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Fic. 4. Affinity profiles of 2-O-sul-
fated or 6-O-sulfated octasaccharides -
for various growth and differentiation
factors. 100 pmol of octasaccharide was
applied to GF affinity colwnns as described
under “Experimental Procedures.” After a
wash with binding buffer, bound oligosac-
charides were eluted with increasingly
higher concentrations of NaCl. 25-1 (open
bars), 28-2 (striped bars), and 25-3 (closed
bars) were subjected to FGF-2 (A}, FGF-18
(C), and HGF (E} affinity chromatography.
68-2 (dotted bar) and 6S5-3 (gray bar) were
subjected to FGF-10 (B), FGF-18 (D), and
HGF (F) affinity chromatography. Each of
the bars indicates the amount of eluted
octasaccharide.
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one, two, or three 6-O-sulfate groups (63-1, 6S-2, and 65-3). To
the FGF-2-conjugated column, 57% of 258-1 and more than 90%
of 25-2 and 25-3 applied were bound. The majority of the bound
25-1 was released by 0.35 M NaCl, but a complete release of
28-2 and 25-3 was attained with 2.0 M NaCl (Fig. 44). These
results indicate that the presence of only 1 unit of HexA(250,)
GlcNSO; is sufficient to retain the octasaccharides on FQF-2,
and that the affinity of octasaccharides containing 2 or 3 units
of HexA(280,)-GlcNSO, to FGF-2 is much higher than that of
the other growth factors examined. To the FGF-10-conjugated
column, 32% of 65-3 was bound but neither 65-2 nor 651 was
bound (Fig. 4B). These results suggest that 3 units of HexA-
GleNSQ,4(650,) are required for the binding of 6-O-sulfated
Octa-] to FGF-10. Because 48% of the bound 65-3 was released
by 0.25 M NaCl, the interaction of FGF-10 with 6-O-sulfated
octasaccharides should be relatively weak. As observed in Fig.
3, FGF-18 and HGF showed affinity to both 2-O-sulfate and
6-O-sulfate, and the affinity to 2-O-sulfate seemed to be higher
than to 6-O-sulfate. These results were confirmed by the bind-
ing experiments using different sulfated Octa-I molecules (Fig.
4). To the FGF-18-conjugated column, 90% of 25-3, 42% of 6S-3,
and 23% of 25-2 were bound, but 63-2, 65-1, and 25-1 were not
bound. Quantitative elution of the bound 25-3 and 65-3 was
achieved with 0.4 and 0.3 M, respectively, of NaCl{Fig. 4, C and
D). Nearly the same results were cbtained for the HGF-conju-
gated column (Fig. 4, E and F); 75% of 28-3, 35% of 28-2, and
19% of 63-3 were bound, but 25-1, 65-2, and 6S-1 were not
bound. Quantitative elution of the bound 25-3 and 68-3 was
achieved with 0.35 and 0.25 u, respectively, of NaCl. However,
a clear difference between FGF-18 and HGF was cbserved in
the affinity to 6S-3; the affinity of HGF to 6S-3 was much lower
than that of not only FGF-18 to 63-3 but also HGF to 28-2.
These results indicate that FGF-18 and HGF require at least 2
units of HexA(2S0,)-G1cNSQ; or 3 units of HexA-GleNSO,(650,)
for the binding of the octasaccharides.

Analysis of the Interactions of VEGF,.; and BMP-6 with
Modified Heparins Using Surface Plasmon Resonance Biosen-
sor—As observed above, VEGF,,;, BMP-8, and FGF-8 were
able to bind heparin but did not bind Octa-I1. To examine how
2-0O-sulfate and 6-O-suifate in heparin contributed to the bind-
ing to VEGF 45, BMP-6, and FGF-8, we determined the disso-
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ciation constant (K} between one of these HBGFs and intact
2-0O-desulfated (20DS) or 6-O-desulfated (60DS) heparin. K,
values were determined by surface plasmon resonance (SPR)
biosensor. As shown in Table II, 2-O-sulfate groups were com-
pletely removed from 20DS-heparin, whereas a few 6-O-sulfate
groups (up to 1.8%) remained in 60DS-heparin. The major
disaccharide components of heparin, 20DS heparin, and
60DS-heparin  were thus thought to be HexA(280,)-
GleNSO4(650,), HexA-GleNSOQ,4(6S0,), and HexA(250,)-Cle-
NSO;, respectively. As positive controls, K, values were also
determined for FGF-2 and HGF. The K}, value observed in the
system of FGF-2/heparin, FGF-2/20D8-heparin, and FGF-2/
60D3-heparin was 23, 340, and 23 nM, respectively {Fig. 5,
A-C, and Table III). Because the Ky, for FGF-2/60DS-heparin
was the samme as the K for FGF-2heparin, the presence of
6-O-sulfated groups on GleNSO, residues in heparin appeared
to have no effect on the interaction between FGF-2 and hepa-
rin. In contrast, the K, for FGF-2/20DS-heparin was 15-fold
that for FGF-2/heparin. In the case of HGF, the measured K,
for HGF/heparin, HGF/20DS-heparin, and HGF/60DS-hepa-
rin was 12, 86, and 58 nM, respectively (Fig. 5, D-F, and Table
1ID. Both the K, for HGF/20DS-heparin and the K, for HGF/
60DS-heparin were higher than the K, values for HGF/hepa-
rin. These observed K, values for the interactions of FGF-2 or
HGF with the modified heparins are consistent with the results
obtained from the octasacecharide library, and confirm the im-
portance of 2-O-sulfate in the binding of FGF-2 and the impor-
tance of both 2-0- and 6-O-sulfate in the binding of HGF. Thus,
the K, values obtained by SPR bicsensor using biotinylated
glycosaminoglycans seem accurate encugh to be compared
quantitatively. Under the same conditions used for the inter-
action of FGF-2 and HGF, we determined K, values for the
interaction between VEGF,,; or BMP-6 and heparin or the
modified ones. The measured K, for VEGF;qy/heparin,
VEGF' 45/20DS-heparin, and VEGF, ;./60DS-heparin was 185,
524, and 592 nwm, respectively (Fig. 5, G-I, and Table III). Both
the Ky, for VEGF,5/20DS-heparin and the K, for VEGF, ./
60DS-heparin were 3-fold the Kp, values for VEGF, ,/heparin.
The measured K values for BMP-6/heparin, BMP-6/20DS-
heparin, and BMP-6/60DS-heparin was 6.3, 11, and 15 nw,
respectively (Fig. 5, J-L, and Table III}, which indicate the
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TasLE IT
Disaccharide compositions of heparin and modified heparins

Disaccharide component  Heparin  20DS-heparin  60DS-heparin

% % %
HexA-GleNAc 5 6 i
HexA-GlcNS 1 12 10
HexA-GleNAc(6S) 2 5 ND”
HexA(25)-GIcNS 14 ND 75
HexA-GleNS({65) 7 77 6
HexA(2S5)-GleNSi68) 71 ND 2
2 ND, not detected.
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FiG. §. The response in steady state level plotted against the
concentration of FGF-2, HGF, VEGF,,, and BMP.§. Various con-
centrations of FGF-2 (A-C), HGF (D-F), VEGF,,, (G-I), and BMP-6
(J-L) were injected over the sensor tip-immobilized heparin (4, D, G,
and .f), 20D8-heparin (B, E, H, and K), and 60DS-heparin (C, F, I, and
L). The response in the steady state was plotted against the concentra-
tion of each GF. The dissociation constant for the interaction was
evaluated with these curves using BIA evaluation software.

TasLE IIT
Equilibrium dissociation constant for the interactions of FGF-2, HGF,
VEGF ;. and BMP-6 with various chemically modified heparins
The Ky (nM) value was measured from Fig. 5.

Immobilized GAG FGF-2 HGF VEGF a5 EMP-8
Heparin 23 12 155 6.3
20DS-heparin 340 86 524 11
60DS-heparin 23 58 592 15

extremely high affinity of BMP-6 to heparin or the modified
heparins. Even so, both the Ky, for BMP-6/20DS-heparin and
the Kp, for BMP-6/60DS-heparin were 2- or 3-fold the K, val-
ues for BMP-6/heparin. These results suggest that both 2-0-
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sulfate groups on HexA residues and 6-O-sulfate groups on
GleNSO, residues contained in heparin/HS are equally re-
quired for the interactions with VEGF;; and BMP-6.

Because FGF-8 was bound nonspecifically to the sensor
chips, the K, values for FGF-8/modified heparins could not be
determined. It should be of note here that no interactions
between these growth factors and chondroitin 4-sulfate have
been recognized (data not shown).

FGF-releasing Activity of Octasaccharide Library—As shown
above, FGF-2 and PGF-10 bound the octasaccharides typically
different from each other in that FGF-2 required 2-O-sulfate
but FGF-10 needed 6-O-sulfate. Therefore, we examined
whether the addition of 2-0-sulfated Qcta-I and 6-O-sulfated
Octa-I could release FGF-2 and FGF-10, respectively, from
their complexes with pig aorta HS, which has the affinity for
both FGF-2 and FGF-10 and is thought to represent natural
HS in normal tissues. Streptavidin-coated ELISA plates were
coated with the biotinylated HS. Digozigenin-labeled FGF-2 or
FGF-10 was then added to form complexes with the HS on
plates. The incubation with various octasaccharides at differ-
ent concentrations added to the plates released the digoxige-
nin-labeled FGF from the complexes, which was assessed by
quantitating the labeled FGF left on the plates after several
washes as described under “Experimental Procedures.” The
addition of 1 nmol/m] 65-3 and 25-3 released 28 and 8% of
hound FGF-10, respectively (Fig. 64), which corresponded to
the releasing activity observed by the addition of 0.3 and 0.03
nmol/ml Oecta-II, respactively (Fig. 6B), suggesting that 65-3 is
10-fold more active in releasing FGF-10 than 28-3. The addi-
tion of 1 nmol/ml Octa-II released 45% of hound FGF-10. Other
O-sulfated Octa-1 have none or only a slight effect on the
releasing. In the case of the FGF-2 binding to the HS, the
addition of 0.2 nmol/m] 25-2, 23-3, and Octa-II had almnost the
same releasing activity (57-61%]), and that of 0.2 nmol/ml 25-1
and 65-3 released 26 and 11% of bound FGF-2, respectively
(Fig. 6C), which corresponded to the releasing when 0.05 and
0.02 nmol/ml Octa-II were added, respectively (Fig. 6D). 28-1
still showed 25% of the Ceta-I1 activity although it had only one
O-sulfate, but 68-3 showed less than 10% of the Octa-II activity
even though it had three O-sulfate residues. The observed
differences of octasaccharide library in the releasing activity
are good reflections of the differences in the binding specificity
and activity of octasaccharide library to FGF-2 and FGF-10,
which were described above.

DISCUSSION

We demonstrated that octasaccharide libraries composed of
well defined sulfated octasaccharides generated by recombi-
nant HS-O-sulfotransferases were useful for characterizing the
binding structure for HBGFs. For FGF-2, FGF-4, FGF-7,
FGF-8, FGF-10, FGF-18, HGF, BMP-6, and VEGF, ., we ana-
lyzed systematically the binding strucetures present in heparin/
heparan sulfate, including the octasaccharide library. Based
upon differences in affinity, these growth factors eould be clas-
sified roughly into five groups. Group 1 had the affinity for
2-0O-sulfated but not 6-O-sulfated octasaccharides (FGF-2).
Group 2 had the affinity for 6-O-sulfated but not 2-0-sulfated
cetasaccharides (FGF-10). Group 3 had the affinity for both
2-O-sulfated and 6-O-sulfated octasaccharides but preferred
2-O-sulfated ones (FGF-18 and HGF). Group 4 required both
2-O-gulfate and 6-O-sulfate in octasaccharides for binding
(FGF-4 and FGF-7). Group 5 hardly bound any octasaccharides
significantly (FGF-8, BMP-6, and VEGF} (Fig. 7). The results
indicate that the structural domain in heparin/heparan sulfate
exhibiting affinity to each HBGF could be differentiated in
terms of chain size, position to which the sulfate is attached,
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Fic. 6. FGF-10 and FGF-2 releasing activity of octasaccharide library from the complex with HS. Releasing activity was detected by
ELISA as described under “Experimental Procedures.” Digoxigenin-labeled FGF-10 (A and B) or FGF-2(C and D'} was added into wells coated with
HS {0.1 nmol as hexurenic acid), After 1 h, unbound digexigenin-labeled FGF was removed. Then 1(A}and 0.2 wmol/ml (C} of octasaccharide library
and Octa-II at various concentrations (B and D) were added. After 1 h, the wells were washed, and then anti-digoxigenin-AP, Fab fragments were
added to yield color. Nonspecific binding was determined in the absence of FGFs. The experiments were independently repeated three times. The
columns show mean values * 3.D. Statistical analyses were performed using Student's ¢ test. Significance when compared with control was shown

by the asterisk representing p < 0.05,

and the number and probably distribution of sulfate groups
within the binding domain.

We also demonstrated relevance of the use of an octasaccha-
ride library consisting of defined sulfated octasaccharides for
characterizing the binding structures for HBGFs by their re-
leasing activities of HBGFs from the complexes of HS and
HBGFs. The affinity analyses using octasaccharide library re-
vealed unique and almost opposite structural requirements for
the bindings of FGF-10 and FGF-2. Therefore, we examined
whether the addition of cctasaecharides having the affinity to
FGF-10 and FGF-2 could release FGF-10 and FGF-2, respec-
tively, from their complexes with aorta HS. As expected from
the affinity analyses, octasaccharides with the high affinity to
FGF-10 or FGF-2 released specifically the respective FGF from
their complexes with HS, and in addition, octasaccharides with
the higher affinity gave the higher releasing activity (Fig. 8).
These results suggest that the interactions of HS with certain
HBGFs involved regions of the HS with specific sulfation pat-
terns, and the exogenous addition or the endogencus genera-
tion of such regions as oligosaccharides may affect the bindings
of HBGF's to HS and also to HBGF receptors. In the case of
FGF, because HS is also known to bind to the growth factor
receptors, the supply of HS oligosaccharides, whether it is
exogenous or endogenous, may have some effect on their sig-
naling. Further investigation remains on funections as the sig-
naling regulators of these oligosaccharides.

Heparin-binding structures of the FGF family have been
investigated by x-ray crystallographic analysis and biochemi-
cal analysis (36-38). From these studies, several basic amino
acid residues were found to exist opposite the 2-O-sulfate group
in heparin. Our results indicated that some members of the
FGF family examined here had affinity to 2-O-sulfate, but

FGF-10 exhibited little affinity to 2-O-sulfate. Instead, FGF-10
had affinity to the 6-O-sulfate group. To investigate whether
the amino acid residues interacting with 2-O-sulfate groups are
conserved in FGF-10, the putative heparin-binding region of
FGF-10 was aligned with the same regions of other members of
the FGF family having affinity to the 2-O-sulfate group (Fig. 7).
It has been shown that the 2-O-sulfate-binding region of FGF-2
consists of Lys-125, Gln-134, Lys-135, and Ala-136 (39),
whereas that of FGF-1 is composed of Asn-18, Lys-113, Lys-
118, and GIn-127 (40) (see boldface amino acid residues in the
partial amine acid sequences of FGF-2 and FGF-1 in Fig. 7).
When the glycine boxes, which are commonly found in the FGF
family and thought to correspond to motifs for heparin-binding
sites, are aligned among ¥GF-2, FGF-4, FGF-7, FGF-8, FGF-
10, and FGF-18, either GIn or Lys residues found in these
putative 2-0-sulfate-binding sites are conserved in FGF-4, -7,
-8, and -18 (see amino acid residues in the gray boxes in Fig. 7).
However, these residues are not conserved in FGF-10 at all but
are substituted for other amine acids. Crystallographic analy-
sis of the FGHF-10-leparin oligosaccharide complex will reveal
the structure of the heparin-binding domain of FGF-10.

We demonstrated previously that the HGF-bound octasac-
charide prepared from bovine liver HS contained 2 units of
IdoUA(280,)-GleNSO,41650,), whereas the HGF-unbound oc-
tasaccharide from the same HS contained only 1 unit of
IdoUA(250,)GlecNSO,(650,). On the other hand, Lyon et al.
(29) reported that 2-O-sulfate groups contributed marginally to
the interaction between HGF and fibroblast HS. Such an ap-
parent discrepancy may be due partly to the difference in the
heparan sulfate used. The present study clearly shows that
HGF interacts with both 2-O-sulfate and 8-O-sulfate, becanse
both the 2-O-sulfated octasaccharides containing 2 or 3 units of
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Groups  hecossany O sufate GF heparin binding regions of FGFs
Giycine box
Group 1 {2-O-sulfate) FeF2 18LlKRTaaYjfLG|skTaraldRKR 1L
Group 2 {6-O-sulfate) FGF-10 180 L|[NGKGAPRRG[OKTRRKNTSAH
Group3  (2:0- o 6-O-suliate) Fer13 153F|TRIKGAPRKGIPKTRENTIQD V H
HGE
Groupd  (2-O- and 6-O-sultate) FGF4 181 LISIKING K TIKIKGINRVSP T MRV TH
FGF7 167L{NQKG I PVRAGIKKT KK E[Q:#
FoF-1) 1M1 LKRINGSCKAGIPRTHYG
Group 5 FOF8 171F[TARKGRPRKG|SKTRQH@REVH
VEGF '
BMP-6

Fic. 7. Summary of O-sulfate essential for GF binding and comparison of heparin-binding regions in different FGFs. The sequence
alignment was performed using the ClustalW program (34, 36). All of the FGFs used in this alignment are from human. The sequences of the
putative heparin-binding regions of FGFs that are structurally superimposed are shown, where the 2-O-sulfate-binding residues are indicated in

boldface. Square shows glycine box, which iz thought to correspond to motifs for heparin-binding sites (37).

HexA(250,)-GIeNSO, and the €-O-sulfated octasaccharides
containing 3 units of HexA-GleNSOQ4(650,) were bound to HGF.
The fact that both 2-0-sulfate and 6-O-sulfate are involved in the
interaction between HGF and HS was also supported by the
crystallographic analysis of NK1 (a spliced variant of HGE)-
heparin complezes. In this system, the 2-O-sulfate of HexA
makes a hydrogen bond with Arg-73, whereas 6-O-gulfate of
GleNSO, makes a hydrogen bond with Lys-63 (41). In SPR anal-
ysis, the 2-O-desulfated heparin and 6-0-desulfated heparin pre-
pared by region-selective desulfation dissociated faster from
HGPF than the native heparin (data not shown), supporting that
both 2-O-sulfate groups in IdoUA and 6-O-sulfate groups in
GleNSO4 play important roles in maintaining interaction with
HGF.

We demonstrated that VEGF, ¢4 did not bind octasaccharides
with both 2-0- and 6-O-sulfate groups at all but bound the
native heparin, indicating that VEGF,,, requires a longer
binding domain than octasaccharide for binding heparin. Both
2-0-sulfate groups on HexA residues and 6-O-sulfate groups on
GleNSO; residues appear to contribute equally to the interac-
tion between VEGF, 4, and heparin, because the K, value for
VEGF;4:/20DS-heparin was nearly equal to the K, value for
VEGF,¢:/60DS-heparin. Although the Ky, value for VEGF, 5/
heparin was much larger than that for FGF-2/heparin or HGF/
heparin, the interaction between VEGF,q; and heparin may
still have relevance to some physiological processes, because
the activity of VEGF, oz was stimulated in vitro by heparin, and
mutant mice expressing only VEGF,,; lacking the heparin-
binding domain showed abnormalities of microvascularization.
Four spliced variants of VEGF, VEGF, 5, VEGF, g5, VEGF, g,
and VEGF, 4, may thus have important physiological functions
through the interaction with HS. It remains to be studied what
structures in HS could interact with the spliced variants other
than VEGF,gy and how strong binding activity is.

To our knowledge, the direct interaction between BMPs and
heparan sulfate has never been studied. However, there are a
number of reports to suggest important roles of the interaction
in differentiation and morphogenesis. For example, glypican-3,
one of a family of six cell surface heparan sulfate proteoglycans
in vertebrates, plays an important role in BMP signaling dur-
ing limb patterning and skeletal development (42) and renal

branching morphogenesis (43). The interaction of Dally, a
glypican homolog, and Decapentaplegic, a TGF-g/BMP homo-
log, in Dresophila functions in the gradient formation of Deca-
pentaplegic as a morphogen necessary for the wing and sensory
organ formation {44 —48). In the present study, we have shown
that BMP-6 did not bind any octasaccharide, but by SPR anal-
ysis it bound heparin and 20DS- or 60DS-heparin with con-
spicuously high affinity. Chondroitin sulfate and CDSNS-hep-
arin were a very poor ligand (data not shown). Therefore, the
interaction with heparan sulfate should be very strong if the
O-sulfated region is long enough. It is known that inducing
activities of some members of the BMP family are tightly re-
stricted to the region around the cells that produce them (47).
Therefore, the observed high affinity of BMP-6 in the binding to
HS likely reflects a role of HS in trapping the BMP. Because
there are a number of the BMP family molecules with different
activities (48), the present study raises an interesting question
how each of them interacts with HS.

In cur study Octa.Il, octasaecharide containing three
HexA(280,)-GleNSO4(630,) units derived from heparinase-di-
gested heparin did net have the affinity enough to bind to
FGF-8-conjugated column under the used conditions {(Fig. 2).
Because heparin was almost retained to this column, we judged
FGF-8 needed the longer size for the binding. However, the
minimal saccharide domain for the binding of FGF-8b, a spliced
variant of FGF-8, has been reported to encompass 5-7 mono-
saccharide units of heparin {28). The observed discrepancy
might have been caused by our usage of FGF-8, which is not a
spliced variant, by some alteration in binding properties such
as partial denaturation of our FGF-8 or by the difference in the
reducing and nonreducing ends of oligosaccharide structures
due to the preparation methods between ours (heparinase di-
gestion} and theirs (nitrous acid degradation).

We prepared sulfated octasaccharides using the recombinant
HS2ST and HSEST-1. Up to 3 units of 2-O-sulfate could be
introduced to the acceptor octasaccharide under the reaction
conditions used here. Three units of 2-O-sulfate are probably
the upper limit of sulfation, because unsaturated uronic acid at
the nonreducing end of Octa-I could not be sulfated. When 60%
of the acceptor substrate was converted to the 2-O-sulfated
products, the octasaccharide having 1-3 units of 2-O-sulfate
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was obtained at a ratio of 1.0:0.40:0.15. The one having 1 unit
of 2-O-sulfate was a major product at the beginning of the
reaction (Fig. 1, insets). It is thus unlikely that the sulfated
octasaccharides behave better as an acceptor for HS2ST than
the nonsulfated octasaccharide. As observed in the products of
HS6ST-1, 6-0-sulfated Octa-1 also separated into three major
peaks; the octasaccharides with 1 unit of 6-O-sulfate were
obtained in the highest yield even at the end of the reaction.
HS6ST-1 appears to prefer nonsulfated octasaccharide as well,
A small peak was observed after 65-3 in the Mono Q chroma-
tography. This peak may be an octasaccharide with 4 units of
6-O-sulfate groups, although the disaccharide composition of
this peak has yet to be determined. It is of interest to examine
the order and extent of 6-O-sulfation with HS6ST-1.

There are now a number of studies to demonstrate that HS is
important to activate the growth factor binding to its receptor
via the complex formation among them (5, 9), and longer HS
oligesaecharides such as decasaccharides are involved in those
interactions {25). Therefore, it is becoming important to gener-
ate oligosaccharide library of various sizes. In this regard, our
present study may be the initial step for such a future study.

In conclusion, our approach using an octasaccharide library
prepared in vitro appears to be useful for defining the specifie
structures required for binding various heparin-binding pro-
teins. Furthermore, more divergent oligosaccharide libraries
will be generated by the combined use of various HS modifica-
tion enzymes such as other HS6ST isoforms and aceeptor oli-
gosaccharides of various sizes, and these oligosaccharides may
allow more selective regulation of growth factor activities (see
“Addendum”). In fact, the potential of such oligosaccharide
libraries, containing mixed 2-0- and 6-O-sulfate substituents,
has been demonstrated recently in analysis of sequence re-
quirements for saccharides interacting with FGF-1 and FGF-2
(50}
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Addendum-—During the review process of this manuscript, we re-
viewed the recent paper by Allen and Rapraeger (49} describing that HS
structural requirements distinet from those for FGF binding are iden-
tified for both complex formation and signaling for each FGF and FGF
receptor pair, which suggests the usefulness of the HS oligosaccharide
library with longer chain sizes which we are going to generate.
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The inter-a-trypsin inhibitor (JeI)! family, a typical and classical
example for protein-glycosaminoglycan-protein (PGP) complexes,
occurs constitutively in plasma at relatively high concentrations
and is a result of alternate combinations of three kinds of heavy
chains with a common light chain, the bikunin proteoglycan. The
family is characterized by the unique covalent linkage between the
heavy chains and the chondroitin sulfate chain of bikunin. The
early studies on the Iol family molecules have largely focused on
the light chain (bikunin) that is fully responsible for their protease
inhibitory activity. Since the mid-1980s, the structures of the fam-
ily molecules have been clarified, and this led to the discovery of
their complex interaction with another glycosaminoglycan, hyalu-
ronan {HA), generating the serum-derived hyaluronan-associated
protein (SHAP)-HA complex. Research from various directions has
clarified many aspects of the biological function of the PGP com-
plexes and provides a mew vista on their interesting structure-
funetion relationships, especially on their roles in inflammation.

Emergence of the Inter-a Inhibitor Family

The Ial family was first identified as a trypsin inhibitor activity
in nephropathic and preumonopathie urine in 1909 and in normal
urine in 1910. One member, the urinary trypsin inhibitor (UTI),
was purified much later in the 1950s (1, 2) when it was independ-
ently isolated by researchers working on mucopolysaccharides, leu-
kemia, and urolithiasis and was given many names: acid-stable
protease inhibitor, prealbumin-like protease inhibitor, urinastatin,
HI130, mingin, EDC1, uronic acid-rich protein, and nephrocalin
{3-5). Based on the presence of two tandem Kunitz-type protease
inhibitory domains, a structure-based name, bikunin, was sug-
gested in 1990 to avoid confusion {8). It is now known that bikunin
(M, ~ 40,000) is a proteoglycan with a chondroitin sulfate (CS)
chain and is the predominant protease inhibitor in urine. Bikunin
is acid- and heat-stable and has an acidic pl between 2 and 3
largely due to the presence of sialic acid and CS.

There were continuous efforts to find a serum cognate based on
a hypothesis that UTI has a serum origin. In the 1970s, this led to
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the identification of serum lal (7), a macromolecule previously
purified in the 1960s (8) (Fig. 1). Conclusive evidence for the iden-
tity came from the comparison of amino acid sequences in the 1980s
(9). Smaller components with inhibitor activity were released when
Ial was treated in vitro in acidic eonditions or with proteases, such
ag plasmin, trypsin, and elastase (10, 11), or when incubated with
inflammatory cells, in particular neutrophils, or cancer cells (12,
13). Cognate molecules with lower molecular weights were also
found in serum, pre-a inhibitor (Pal), and inter-a-like trypsin
inhibitor (14).

Ial was thought to be a single polypeptide chain until molecular
biology techniques became available. Cell-free translation of liver
mRNAs (15) and subsequent cloning (16) indicated that Ial con-
tains “heavy” and “light” polypeptides encoded by distinct genes.
Reviews in 1990 summarized the multipeptide chain structure and
defined the Ial family (6, 17). Ial family molecules are encoded by
at least five genes, ITIHI-ITIH4 for the four heavy chains (HCs)
and AMBP for the light chain (the core protein of bikunin). Inter-
estingly, the AMBP gene encodes hoth the core protein and a
functionally unrelated serum protein, a;-microglobulin, as a pre-
cursor fusion protein (18). cDNAs of the four HCs show high se-
quence homeology except in the C-terminal one-third of HC4 (19).

Structure and Synthesis of Iad Family Molecules

The multipeptide structure of Ial was masked by its unusual
PGP structure in which the polypeptide subunits are covalently
linked together via a CS chain (20). In 1981, the UTI carbchydrates
were identified as: (2) an O-linked, GalNAc-rich chain attached to
serine at position 10 and (&) an N-linked oligosaccharide at position
45 (21). Chondroitinase and testicular hyaluronidase digestion of
Ial and Pel identified the O-glycan as a low sulfated CS chain (22,
23) and separated the HCs and bikunin (14, 24). The CS linkage to
bikunin is a typical O-xylosylserine (22). Analyses also identified
the novel ester bond that links the a<arboxyl of C-terminal aspar-
tates of the HCs with C.8 hydroxyl groups of internal GalNAes in
the CS chain (20, 25) (Fig. 1). The amino acid sequence at the CS
attachment site in bikunin, Glu-Gly-Ser-Gly, is well conserved
among all species examined. The CS chain is relatively short (M, ~
8000), with 12-18 disaccharide repeats (GlcUAB1,3-GalNAcB1,4-)
and a conventional linkage region (GleUAB1-3Galgl-3Galpl—
4Xy1p1)-O-Ser (26, 27). About 30% of the GalNAe, usually those
near the linkage region, are sulfated at C-4 hydroxyl groups (27).
CS chains synthesized during inflammations are shorter with de-
creased sulfation (28). In the electron microscope, bikunin appears
as a small sphere (diameter of ~2 nm), whereas HCs have an
N-terminal globule (diameter of ~11 nm) with a thin tail {length of
~15.5 nm) attached to the bikunin sphere (29). The two HCs of
human Ial are located close to each other in the less sulfated region
of the CS chain (27).

The HCs on Il vary from species to species. Typically, human
Iof contains HC1 and HC2 (14), bovine Iol contains HC2 and HC3
{30), and rodent Ial contains both types (31). On the other hand,
the single HC in Pol is HC3 in all species examined except for
bovine Pal, which contains HC2 (30). Low levels of HC2/bikunin
(inter-a-like trypsin inhibitor) and HC1/bikunin are found in hu-
man serum, which seem to be degraded forms of Ial {14, 25).
Currently, neither the reason nor the mechanism for the selectivity
of HCs is known. ‘

Although I«l family genes are expressed in various tissues (32),
the circulating IoI family molecules are produced principally by the
liver. Interestingly, bikunin and HC ¢DNA cotransfection shows
that cells other than hepatocytes, COS cells, also can couple a HC
with the bikunin proteoglycan (33). Bikunin is first synthesized in
fusion with a,-microglobulin (34), and the cleavage occurs in the
trans-Golgi after adding the CS and HCs (35). The connecting
tetrapeptide (Arg-X,-X,-Arg) conforms to a consensus sequence
recognized by the intracellular endoprotease family that includes
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Fic. 1. Protein-glycosaminoglycan-protein complex. A, schematic
structure of lal family molecules and the SHAP-HA complex. The HCs/
SHAPsg are covalently linked together by the CS-4-sulfate (C45) chain of the
bikunin proteoglycan or by HA. B, structures of the HCs and bikunin. Forks
and spoons represent N-linked sugars and O-linked sugars, respectively
(adapted frem Refs. 27, 29, and 77). €, strucinre of the SHAP-HA linkage
region (dushed circle in A). The pholograph shows negative stained electron
micrographic images of the SHAP-HA complex (73). HA is visualized as a
fibrous network and SHAP as globular structures (errows and arrowheads)
with a thin tail that attaches to HA {arrows). The morphology matches that
of ol heavy chains reported previously (29). The bar represents 20 mn, The
portions involved in the formation of globular structures of heavy chains are
marked gray in B. The portion corresponding to the twoe Kunitz domains of
bikunin is also marked in B.

furin. However, furin does not seem to be responsible for the
cleavage (36).

The HCs undergo several proteolytic steps during biosynthesis.
The signal and following N-terminal propeptides (19} are removed
in the endoplasmic reticulum, probably by a Golgi enzyme in tran-
sit (37, 38). The large C-terminal extension (240—280 amino acid
residues beginning with the conserved sequence Pro-His-Phe-Ile-
Ile) is released when the remainder of the HC is coupled to the CS
(Fig. 2) (19). Therefore, the assembly of a HC involves two likely
coordinated steps: a cleavage of the Asp-Pro hond and then the
formation of the ester bond (38). The C-terminal extension seems to
be required for the formation of the ester linkage (37). No protease
with specificity toward the conserved sequence around the cleavage
site has been described.

Protease Inhibitor Activity of Ind Family Molecules

As their original names suggest, the family molecules were stud-
ted extensively as protease inhibitors. Bikunin exhibits a weak
inhibitory activity against proteases including trypsin, chymotryp-
sin, neutrophil elastase, and plasmin (39). However, none has been
defined as a physiological target of bikunin, which questions
whether protease inhibition is a2 major function of Ial family mol-
ecules. Although circulating levels are high (150500 ug/ml), they
account for enly ~5% of the total protease inhibitory activity of the
plasma, and the K; values of bikunin are not low emough to be
effective at physiological concentrations (39). Proteases that
bikunin inhibits are often more efficiently inhibited by their respec-
tive physiclogical inhibitors (40). Accordingly, on the basis of clear-
ance of injected bikunin-protease complexes, it was proposed that
the Iol family functions as a shuttle that traps proteases and then
transfers them to physiclogical inhibitors (41). Hewever, bikunin
inhibits plasmin on the surfaces of cancer cells more efficiently
than plasmin in solution, in contrast to a.-mmacroglobulin and -
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Fic. 2. A model for the structure and function relation of a PGP
complex. The l«l fanily molecules are synthesized in hepatocytes, where
one or two HCs are linked to the CS chain of bikunin in the Golgi apparatys,
Upon a proper stimulus, the molecules are recruited to extravascular siles,
where the HCs are transferred to the locally synthesized HA to form the
SHAP-HA complexes (transesterification), which play roles in construction of
extracellular matrices by aggregatinginto a *ca ble-]i{e structure” containing
the complexes and in interaction of the matrices with inflanunatory cells.

inhibitor, which may relate to the antimetastatic effect of bikunin
(42). In addition, bikunin may also inhibit granzyme K, the lym-
phocyte granule-stored serine protease that is implicated in T-cell-
and natural killer cell-mediated cytotoxic defense after recognition
of target cells (43). Trypstatin, an inhibitor of chymase secreted by
peritorneal mast cells, was suggested to be a processed fragment of
bikunin that the cells had taken up from the eirculation (44). Other
diverse activities, particularly pharmaceutical effects, of bikunin
have been deseribed, such as mitogenic activity, inhibitory activity
toward hyaluronidase, prevention from premature delivery, ische-
mia stress and renal failure, and suppression of pancreatitis, coli-
tis, and arthritis, for which various mechanisms have been pro-
posed (for review, see Ref. 45).

The above studies focused on the bikunin portion of Il family
molecules. However, more than 90% of circulating bikunin carries
HCs, whereas urinary bikunin is predominantly free of HCs (46).
Furthermore, free bikunin has a much shorter half-life in eircula-
tion (4 min in mice) than that of HC-bikunin complexes (several
hours in mice) (47, 48). This paradox is explained by recent studies
of IaI-HA interactions.

SHAP-HA Complex and Its Synthesis

Soon after its discovery in the 1960s, Ial was found to have an
association with HA (49, 50). HA is the major glycosaminoglycan in
synovial fluid that is responsible for its viscoelastic properties and
joint-lubrieating function, HA isolated from knee joints of patients
with active rheumatoid arthritis or chronic gout contained more
firmly bound protein (--10%) than HA from normal knee joints
(~2%). Immunodiffusion with specific antibodies identified the pro-
tein as Ial then thought to be a single protein (50). The pathological
HA preparations had altered properties, such as gel formation,
electrophoretic immobility, and extremely rapid sedimentation in
the ultracentrifuge at pH 4.5, suggesting an aggregation of the
protein-HA complex (50). These investigators proposed that Ial
entered the diseased joint frem serum and became firmly bound to
HA, thereby altering its properties (50, 51). These pioneering find-
ings were neglected except in a report in 1988 that confirmed the
pathological association of Ial with synovial HA and further
showed that the complex was more resistant to degradation by
oxygen-derived free radicals (52).

In 1990, a protein of ~-85 kDa was found firmly associated with
HA in the extracellular matriz of eultured mouse dermal fibro-
blasts (53). The protein was not metabolically labeled and therefore
was derived from the serum added to the culture. It was designated
SHAP and was identified as the HCs of the lal family molecules
(54). The term SHAP is used below for HCs in HA complexes.

The SHAP-HA complexes were then isolated from synovial fluid
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and from preovulatory follicular fluid (55). Mass spectrometry
showed that SHAPs are bound to HA by an ester bond between
carboxyl groups of the aspartates at their C termini and the C-6
hydroxyl groups of internal N-acetylglucosamines in HA, analo-
gous to the original HC ester bond to CS in Ial (58} (Fig. 1). Because
several SHAPs are linked to cne HA molecule, the SHAP-HA
complex is a second PGP covalent complex. The analogous linkage
structures in the SHAP-HA complex and Ial suggest that the
SHAP-HA complex is formed by a transesterification of HCs from
CS to HA, accompanied by the release of bikunin proteoglycan
(Fig. 2).

SHAP-HA complex formed when HA and Ial were incubated
with serum at 37 °C (53, 56). No HC transfer was chserved at low
temperature or when divalent cations were absent, indicating the
presence of an as yet unidentified enzymatic factor (53, 54). HC
transfer activity has also been detected in follicular fluid and in
media conditioned by follicular granulosa cells, hepatoma cells, or
glioma cells (57, 58).2 Recently, tumor necrosis factor stimulated
gene-6 product (TSGE, also named TNFIP6) has been identified as
a candidate because it interacts with both HA through its link
module (59} and Ial (60). Furthermore, TSG6-null mice exhibit the
same phenotype as bikunin-null mice, namely inability to form the
SHAP-HA complex and hence to form the expanded HA-based
matrix of the cumulus oéphorus during ovulation, with resulting
female infertility (47, 61). Interestingly, recomnbinant TSG6 forms
an ~—120-kDa complex with Ial, in which TSGS appears to replace
a HC on the CS (60). This complex was present in arthritic synovial
fluid and air pouch exudates (62). Although it was suggested that
TSG6 acts as an enhancing factor rather than as the transfer
activity per se (63), recent work has shown that TSGG can displace
HC from Ial to form a TSG6-HC complex in solution that can in
turn form a SHAP-HA complex when HA or HA oligosaccharides
are added {64). Further, PG-M/versican, a HA-binding proteogly-
can with two tandem link modules, enhanees the formation of the
SHAP-HA complex in solution (65).

Matrix-stabilizing Effect of the SHAP-HA Complex

In the pre-ovulatory mammalian follicle, the oocyte is closely
surrounded by ~1000 cumulus cells in a compact cumulus cell-
cocyte complex. After an ovulatory stimulus, the follicle becomes
permeable to serum, introducing In], and the cumulus cells begin
to synthesize HA and organize it into an extensive extracellular
matrix, causing a dramatic increase in cell-oocyte complex volume
(cumulus o8phorus expansion). Compact cell-cocyte complexes ex-
pand in vitro when incubated in the presence of follicle-stimulating
hormone and serum. In the absence of serum, HA is synthesized
but not organized into a matrix. The necessary serum factor was
identified as Icl, and it was suggested that the mechanism in-
volved a direct ionic interaction between lal and HA (66). However,
the interaction was weak at physiological ionic strength, question-
ing its ability to maintain the matrix structure. Further, HA iso-
lated from ovarian follicular fluid contained HCs, but no bikunin,
indicating that a SHAP-HA complex is formed (55, 60, 64). Serum
from the bikunin-null mouse contains unprocessed HCs, but they
are not able to form the SHAP-HA complex (47). Conseguently,
homozygous null female mice are defective in cumulus odphorus
expansion, with greatly reduced cocyte ovulation and subsequent
infertility. Fertilization was rescued by intraperttoneal administra-
tion of purified Ial but not by bikunin alone (47). Incubation of
bikunin proteoglycan with serum from homozygous null mice also
failed to couple it with the unprocessed HCs, consistent with the
fact that the assembly of Ia] is completed in the Golgi apparatus of
hepatocytes (35). These results suggest a novel concept for the
function of bikunin proteoglycan, i.e. to provide a CS chain te form
an ester bond with HCs for their subsequent transfer to HA.

TSGG synthesis is also up-regulated in cumulus cells and in
surrounding granulosa cells in the preovulatory follicle (67, 68).
Further, hyaluronidase digestion of the expanded cumulus ospho-
rus identified covalent TSGG-SHAP-HA complexes as well as
SHAP-HA complexes in the expanded matrix, whereas bikunin was
absent (68). Conversely, hyaluronidase digestion of ovaries from
the T8G6-null mouse revealed a complete absence of SHAP-HA

2 L. Zhno, V. C. Hascall, and K. Kimata, unpublished observations.
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complexes (61). Thus, TSGE is essential for the transesterification
of HCs from ol in organizing the expanded cumulus otpherus
matrix. The TSG8-SHAP-HA complex provides a possible mecha-
nism for stabilizing the matrix by cross-linking HA between the
non-covalent TSG6E-HA interaction, mediated by the link module in
TSG6, and the covalent cross-link of its HA-SHAP partner.

Il family molecules also exert matrix-stabilizing effects on cul-
tured human fibroblasts, on human mesothelial cells {69}, and on
mouse mammary carcinoma cells (70), likely through SHAP-HA
complexes. HA and Il normally distribute in different body com-
partments, connective tissues and the circulation, respectively.
Their convergence under various abnorinal conditions, such as
malignancy and inflammation, and during some physiological pro-
cesses, such as ovulation, is associated with increased bikunin
levels in urine (71). Therefore, the function of the interactions
involving Iel and HA is of general relevance.

SHAP.-HA Complex in Inflammatory Diseases

Rheumatoid Arthritis—The synovium, a highly vascularized tis-
sue lacking a basement membrane-like structure, allows synovio-
cyte-secreted HA to enter the joint cavity where it is a major
component of the synovial fluid. An inflamed synovium is the most
likely site for the formation of the synovial SHAP-HA complex.
Indeed, the SHAP-HA complex was detected within the synovial
cavity at a concentration far higher than that in the cireulation (72,
73). The complex from rheumateid arthritic synovial fluid is het-
erogeneous in HA chain length and in the SHAP-to-HA molecular
ratio: a HA chain of ~2 MDa carries 3-5 SHAP proteins on average
{73). Some altered properties of pathological synovial HA, such as
gelation at low pH and rapid sedimentation upon ultracentrifuga-
tion (49, 50), and the ability to form a macromelecular aggregate
{73) may relate to the presence of SHAPs, These results and those
discussed below suggest that the SHAP-HA complex has a role in
the inflammatory response by regulating adhesion of infiltrating
leukocytes. ‘

Inflammatory Bowel Disease—Crohn’s disease and ulcerative
colitis are the major chronic inflammatory diseases of the gastro-
intestinal tract and are often referred to as inflammatory bowel
disease. The major pathological changes include an increase in
intestinal mucosal mononuclear leukocytes and a dramatic hyper-
plasia of the smooth muscle cells of the muscularis mucosae. The
eticlogy of inflammatory bowel disease is multifactorial including
viral infection. The interaction between inflamed smooth muscle
cells and recruited leukocytes is also important in the development
and propagation of this disease. Studies in vitro showed that viral
infection of human colon smooth muscle cells or treatment with the
virus mimetic polyinosinic acid:polycytidylic acid up-regulated the
production of HA and the formation of extracellular HA “cable”
structures (74) (Fig. 2). The cable structures were specifically
formed in the presence of serum, and the SHAP-HA complex was
found in the structure (74). Cell adhesion assays revealed that
peripheral mononuclear cells or histiecytic lymphoma U937 mone-
cytic cells bound specifically to the cables via a mechanism involv-
ing in part CD44, a HA receptor, on their surface. Therefore, a
highly organized structure, involving the SHAP-HA complex, may
be required for the leukocytes to adhere and potentially to subse-
quently activate.

Serum Levels of the SHAP-HA Complex—It is generally accepted
that HA is partially degraded at local sites and carried by lymph to
the lymph nodes where a large portion is endocytosed and de-
graded. However, a significant portion is also carried to the general
circulation and rapidly cleared by liver sinusoidal endothelial cells.
The daily turnover of HA is in the order of 10—100 mg whereas the
level in circulation is maintained at only about 30-40 ng/ml in
healthy individuals (75). However, under pathological conditions,
up-regulated production, impaired uptake, and/or decreased deg-
radation cause dramatic elevation of serum HA. Clinically, the
level is used to aid diagnosis and to monitor progress in cases of
rheumatoid arthritis and liver eirrhosis (76). An enzyme-linked
immunosorbent assay method, developed for measuring the level of
the SHAP-HA complex in serum and other humoral sources (72),
has revealed a significant correlation between the levels of HA and
SHAP in diseases with elevated serum HA (72, 73)* and provides
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further evidence for the formation of the SHAP-HA complex in
these pathological conditions.

Concluding Remarks

For a long period, studies on Ial family molecules focused on
bikunin, the protease inhibitor, with the impression that the HCs
only modified the function of bikunin. After the SHAP.HA complex
was identified in 1990, a matrix-stabilizing role of Iol family mol-
ecules was observed, and its biological relevance was established
with mouse models in 2001, These studies provide a novel concept
for the role of each domain of [al, i.e. the HCs are directly related
to the physiological function of Ial through transfer to HA, and
their coupling to bikunin is necessary for the transesterification
reaction. It is now important to find if other partners interact with
the HCs in addition to HA, TSGS, and PG-M/versican (84, 70).
Characterization of potentially functional motifs in the HC
polypeptide, such as those suggested by sequence homology (19),
will also be useful. Finally, the mechanisms for forming the HC-CS§
bond in lal in the Golgi of hepatocytes and for the transesterifica-
tion to form the SHAP-HA counterpart needed to be defined in both
normal processes such as TSG8-mediated cumulus oéphorus ex-
pansion, and in pathological processes such as rheumatoid arthritis
and inflammatory bowel disease.

Acknowledgments—We are very much indebted to people who have been
involved in this research.

REFERENCES

. Shulman, N. R. (1955) J. Biol. Chem. 213, 655-671
. Astrup, T., Alkjoer, K., and Soardi, F. {1959) Seand. J. Clin. Lab. Invest. 11,
181
. Anderson, A. J., and Maclagan, N. F. (1955} Biochem._ J. 69, 638-644
. Chawla, R. K., Wadsworth, A.D.,, and Rudman, D. (1978) J. Immunol. 121,
15361639
. Atmani, F., Mizon, J., and Khan, S. R. (1986} Eur, JJ. Biochem. 236, 984-990
. Gebhard, W., Hochstrasser, K., Fritz, H., Enghild, J. J., Pizzo, S. V., and
Salvesen, G, (1990) Biol. Chem. Hoppe Sevler 371, (suppl) 13-22
. Proksch, G. J., Lane, J., and Nordschow, C. D. (1973) Clin. Biochem. 6,
200-206
. Heide, K., Heimburger, N., and Haupt, H. (1965) Clin. Chim. Aeta 11, 82
. Wachter, E., and Hochstrasser, K. (1981) Hoppe Seyler's Z. Physiol. Chem. 362,
13611355
10. Dietl, T., Dobrinski, W., and Hochstrasser, K. (197%) Hoppe Seyler's Z. Physiof.
Chem. 360, 1313-1318
11. Pratt, C. W., and Pizzo, S. V. (1987) Biochemistry 26, 28552863
12. Pratt, C. W., Swaim, M. W., and Pizzo, 8. V. (1989} J, Leukocyte Biol. 45, 1-9
13. Kobayashi, H., Gotoh, J., Hirashima, Y., and Terao, T. (1898) .J. Biol. Chem.
271, 11362-11367
14. Enghild, J. J., Thogersen, 1. B., Pizzo, 8. V., and Salvesen, G. (1989) J. Biol.
Chem. 264, 15975-15981
15. Bourguignon, J., Vercaigne, D., Sesboue, R., Martin, J. P, and Salier, J. P.
(1983) FEBS Leit. 162, 379-383
16. Diarra-Mehrpour, M., Bourguignon, J., Sesboue, R., Mattei. M.G., Passage, E.,
Salier, J.P., and Martin, J.P. (1989) FEur, J. Biochem. 179, 147-154
17, Salier, J. P. (1990) Trends Biochem. Sci. 15, 435-439
18, Kaumeyer,J. F., Polazzi_ J. O., and Kotick, M. P. {1986) Nucleic Acids Res. 14,
78397850
19, Chan, P., Risler, J. L., Ragnanez, G., and Salier, J. P. {1995) Bischem, J, 304,
505-512
20. Enghild, J. J., Salvesen, G., Hefta, S. A., Thogersen, [. B., Rutherfurd, S., and
Pizzo, 8. V. (1991) J. Biol. Chem, 266, 747-151
21. Hochstrasser, K., Schenberger, O. L., Rossmanith, L., and Wachter, E. (1981)
Hoppe Seyler's Z. Physiol. Chem. 362, 1357-1362
22. Balduyck, M., Mizon, C., Loutfi, H., Richet, C., Ronasel, P,, and Mizon, J.
(1986) Eur, J. Biochem. 158, 417-422
23. Ochiai, H., Toyods, H.. Onodera, M., Shinbo, A., Shinomiya, K., and Imanari,
T, (1988) Chem. Pharm. Bull. (Tokyo) 36, 3726-3727
24, Jessen, T. E., Faarvang, K. L., and Ploug, M. (1988) FEBS Letf, 220, 185-209
25. Enghild, J. J., Salvesen, G., Thogersen, [. B., Valnickova, Z., Pizza, S. V., and
Hefta, S. A. {1003} J. Biol. Chem. 268, 8711-8716
26. Toyoda, H., Kobayashi, 8., Sakamoto, S., Toida, T.. and Imanari, T. (1893) Biol.
Pharm. Bull. 18, 945-947
27. Enghild, J. J.. Thogersen, I. B., Cheng, F., Fransson, L. A., Roepstorfl, P., and
Rahbek-Nielsen, H. (1999) Biochemistry 38, 11804-11813
28. Capon, C., Mizon, C., Lemoine, J., Rodie-Talbere. P., and Mizon, J. (2003}
Biochiniie (Paris) 85, 101-107
29. Blom, A.M., Morgelin, M., Oyen, M., Jarvet, J., and Fries, E. (1999) J. Biol.
Chem. 274, 298-304
30. Castillo, G. M., and Templeton, D. M, (1993) FEBS Lett. 318, 292-206
31. Yamameotoe, T., Yamamoto, K., and Sinohara, H. (1996) J. Biochem. (Tokyo)
120, 145-152

- @, o L0 B

(=]

32

33.
34,

35.
36.
a7
as.
39.
40.
41,
42,
43,
44.

45.
48.

47,

48,

49,
60.

51.
52,

53.
54,

55.
B6.
67.
58.

59.
80.

61.

62.

63.
64

B5.

66,

68,

69.
0.

71.
72,

73.
74,
75.

75.

11.

Minireview: PGP Covalent Complexes

Mizushima, S., Nii, A.. Kate, K., and Uemura, A. (1998) Biol. Pharm. Bull. 21,
167-169

Blom, A. M., Thuveson, M., and Fries, E. (1897) Biochem. J. 328, 185-191

Lindqvist, A., Bratt, T., Altieri, M., Kastern, W., and Akerstrom, B. (1992)
Biochim. Biophys. Acta 1130, 63-87

Bratt, T., Olsson, H., Sjoberg, E. M., Jergil, B.,, and Akerstrom, B. (1993}
Biochim. Biophys. Acta 1157, 147-154

Brat, T., Cedetvall, T., and Akerstrom, B. (1994) FEBS Let:. 354, 57-61

Thuveson, M., and Fries, E. (1999) J. Biol, Chem. 274, 6T41-6748

Thogersen, LB., and Enghild, J. J. (1995) J, Biol. Chem. 270, 18700-18709

Potempa, J., Kwon, K., Chawla, R., and Travis, J. (1980) J. Biol. Chem. 264,
15109-15114

Odum, L. (1991) Dan. Med. Buil, 38, 68-77

Pratt, C. W., and Pizzo, 5. V. (1988) Arck. Biochem. Biophys. 248, 587-596

Kobayashi, H., Shinohara, H., Takeuchi, K., Ttoh, M., Fujie, M., Saitoh, M., and
Teraa, T. (1994) Cancer Res. 54, 844-849

Wilharm, E., Parry, M. A, Friebel, R.. Tschesche, H., Matschiner, G.,
Sommerheff, C. P, and Jenne, D, E. (1999} J. Biol. Chem. 274, 2733127337

Itoh, H., Ide, H., Ishikawa, N., and Nawa, Y. (1894} J. Biol. Chem. 269,
3818-3822

Fries, E., and Blom, A. M. (2000) Int. J. Biochem. Cell Biol. 32, 125-137

Slota, A., Sjoquist, M., Wolgast, M., Alston-Sinith, J., and Fries, E. (1994) Biol.
Chem. Hoppe Sevler 375, 127-133

Zhuo, L., Yoneda, M., Zhao, M., Yingsung, W., Yoshida, N., Kitagawa, Y.,
Kawamura, K., Suzuki, T., and Kimata, K. (2001) J. Biol, Chem. 276,
7693-7696

Sugiki, M., S8umi, H., Maruyama, M., Yoshida, E., and Mihara, H. (1989)
Enzyme 42, 31-38

Hamerman, D, and Sandson, J. (1963) J. Clin, Invest, 42, 1882-188%

Sandson, J., Hamerman, D., and Schwick, G. (1965} Trans Assoc. Am. Physi-
clans 78, 304-313

Becker, A., and Sandson. J. (1971) Arthritis Rheum. 14, 764-766

Hutadilok, N., Ghosh, P., and Brooks, P. M. (1988) Ann. Rheum. Dis, 47,
377-385

Yoneda, M., Suzuki, 8., and Kimata, K. {1990) J. Biol. Chem. 265, 52475257

Huang, L., Yoneda, M., and Kimata, K (1993} J. Biol. Chem. 268,
26725-26730

Jessen, T. E., Odum, L., and Johnsen, A. H. (1994) Biol. Chem. Hoppe Seyler
375, 521-526

Zhao, M., Yoneda, M., Ohashi, Y., Kurcne, 5., Iwata, H., Ohnoki, Y., and
Kimata, K. (1995) J. Biol. Chem. 270, 26657-26663

Chen, L., Zhang, H., Powers, R. W., Rassell, P. T., and Larsen, W. J. (1996}
. Biol. Chem, 271, 19409-19414

Oduam, L., Andersen, C. Y., 2nd Jessen, T. E. (2002) Reproduction 124,
246-257

Lee, T. H., Wisniewski, H. G., and Vilcek, J. (1992) J. Cell Biol. 118, 545-557

Wisniewski, H.G., Burgess. W.H.. Oppenheim, J.D., and Vileek, J. (1994)
Biochemistry 33, 7423-7429

Fulop, C., 8zanto, 8., Mukhopadhyay, D., Bardes, T., Kamath, R. V., Rugg,
M. 8., Day, A. J., Salustri, A., Haseall, V. C., Glant, T. T., and Mikecz, K.
(2003} Development 130, 2253-2261

Wisniewski, H. G., Hua, J. C., Poppers, D. M., Naime, D., Vilcek, J., and
Cronstein, B.N, (1996) J. Intmunol. 158, 1609-1615

Jessen, T. E., and Odom, L. (2003} Reproduction 125, 27-31

Mukhaopadhyay, D., Asari, A, Rugg. M. S, Day. A. J., and Fulep, C. (2004)
J. Biol. Chem. 279, 11119-11128

Yoneda, M., Zhao, M., Zhuo, L., Watanabe, H., Yamada, Y., Huang, L.,
Nagasawa, S., Nishimura, H., Shinomura, T., Isogai, Z., and Kimata, X.
(2000) in New Frontiers in Medical Sciences: Redefining Hvaluronan (Aba-
tangelo, G., and Weigel, P. H., eds} pp, 21-30, Elsevier Science B.V.,
Amsterdam

Chen, L., Mao, 5. J., McLean, L. R, Pawers, R. W,, and Larsen, W. J. {1094)
J. Biol. Chem. 269, 28282-28237

. Fulop, C., Kamath, R, V., Li, Y., Otto, J. M., Salustri, A., Olsen, B. R., Glant,

T.'T., and Hascall, V. C. (1997} Gene (Amst.) 202, 95-102

Mukhopadhyay, D., Haseall, V. C., Day, A_ J., Salustri, A., and Fulop, C. (2001)
Arch. Biochem. Biophys. 394, 173-181

Blom, A., Pertoft, H., and Fries, E. (1995} J. Biol. Chem. 270, 9668-9701

Zhao, M., Yoneda, M., Zhuo, L., Huang, L., Watanabe, H., Yamada, Y., Naga-
sawa, 8., Nishimura, H., and Kimata, K. (2002) in Hyaluronan (Kennedy,
J. F., Phillips, G. O., Williams, P. A., and Hascall, V. C., eds} Vol. 1, pp.
497-500, Woodhead Publishing Ltd., Cambridge

Faarvang, H. J. (1865) Scand. J. Clin. Lab. Invest. 17, 1-78

Kida, D., Yoneda, M., Miyaura, 8., Ishimaru, T., Yoshida, Y., Ito, T., Ishiguro,
N., Iwata, H., and Kimata, K. (1999) J. Rheumatol. 26, 1230-1238

Yingsung, W., Zhuo, L., Morgelin, M., Yoneda, M., Kida, 'T., Watanabe, H.,
Ishiguro, N., Iwata, H., and Kimata, K (2003) J, Biol. Chem. 278,
32710-32718

De La Motte, C. A., Hascall, V. C., Drazba, J., Bandyopadhyay, S. K., and
Strong, S. A (2003) Am. J. Pathol. 163, 121-133

Laurent, T, C. (1987) Acta Otddaryngol. Suppl. 442, 7-24

Laurent, T. C. (1998) in The Chemistry, Biology and Medical Applications of
Hyaluronan and Its Derivatives (Laurent, T. C., ed) pp. 305-314, Portland
Press, London

Olsen, E. H., Rahbek-Nialsen, H., Thogersen, L. B.. Roepstorff, P., and Enghild,
J. J. (1998) Biochemistry 37, 408-418




Materials Transactions, Vol. 45, No. 4 (2004) pp. 989 to 993
Special Issue on Frontiers of Smart Biomaterials
{©2004 The Japan Institute of Metals

Bonelike Apatite Coating on Skeleton of Poly(lactic acid) Composite Sponge
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A novel sponge, coated with bonelike apatite (b-HA) on its skeleton surface, was prepared using a particle-leaching technique combined
with a biomimetic processing. A powder mixture consisting of calcium carbonate/poly(lactic acid) composite {CCPC) and sucrose was hot-
pressed and then the resulting compact was soaked in the simulated body fluid at 37°C. Within the first hour, the sucrose was completely
dissolved out, resulting in the formation of large-sized pores in the compact, and subsequently, after 3 hours of soaking, b-HA formed on the
skeleton consisting of CCPC. On the other hand, on a pore-free CCPC, the apatite started to form after 12~18 hours. The induction peried for b-
HA formation on the skeleton of the CCPC sponge prepared using a particle-leaching technique is significantly shorter than that of the pore-free
CCPC. The short period is suggested to originate from that a large amount of Ca®* ion is rapidly supplied into the compartment space (pore)
from the CCPC skeleton. The formed sponge has numerous, large pores of 450~580 um in diameter, which are connected with channels having
a diameter in the range of 70~120 um, as well as a high porosity of 75%. Animal test using rats showed that the sponge has osteoconduction. The

sponge is expected to be one of the promising candidates for osteoconducting fillers or tissue-engineering scaffolds.
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1. Introduction

Engineering living tissue for reconstructive surgery re-
quires an appropriate cell source, optimal culture conditions,
and a biodegradable scaffold as the basic elements. A
scaffolding material is used either to induce formation of
bone from the surrounding tissue or to act as a carrier or
template for implanted bone cells or other agents. To serve as
a scaffold, the material must be biocompatible, osteocon-
ductive, and have a macroporous structure. Calcium phos-
phate ceramics such as hydroxyapatite or tricalcium phos-
phate, which have a osteoconductivity, were reported to be
applied to scaffolds for bone tissue engineering.'~®

Recently, much attention has been paid to bonelike
hydroxycarbonate apatite (b-HA) as a novel biomaterial,
since b-HA is very similar to the apatite in terms of living
bone in its chemical composition and structure® and shows
effective compatibility in cell attachment, proliferation, and
differentiation on the material,? ie., osteoconductivity, as
well as good bioresorbability.® We expect that the sponges
composed of b-HA skeleton can be applied to bone-fillers or
scaffolds for tissue engineering. However, in general,
ceramics have brittleness and low resistance against an
impact loading. Such ceramic sponge materials have a
serious risk to be broken in normal handling during
operations. To eliminate this risk, it has been reported that
the composites were fabricated using the polymer sponge
coated with bioactive materials such as hydroxyapatite or
Bioglass.”™®

We reported earlier that a compact of calcium carbonate
(vaterite)/poly(lactic acid) composite (CCPC) was reported
to form b-HA on its surface even after 3 hours of soaking in
SBF at 37°C.1® The rapid formation of the b-HA was
suggested to originate from the integration of PLA having
carboxy groups bonded with Ca** ijons for b-HA nucleation
and a large amount of calcium carbonate (vaterite) having an

*!Graduate Student, Nagoya Institute of Technology
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ability to effectively increase the supersaturation of b-HA
due to the fast dissolution of the nano-sized vaterite. We
believe that various novel biomaterials can be prepared using
CCPC.

In the present work we biomimetically prepared the novel
sponge composed of PLA composite skeleton coated with b-
HA utilizing CCPC for applications to osteoconducting,
bioresorbable bone-fillers or tissue engineering scaffolds.

2. Experimental Procedure

We have already reported that the CCPC containing ~30%
calcium carbonate has an excellent mechanical properties
with a high HCA-forming ability in SBF.!" The composite
containing 30% calcium carbonate shows bending strength of
40~355MPa, Young’s modulus of 3.5~6 GPa, and significant
ductility. In the present work the weight ratio of CaCO;/PLA
was determined to be 1/2.

Calcium carbonates consisting of vaterite were prepared
by a carbonation process in methanol.'? CO; gas was blown
for 3 hours at a flow rate of 300 mL/min into the suspension
consisting of 7.0 g of Ca(OH); in 180 mL of methanol at 0°C
in a Pyrex® beaker. The resultant slurry was dried at 70°C in
air, resulting in fine-sized powders. 2.0g of PLA (with a
molecular weight of 160+ 20kDa, determined by gel
permeation chromatography) was dissolved in 20mL of
methylene chloride at room temperature. The calcium
carbonate powders were added to the PLA solution and then
the mixture was stirred to prepare a PLA slurry including the
calcium carbonate powders. :

The sponge was prepared using a conventional particle-
leaching technique. In the present work sucrose was used as a
sacrificial phase. Sucrose particles, which were sieved with
the opening from 0.5~1.0 mm, were added to the PLA slurry.
The nominal weight ratio of CCPC/sucrose was 1/6. The
slurry mixture was stirred and then cast into a stainless steel
die, and subsequently dried in air for solidification. After that,
the product in the die was heated at 180°C and uniaxially hot-
pressed at the temperature under a pressure of 40MPa to
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prepare a CCPC/sucrose composite (denoted by sample A).
After the hot-pressing, the specimen was cut in methanol
with a diamond saw,

The hot-pressed sample was soaked in SBF (consisting of
25mM of Ca’*, 142.0mM of Na*, 1.5mM of Mg?+,
50mM of K*, 148.8mM of CI~, 4.2 mM of HCO3 ™, 1.0mM
of HPO42~, and 0.5mM of SO,42") that included 50 mM of
(CH;OH);CNH; and 45.0mM of HCI at pH 7.4 at 37°C.
After soaking, the sample was removed from SBF, gently
washed with distilled water, and dried at room temperature.
Our strategy for the preparation of the sponge composed of
CCPC skeleton coated with b-HA is to leach out the sucrose
phase and simultaneously to form b-HA on the composite
skeleton.

The crystalline phases in the sponge were identified by X-
ray diffraction analysis (XRD). The morphology of the
sponge was observed by scanning electron microscopy
(SEM). The pore size distribution of the sponge was
measured by mercury porosimetry. The compressive strength
of the sponge (7mm x 7mm X 10 mm) prepared by soaking
in SBF for 3 days was estimated by a compressing test at a
loading rate of 1 mm/min. Concentrations of Ca?* and P3+
ions after soaking sample (10 mm x 10mm x 5 mm) in SBF
were determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). A compact of CCPC
containing no sucrose powders (denoted by sample B), with
the composition of CaCO;/PLA = 1/2 in weight ratio, was
used as a control material to compare with sample A
(sponge).

The sponge (2-mm diameter x 10-mm thickness) prepared
by soaking in SBF for 3 days was implanted into a femur of a
12-week-old Wister rat (male, weight; 265~285g). The
sponge was harvested and used for histological analysis at 4
weeks after implantation. The specimen was fixed, decal-
cified, embedded in paraffin, and stained with hematoxylin
and eosin (HE). The specimen was observed with optical
microscope.

3. Results & Discussion

Figure 1 shows XRD patterns before and after soaking the
compact of CCPC/sucrose mixture in SBF. The XRD pattern
before soaking shows that the hot-pressed compact consists
of crystalline phases such as PLA, vaterite, aragonite and
sucrose. After 1 hour of soaking, the peaks corresponding 1o
sucrose and vaterite disappear; those to PLA and aragonite
are seen. Sucrose was found to be completely dissolved even
after 1 hour of soaking, resulting in formation of a sponge
consisting of PLA and aragonite crystals. After 1 day of
soaking, an additional broad peak at around 289 ~ 32°, due to
b-HA, is seen with the peaks due to PLA and aragonite.

Figure 2 shows the SEM photographs of the sample after 3
days of soaking in SBF. The SEM photograph shows that the
sponge has numerous, large pores of 450~580um in
diameter and large interconnected channels of 70~120 um.
The sponge has continuous open foams with a 3D inter-
penetrating network of struts and pores. As shown in Fig.
2(b), the surface of the CCPC skeleton is covered with the
numerous deposits, that is b-HA, judged from the XRD
pattern and the morphology. Further experiments showed

O(',
o)
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v

Intensity (a. u.)
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Fig. 1 XRD patterns of before and after soaking the compact of CCPC/
sucrose mixture in SBF. (O} sucrose, (A) vaterite, (V) aragonite, (@)
PLA, and (]) apatite.

that apatite formation starts to occur after 3 hours of soaking.

Figure 3 shows the pore size distribution of the sponge
prepared by soaking in SBF for 3 days. The median pore size
of the sponge is 125 pum. There exist almost no pores below
several tens micrometers in diameter. When a compact of the
powder-mixture consisting of CCPC and sucrose was hot-
pressed at 180°C, the sucrose particles melted (it begins to
melt at 160°C), leading to adjacent particles connected each
other. As a result, both the sucrose and CCPC phases were
unified into an interconnecting three-dimensional network,
The porosity was estimated from the measurement to be
~75%. The macroporous structure of the sponge prepared
using sucrose may be likely to allow the migration of cells
into the interior of the sponge. On the other hand, for
comparison, when the sponge was prepared using sodium
chloride, which were sieved with the opening from 0.5 to
1.0 mm, the median pore size in the sponge was estimated to
be 65 um. There exist numerous pores several tens micro-
meters in diameter. Since no sodium chloride melts during
hot-pressed at 180°C, large-sized, interconnected particles as
the sacrificial phase would not form.

In order to investigate apatite formation on CCPC in SBF
after dissolution of the sucrose particles, the thicknesses of b-
HA particles formed in SBF on the skeleton of sample A (the
sponge derived from the compact of CCPC/sucrose mixture)
and sample B were measured from cross-sectional SEM
observation of their fracture face. The skeleton surface of
sample A (sponge) was covered with numerous b-HA
deposits after 3 hours of soaking (Fig. 2(b)). The b-HA
formation did not occur within 2 hours. On the other hand, the
surface of sample B was completely covered with b-HA after
18 hours of soaking. No b-HA formed on sample B within 12
hours. Figure 4 shows the thicknesses of b-HA layers formed
on the skeleton surface of sample A or the surface of sample
B as a function of the soaking time in SBF. The thickness of
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(b)

Fig. 2 SEM photographs of the sponge prepared by soaking in SBF for 3
hours. (a) cut surface of the sponge and (b) the magnified image of the
skeleton surface.
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Fig. 3 Pore size distribution of the sponge prepared by soaking in SBF for
3 days.
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Fig. 4 Relationship between thickness of b-HA layer and soaking time in
SBF. (O) sample A (the sponge) and (@) sample B.

b-HA particles on these substrates was measured using at
least five points in SEM micrographs of their fracture faces
and the mean thickness of b-HA particles and the standard
deviation were shown. The induction period for b-HA
formation on sample A is shorter than that of sample B.
However, the crystal growth rate on sample B is higher than
that on sample A.

When the sample A is soaked in SBF, the surface area of
CCPC increases after the rapid dissolution of sucrose
particles. This is suggested to be increased in the adsorption
amount of Ca?* and P>* jons in SBF on the sponge skeleton.
Figure 5 shows the amount of Ca’* and P* ions after
soaking sample A or sample B in SBF for various periods.
When sample A is soaked, the Ca** ion amount in SBF
increases slightly at the initial stage, and subsequently
decreases gradually. It is proposed that the amount of the
dissoluble vaterite particles, which come into contact with
water, increases after dissolution of sucrose, resulting in the
increase in the amount of Ca** ion released in SBF. On the
other hand, after sample B is soaked in SBF, the Ca%t ion
amount decreases gradually. The P5* ion amount in SBF
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Fig. 5 Concentrations of (a} Ca’* and (b) P** ions in 100mL of SBF
before and after soaking in SBF. (O) sample A (the sponge) and (@)
sample B.
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decreases gradually after soaking sample A or B. The
phosphorous element in SBF is suggested to adsorb on CCPC
as a phosphate ion.

The reduction of the induction period for b-HA formation
on the CCPC sponge is suggested to be influenced by the
peorous structure. When the sample A is soaked in SBF, the
surface area of CCPC increases due to the dissolution of the
sucrose particles. As a result, a large amount of vaterite in the
CCPC sponge skeleton rapidly dissolved. The pores in the
sponge are considered as compartmental spaces with chan-
nels. In comparison with the surface of sample B, the
supersaturation concerning b-HA around the surface of pores
in the sponge (sample A} is suggested to increase rapidly. As
a result, the induction period for b-HA formation on sample
A is reduced. Figure 2(a) shows that the thickness of the
sponge skeleton is in a range of 50~100um. Almost all of
vaterite is dissolved within 1 hour after soaking (Fig. 1);
almost no Ca?* ions can be newly released from CCPC since
I hour of soaking. As a result, the crystal growth rate on the
sponge skeleton (sample A) may be suppressed. The b-HA
growth rate may be also attributed to the surface area. The
amount of carboxy group, which is known to induce b-HA
nucleation,!® increases with increase in surface area of the
PLA portion due to the dissolution of sucrose and vaterite
during the preparation of the sponge. The adsorption amount
of the phosphate ion per unit surface area on the sponge
skeleton may be smaller than that on the surface of sample B.
As a result, the b-HA growth rate would be strictly sup-
pressed.

Figure 6 shows a typical stress-strain curve measured by a
compressive tester for the sponge prepared by soaking in SBF
for 3 days. The sponge shows the compressive strength of
~1.5MPa and the maximum strain for the fracture of the
sponge is over 10%, which is two orders of magnitude larger
than that of a dense hydroxyapatite ceramic.!® The curve also
shows that the fracture proceeds gradually beyond the
maximum stress; the sponge leads to ductile fracture. The
sponges in the present work are not broken in normal
handling during operations.

Stress / MPa

o | ] 1
0 5 10 15 20

Strain (%)

Fig. 6 Typical stress-strain curve in a compressive test of the sponge
prepared by soaking in SBF for 3 days.

Fig. 7 The optical micrograph of a decalcified section of the sponge after
implantation into a femur of a rat for 4 weeks. (S) the sponge, (NB) native
bone, and (FB) newly formed bone. The section was stained with
hematoxylin and eosin. Bar scale is 100 um.

Figure 7 shows the decalcified sections stained with HE at
4 weeks postimplantation; newly bone formed in the pore.
This figure shows that newly formed bone continues to be
present in direct contact with the sponge without intervening
soft tissues. No adverse tissue response and inflammation
reaction were seen around the implant. The present osteo-
conducting sponge is also expected to have bioresorbability.
Further histological investigation is in progress.

4. Conclusion

Coating with b-HA on CCPC sponge skeleton surface can
be easily prepared in a short time utilizing a sucrose-particle-
leaching technique combined with a biomimetic processing,
The induction period for b-HA formation on the CCPC
sponge skeleton is significantly shorter than that of a CCPC
compact without sucrose. The sponge prepared using sucrose
has numerous, large pores of 450~580 1tm in diameter, which
are connected with channels having a diameter in the range of
70~120 pum, as well as a high porosity of 75%. The sponge is
expected to allow the migration of cells into the interior of the
sponge. Itis not broken in norma!t handling during operations.
Animal test using rats showed that the present material has a
osteoconductivity. The sponge is one of the great potential
candidates as bone-fillers or scaffolds for tissue engineering.
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Abstract

A novet sponge composed of a poly (lactic acid) composite skeleton covered with bonelike apatite (b-HA) was produced via a pariicle-
leaching technique combined with a biomimetic processing. The sponge has a large porosity of ~75% with large-sized pores and shows
mechanical ductility. After incubation of human osteoblasts for 7 days, numerous cells atlached to the surface of the skeleton. which
was covered with b-HA. One result of the osteoclastic cell culture showed that the b-HA on the composite has excetlent bioresorbability.
The sponge is expected to be one of the promising candidates for bone tissue engineering scaffolds.

© 2005 Published by Elsevier Lid.

Keywards: Bonclike apatite; Spange: Poly(lactic acidy; Vaterite; Simulated body fluid: Cell-compatibitity

1. Introduction

While historically. organic tissue has been employed in
the repair of bone defects: more recently, attention has been
paid 1o synthctics, which may obviate the problems arising
from the use of organic tissue in bone grafting. The use of all
allografts carries the risk of disease transmission and tissue
rejection, while autografts present problems of limited
supply and donor site morbidity. Thesc facts have made
synthetic grafis an alternative 1o organic grafts, Some
ceramics. such as Bioglass®, sintered hydroxyapatite and
glass—eramic A-W, have been shown to spontaneously
bond to living bone [1-3]. They are called bioactive
materials, and are already in clinical use as important
bone-repairing materials. These materials could promote the
gencration of new bone by acting as a scaffold for osseous
growth, but they are only osteoconductive and not
osteoinductive.

Vacanti ¢t al. have developed a new technique called
‘tissue enginecring” (4], Engineering living tissue for
reconstructive surgery requires an appropriate cell source,
optimal culture conditions, and a biodegradable scaffold as

* Corresponding author, Tel./fax: <81 52 735 5288.
Eemail wddress: kasugaaoshihiro@nitech.ac jp (T. Kasuga),

[468-6U96/5 - see frant matter © 2005 Published by Elsevier Ltd.
dor 10, 1016/.5tam. 2004.07.003

the basic elements. A scaffolding material is used either w.
induce formation of bone from the surrounding tissuc or to
act as a carrier or template for implanted bone cells or
other agents. To serve as a scaffold for hone tissue
engincering, the matcrial must be biocompatible. vsteo-
conductive, and have a macroporous structure. Calcium
phosphate ceramics such as hydroxyapatite or B-tricalcium
phosphate {B-TCP), which have osteoconductivity, were
reported to have becn applied to scaffolds for bonc tissue
engineering [5,6).

Recently, much attention has becn paid to Bonelike
hydroxycarbonate apatite (b-HA) as a navel biomaterial.
since b-HA is very similar to apatite in terms of living bone
in its chemical composition and structure |7] und shows
effective compatibility in cell attachment, proliferation. and
differentiation on the material [8], as well as cood
bioresorbability [9]. We expect that the sponges composed
of b-HA skeleton can be applied to scaffolds for bone tissuc
engineering. In general, ceramics show brittlencss and low
resistance against impact loading. Such ccramic sponge
materials have a serious risk of breaking in normal handling
during operations. To eliminate this risk. it has been
reporied that the composites were fabricated using a
polymer sponge coated with bioactive matcrials such as
hydroxyapatite or Bioglass® [10.111.
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A preparation method for b-HA using simulated body
fluid (SBF). which is a tris-buffer solution with inorganic
ion concentrations almost equal to those of human plasma,
is called a biomimetic method {12]. This method has an
advantage over conventional methods in that materials can
be coated with b-HA without heating. Two indispensable
conditions needed for the formation of b-HA on materials
using SBF arc (1) the existance of the surface functional
groups that induce nuclcation of b-HA and (2) increase in
the supersaturation of b-HA in SBF [3,13.14].

Poly(lactic acid) (PLA) with many carboxy groups is
one of the promising candidates for supplying inducers for
the b-HA nucleation. A carboxy group, which is known to
induce b-HA nucleation [13). can be formed by the
hydrolyzation of PLA, To increase the supersaturation of
b-HA in SBF. a large amount of Ca®* ions should be
dissolved from the matcrials. Bioresorbable calcium
carbonate is expected to provide Ca®* ions for SBF
resulting in an increase in the supersaturation of b-HA., It js
well known that calcium carbonate has three polymorphs,
viz. calcite, aragonite and vaterite. The solubility of
vaterite is higher than that of calcite or aragonite [15].
We have already reported that the PLA composites
containing vaterite have much higher b-HA-forming ability
in SBF than the composites containing calcite or aragonite
without vaterite [16]. In our earlier work a pellet of a
powder mixture consisting of 25 wt% biodegradable PLA
and 75 wi% nano-sized calcium carbonate (vaterite) was
reported to form b-HA on its surface even after being
svaked for 3h in SBF [17]. It was suggested that rapid
formation of the b-HA ocriginated from the fact that PLA
contains carboxy groups that are bonded with Ca®* jons
for the b-HA nucleation, and a large amount of vaterite,
which has the ability to effectively increase the super-
sateration of the b-HA. We believe that various novel
biomaterials can be prepared using PLA and vaterite.
Hereafter, the composites are denoted by CCPC (Calcium
Carbonate/Poly(lactic acid) Composites),

In the present work, we biomimetically prepared a novel
sponge composed of PLA composite skeleton covered with
b-HA utilizing CCPC. The present study also involves the
cvaluation of cell-compatibility on CCPC covered with b-
HA for application to tissue engineering scaffolds,

2. Experimental method
2.1, Preparation of vaterire powders

Vaterite was prepared by a carbonation process using
methanol [18]. CO, gas was blown for 3 h at a flow rate of
300 mL/min into the suspension consisting of 7.0g of
Ca(OH)2 in 180 mL of methanol at 0 °C in a Pyrex® beaker.
The resultant slurry was dried at 70°C in air, resulting
in finc-sized powders. Fig. | shows an X-ray diffraction
(XRD) pattern and scanning electron microscopy (SEM)

Intensity (a. u.)

20 25 30 35 40 45 50
Diffraction Angle, 268/ degree {CuKu)

Fig. 1. The XRD pattern of vaterite powders prepared by a carbonation
process in methanol, (®} vaterite, (A ) calcite. and () aragonite, Inset
shows the SEM photograph of vaterite.

photograph of the vaterite powders. The XRD pattern shows
that the calcium carbonate powders gbtained in the present
work consist predominantly of vaterite with small amounts
of aragonite and calcite, The SEM phatograph shows thin
secondary particles of <500 am diameter were formed ax
an agglomeration of primary particles of ~ 100 nm. The
BET surface arca was measured to be ~40 m¥/a.

2.2. Preparation of PLA composites conaining vaterite
powders

PLA produced by Shimadzu Corp. (LACTY#20] 2y was
used as a matrix phase. PLA with a molccular weight of
160+£20 kDa, determined by gel permeation chromatog-
raphy, was dissolved in mcthylene chloride at room
temperature, The vaterite powders were added to the PLA
solution and the mixture was then stirred. The weight ratio
of vaterite/PLA was 1/2. We have alrcady reported that
CCPC containing ~30% vaterite has cxcellent mechanical
properties, such as a bending strength of ~ 50 MPu,
Young's modulus of ~5 GPa and ductility. with a high
b-HA-forming ability in SBF [19]. The slurry mixture was
stirred and cast into a stainless steel die. and then dried in air
for solidification. After that, the product in the dic was
heated at 180 °C and uniaxially hot-pressed under a pressure
of 40 MPa. After the heating, the specimen in the dic was
cooled to room temperature,

Fig. 2(a) shows a photo of CCPC in the present wok.
The sample was picked up and bent with two tingers. CCPC
has high flexibility and can be cut using scissors. as shown
in Fig. 2(b).
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Fig. 2. Photos of (a) Bexiblility test and (b) cutting test of CCPC,

2.3. Preparation of the CCPC sponge skeleton covered
with b-HA

20¢g of PLA was dissolved in 20 mL of methylene
chloride at room temperature The vaterite powders were
added to the PLA solution and the mixture was then stirred
to prepare i PLA slurry including the vaterite powders. The
weight ratio of vaterite/PLA was 1/2. The sponge was
prepared using a conventional particle-leaching technique.
In the present work sucrose was used as a sacrificial phase.
Sucrose particles, which were sieved with an opening of
from 0.5 to 1.0 mm, were added to the PLA slurry. The
weight ratio of CCPC/sucrose was 1/6. The slurry mixture
was stirred, cast into a stainless steel die, and subsequently
dried in air for solidification. After that, the product in the
dic was heated at 180 °C and uniaxially hot-pressed at this
temperature under a pressure of 40 MPa to prepare a
CCPC/sucrose composite. After the hot-pressing, the speci-
men was cut in methanol with a diamond saw. Qur strategy

for the preparation of the sponge composed of CCPC
skeleton coated with b-HA is to leach out the sucrose phase
and to simultaneously form b-HA on the composite skeleton
utilizing SBF (consisting of 2.5 mM of Ca2*, 142.0 mM of
Na™, 1.5mM of Mg®*. 5.0 mM of K*. 148.8 mM of CI " _
42mM of HCO;. 1.0mM of HPO}™, and 0.5mM of
SO37) that included SOmM of (CH,OH),CNH, and
45.0mM of HCl at pH 7.4 at 37°C as a solvent. The
CCPC/sucrose composite was soaked in SBF for 3 days.

The crystalline phases in the sponge were identified by
XRD, and the morphology of the sponge observed by SEM.
The pore size distribution of the sponge was measured by
mercury porosimetry. The compressive strength of the
sponge (7X7X 10 mm} was estimated by a compressing
test at a loading rate of 1 mm/min.

2.4. Osreoblastic and osteoclastic cell cultures

Human bone marrow stromal cells, obtained by aspira-
tion from the femoral diaphysis of paticats were used for
this experiment. The cell suspension was cultured in
mesenchyaml stem cell basal medium (MSCBM, Camblex)
with 10% fetal bovine secrum (FBS) supplemented with
20 pg/mL L-glutamine, | pg/ml, penicillin/streptomycine
and incubated at 37 °C in a humidified atmosphere of 95%
air and 5% CQa. Two millilitres of a cell suspension
containing (1X10% cell/mL) was plated on the CCPC
sponge skeleton covered with b-HA (5X35XS mm) and
the sponge then incubated at 37 °C in 5% CO, for | week.

Osteoclasts were obtained from the long bones of t-day-
old neonatal rabbits (Japan white), following a reference
[20]. A o-modified minimum essential medivm (x-MEM.
Gibeo) supplemented with 15% FBS and aatibiotics was
used as the plating medium. A cell suspension (100 ul.)
containing 50-100 multinucleated ostcoclasts/100 pl. wus
plated onto disk shaped CCPC (with the compaosition of
CaCOs/PLA=1/2 in weight ratio) covered with b-HA
prepared by soaking in SBF for 2 days (8 mm@ X | mmi)
plated in the small wells of microculture plates. A compact
of CCPC (with the composition of CaCOy/PLA=1/2 in
weight ratic) was used as a control material 1o compare with
CCPC covered with b-HA. After incubation at 37 °C in 5%
CO; for 90 min, the unattached cells were gently washed off
and the substrates were transferred into 35 mm culture
medium and then incubated at 37 °C in 5% CO, for 2 days.

After the culturing period. the samples were fixed with
glutaraldehyde in a cacodylate buffer. The cells, after being
rinsed several times in the same buffer. were post-fixed in
1% osmium tetraoxide and dehydrated through graded
ethanols. The samples werc frecze-dried with terr-hury!
alcohol and coated with osmium. The morphology of
osteoblasts and ostcoclasts, and the resarption  lacunac
produced by osteoclasts on the surface of the substrates were
observed with SEM.
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3. Results and discussion

3.1. CCPC sponge skeleton covered with b-HA

Fig. 3 shows the SEM photographs, the XRD pattern, and
the pare size distribution of the sample following 3 days of
soaking in SBF. The SEM photograph shows that the sponge
has numerous, large pores of 450-580 pm in diameter and
large interconnected channels of 70-120 pm, The sponge
has continuous open foams with a 3D interpenetrating
network of struts and peres, while the surface of the CCPC
sponge skeleton is covered with numerous deposits. In
Fig. 3(b). itis clear that, although an XRD peak of 28 ~32°
resulting from the HA is not clear due to superimposition on
the calcium carbonate (aragonite), the peak appears anew
foltowing the treatment (in comparison with the XRD
pattern of the calcium carbonates in Fig. 1). That is, judged
from the XRD pattern and the morphology, the deposits are
concluded to be b-HA. The pore-size distribution measured
using a mercury porosimeter showed that there exist almost
no pores below scveral tens of micrometers in diameter and
the median pore size of the sponge is 125 nm. The porosity

was estimated from the measurement 1o be ~ 75%. When 1
compact of the powder-mixture consisting of CCPC and
sucrose was hot-pressed at 180 °C. the sucrose particles
melied (it begins to melt at 160°C). leading to adjucent
particles connecting to each other. As a result. both the
sucrose and CCPC phases were unified into an interconnect-
ing three-dimensional network. The macroporous structure
of the sponge may allow the migration of cells into the
interior of the sponge.

Fig. 4 shows typical stress—strain curves measured by a
compressive tester for the CCPC sponge and B-TCP sponge
with the same porosity of 75%. The CCPC sponge shows the
compressive strength of ~ 1.5 MPa and the maximum strain
for the fracture of the sponge is over 10%. The curve of the
CCPC sponge also shows that the fracturc proceeds
gradually beyond the maximum stress: the spenge leads to
ductile fracture. On the other hand, although the B-TCP
sponge has strength close to that of the CCPC sponge, the
stress-strain curve shows a typically brittle fracture. The
CCPC sponge in the present work will not break in normal
handling during operations. This duetility is belicved to be
an important mechanical property for the tissue cnginecring.
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Fig. 3. (a) SEM photographs of the cut surface, (b} the XRD patiern,
aragonite, (73 PLA, and ( }) apatite. Tnset shows the magnified image

and (c) the pore size distribution of the sponge prepared in the present work., ()
of the skeleton surface.
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Fig. 4. Typical stress—strain curves of (a) the CCPC sponge and (b) B-TCP
spange in a compressive Test.

1.2, Cells culture on CCPC

Fig. 5 shows a cross-sectional SEM photograph of the
skeleton surface around the center of the CCPC sponge
following one-week incubation. Numerous cells were
attached to the skeleton covered with b-HA. We believe
that cells can migrate through the channels into the interior
of the sponge. SEM observation showed that the adhesion of
cells on the skeleton covered with b-HA, is larger than that
on the sponge skcleton composed of PLA. This suggests that
the presence of the b-HA layer on CCPC induces an
cifective increase in the attachment of the cells.

Fig. 6 shows SEM photographs of the osteoclast on the
surface of CCPC covered with b-HA and CCPC after
invubation for 2 days. The resorption lacuna was evident on
the surface of these substrates. This area was widespread
with a diameter of more than 25 pm on CCPC covered with
b-HA. The attacks (~15 pm of diameter) on CCPC are

Itg. 5. The STM photograph of the skeleton surface covered with b-HA
around the center of the CCPC sponge after incubation of osteoblastic cells
for one week.

{a)

Fig. 6. The SEM photograph of the surface of (a) the CCPC covered wilh b
HA and (b) CCPC after incubation of osteoclastic cells for 2 davs,

smaller than that on CCPC with b-HA, Although further
statistical analysis concerning the difference between the
lacuna sizes of the samples is needed, Fig. 6 clearly shows
the different bioresorption behaviors; the b-HA layer on the
CCPC increases the resorption produced by ostcoclasts,

4. Conclusion

A novel sponge, covered with b-HA on its skeleton
surface, was prepared using a particle-leaching technique
combined with a biomimetic processing. The formed
sponge has numerous, large pores of 450-580 pm in
diameter, which are connected with channels having &
diameter in the range of 70-120 pm, as well as a high
porosity of 75%. The sponge is expected to allow the
migration of cells into its interior, and is not broken in
normal handling during operations. Cell-compatibility of
the CCPC is greatly cnhanced after induction of the
formation of the b-HA layer. The sponge is one of the
great potential candidates as scaffolds for bone tissue
engineering.
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