for |
month after vertebral fracture. An Auto-
graph DSS-3000 system (Shimadzu Co,
Kyoto, Japan) was used for measurement
of the maximum compressive strength us-
ing a 3 t load cell, a full scale of 500 ket
and o test speed of 3 mm/min (Figure 3).

A Munn-Whitney U test was used for
statistical analysis with P<.01 considered
a significant difference.

A histological examination was per-
formed on 2 vertebrae removed from the
subjects at | week, 2 weeks, and | month
after vertebroplasty. The vertebrae were
cut by the sagittal cutting method to pre-
pare test samples. and toluidine blue stain-
ing was performed.

RESULTS

The average bone density of verte-
braec measured using dual-energy
absorptiometry  was  0.5420.02
and did not differ significantly among the
vertebrae, Measurement of the maximum
compressive  strength  showed  average
strengths of 238,42 36.76 kel for healthy
vertebra, 118321251 kef for untreated
vertebrae in the model of vertebral fruc-
wre, [30.7220.51 kgf for vertebrae im-
mediately after vertebroplasty with hy-
droxyapatite blocks. 228.020.01 kefat 1
month after vertebroplasty, 263.0:£26.53
hef at 2 months after vertebroplasty. and
278x21.21 kef at | month untreated after
vertebral fracture (Figure 4).

A sigunificant difference was noted in
compressive strength between fractured

x-yay
alom’

| fracture model. Figure 2: Plain radiographs after
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