Hydroxy apatite microspheres enhance gap junctional
intercellular communication of human osteoblasts
composed of connexin 43 and 45
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Abstract: The aseptic loosening of artificial joints with as-
sociated periprosthetic bone resorption may be partly due to
the suppression of osteoblast function to form new bone by
wear debris from the joint. To assess the effect of wear debris
on osteoblasts, effects of model wear debris on gap junc-
tional intercellular communication (GJIC) of normal human
osteoblasts were estimated. The GJIC activity of the osteo-
blasts after a 1-day incubation with the microspheres was
similar to that of normal osteoblasts. However, hydroxy
apatite particles, which have been reported to enhance the
differentiation of osteoblasts in contact with them, enhanced
the GJIC function of the osteoblasts. From RT-PCR studies,
not only connexin 43 but also connexin 45 is suggested to
play a role in the GJIC of the osteoblasts in an early stage of

coculture with the microspheres, although it is still unclear
how these connexins work and are regulated in the GJIC and
differentiation. However, this study suggests that there is a
relationship between the early levels of GJIC and the differ-
entiation of the cells. Therefore, estimating the effect of
biomaterials, even in the microsphere form, on the GJIC of
model cells, with which the biomaterials may be in contact in
vivo, can provide important information about their biocom-
patibility. © 2005 Wiley Periodicals, Inc. ] Biomed Mater Res
74A: 181-186, 2005
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INTRODUCTION

Biomaterials implanted into the harsh environment
of the body cannot maintain their original shape, or
even their desired function, sometimes resulting in
undesirable side effects. One well-known example is
the aseptic loosening of artificial joints observed in
many patients who underwent a total joint replace-
ment 5 to 25 years ago. It has already been reported
that aseptic loosening with associated periprosthetic
bone resorption is partly due to the activation of mac-
rophages and osteoclasts by wear debris from the
artificial joint.'"'* Macrophages stimulated by wear
debris in vitro release significant amounts of inflam-
matory mediators such as interleukin-1, interleukin-6,
prostaglandin E2, collagenase, and tumor necrosis fac-
tor.°~'* In addition, the biological effects of wear de-
bris may depend on the type of material used as well
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as the shape, size, and amount of the debris.*™*! There-
fore, it is important to estimate the biocompatibility of
biomaterials with not only their original shape but
also possible transformed shapes after their usage.

During the last decade, we have been researching
the inhibitory potential of many kinds of biomaterials
on gap junctional intercellular communication (GJIC)
as an index for their biocompatibility.’>® GJIC is a
function that plays an important role in maintaining
cell and tissue homeostasis by exchanging low molec-
ular weight molecules, which results in regulating cell
growth, development, and differentiation of cells. >
Therefore, it is reasonable that disruption of this func-
tion is the cause of many kinds of diseases. In a pre-
vious report,’® we examined the inhibitory activity of
polymer microspheres, which were used as model
wear debris from biomedical polymer in vivo, on the
GJIC of rodent-derived fibroblasts. We concluded that
estimating the inhibitory activity of the microspheres
on the GJIC might be useful for considering their side
effects in the body. In other words, it may be possible
to predict whether wear debris causes aseptic loosen-
ing of artificial joints by estimating their effect on GJIC
function.
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However, it must be noted that the effects of the
microspheres may be different when the effects on the
GJIC of human-derived cells are estimated. Osteo-
blasts have been reported to communicate with one
another via GJIC function, and the function is believed
to be critical to the coordinated cell behavior necessary
in bone tissue development.?** Therefore, the ques-
tion is raised whether wear debris has an inhibitory
effect on the GJIC and the GJIC inhibition has a rela-
tion with the aseptic loosening of artificial joints. Be-
cause we have already observed some precoated poly-
mer microspheres around 5 pm in diameter showed
the potential to inhibit GJIC of fibroblasts contacting
with them,”® we estimated effects of various micro-
spheres around 5 um in diameter on GJIC function
using normal human osteoblasts to discuss the rela-
tionship between the GJIC and the differentiation of
osteoblasts. In this study, we employed fluorescence
recovery after photobleaching (FRAP) analysis for es-
timating the GJIC function,’” and assessed the poten-
tial effect of many kinds of microspheres on the GJIC.

MATERIALS AND METHODS

Microspheres

Monodispersed polystyrene (PS) microspheres (5 pm in
diameter) were purchased from Japan Synthetic Rubber Co.,
Ltd. (Tokyo, Japan). Low-density polyethylene (PE) micro-
spheres were generously supplied by Sumitomo Seika
chemicals Co., Ltd. (Tokyo, Japan). Alumina (Al,O;) micro-
spheres were obtained from the Association of Powder Pro-
cess Industry and Engineering. Sintered hydroxy apatite
microspheres (HA, 7.2 pm in diameter) were prepared and
supplied by Ube Material Industries, Ltd. A Multisizer II
(Coulter Electronics Inc., Hialeah, FL) was used to determine
the average diameter of PE and alumina microspheres: 6.4
and 5.1 pm, respectively. Microspheres were sterilized by
dispersing them in a 70% ethanol solution, followed by
centrifugation in sterile conditions to remove the ethanol
solution. The microspheres were dispersed in sterile meth-
anol for cell differentiation tests at specified concentrations.
The suspension of microspheres in methanol was added to
35-mm type I collagen-coated cell culture dishes (Asahi
techno glass, Chiba, Japan), and the plates dried overnight at
room temperature. The obtained microsphere-coated dishes
(100 pg/dish) were subjected to the assays.

Cell culture

Normal human osteoblasts (NHOst) were purchased from
BioWhitteker Inc. (Walkersville, MD). The standard culture
of NHOst was performed using alpha minimum essential
medium (Gibco) containing 20% fetal calf serum (FCS)
(Kokusai Shiyaku Co., Ltd., Tokyo, Japan). The cells were
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maintained in incubators under standard conditions (37°C,
5%-C0,-95%-air, saturated humidity). All assays were per-
formed using alpha minimum essential medium containing
20% FCS, supplemented with 10 mM beta-glycerophos-
phate. NHOst (1 X10° cells/dish/2.5 mL medium) were
cultured on microsphere-coated dishes for estimating the
effect of the microspheres interacted from the bottom of the
cells. To estimate the effect of microspheres on cells adhered
to the culture plates, the NHOst cells were cultured with
microsphere-containing medium (100 pg/2.5 mL medium)
after they had adhered to the collagen-coated dishes. The
test cells were cultured while changing the medium three
times when the measurement of GJIC was performed after a
7-day incubation.

Measurement of GJIC activities

NHOst cultured with microspheres were subjected to flu-
orescence recovery after photobleaching (FRAP) analysis to
estimate the inhibitory activity of these microspheres toward
the GJIC. FRAP analysis was carried out according to an
original procedure by Wade et al,?* with some modifica-
tions.'” Briefly, NHOst were plated on microsphere-coated
dishes and incubated for 1 or 7 days. After a wash with
phosphate buffer saline (PBS) containing MgCl, and CaCl,
[PBS(+)], the cells were incubated for 5 min at room tem-
perature in PBS(+) containing 5,6-carboxyfluorescein diac-
etate (7 pg/mL, excitation 488 nm and emission 515 nm).
After the washing off of excess extracellular dye with
PBS(+), the cells in the test dishes in PBS(+) were subjected
to the FRAP analysis. In the control experiment, cells were
inoculated on an untreated glass bottom dish and treated
with the same procedure as the tested cells. Cells in contact
with test microspheres and at least two other cells were
subjected to FRAP analysis under an Ultima-Z confocal mi-
croscope (Meridian Instrument, Okemos, MI) with a 10X
objective lens at room temperature. The cells were photo-
bleached with a 488-nm beam and the recovery of fluores-
cence intensity was subsequently monitored at 1-min inter-
vals for a total period of 4 min. The data obtained from more
than seven independent cells were expressed as the average
of fluorescence recovery rate in comparison to the rate ob-
tained from NHOst cultured without microspheres.

Effect of microspheres on calcium deposition by
NHOst

The amount of calcium deposited during a 7-day incuba-
tion of the cells were evaluated as follows: NHOst were
cocultured with either precoated or added microspheres in
24-well collagen-coated culture plates (Asahi techno glass,
Chiba, Japan) for 1 week (2 X10* cells/20 pg microspheres/
well/500 pL medium). After the cells were fixed in formal-
dehyde, 0.5 mL of 0.1 M HCl was added to each well after
washing the cells with PBS. The amounts of calcium dis-
solved in HCl were estimated using a Calcium detecting kit
(Calcium-C test Wako, Wako, Osaka, Japan) according to the
manufacturer’s direction.
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RT-PCR for estimating expression of connexins

According to the method reported by Ichikawa et al.,”
RT-PCR was performed to detect the expression of connexin
mRNA in NHOst. After culturing NHOst with microspheres
for a scheduled time, total RNA was extracted from the
NHOst using TRIZOL® reagent (Invitrogen Corp., Carlsbad,
CA) according to the manufacturer’s instructions. After dis-
solving the RNA in diethylpyrocarbonate-treated water, the
total RNA concentration was measured spectrophotometri-
cally using Genequant (Amarsham Biosciences Corp., Pisca-
taway, NJ). RNA samples were adjusted to a minimum
concentration among collected samples in each experiment
and reversibly transcribed to cDNA using Superscript™ 11
(Invitrogen Corp.). For PCR amplification of human con-
nexin 45, Takara Ex-Taq™ (Takara Shuzo Co., Ltd., Shiga,
Japan) was used with Ex-Taq™ buffer consisting of 20 pmol
each of two human connexin-45 specific primers (forward
5'GTGGCAACTCCCTCTGTGAT3' and reverse 5'GGATC-
CTCAAGTTCCCTCCT3'). For PCR amplification of human
connexin 26, 32, and 43, Takara LA-Taq™ (Takara Shuzo
Co., Ltd.) was used with Ex-Taq™ buffer consisting of 6
pmol each of the human connexin-specific primers (for con-
nexin 26, forward 5’ ATGGATTGGGGCACGC3' and reverse
S'TTAAACTGGCTTTTTTGACTTCCC3'. For connexin 32,
forward 5 ATGAACTGGACAGGTTTGTACACCTTGCTC3’
and reverse 5'TCAGCAGGCCGAGCAGCGG3'. For connexin
43, forward 5'ATGGGTGACTGGAGCGCCTTAGGC3' and
reverse 5'CTAGATCTCCAGGTCATCAGGCCG3'). The
PCR profile for connexin 45 involved pretreatment at 95°C
for 2 min, followed by 35 cycles of denaturation at 95°C for
45 s, annealing at 54°C for 45 s, and extension at 72°C for
90 s. The PCR profile for connexin 26, 32, and 43 (35 times)
was as follows: pretreatment at 95°C for 2 min, denaturation
at 95°C for 30 s, annealing at 54°C for 30 s, and extension at
72°C for 120 s. Reaction products were analyzed by electro-
phoresis in 1.5% (w/v) agarose gel, followed by staining of
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Figure 1. Effect of precoated microspheres on gap junc-
tional intercellular communication of NHOst estimated
from fluorescence recovery rates of target cells. The recovery
rates of the cells on untreated culture dishes on days 1 and
7 were used as standards of all obtained data, respectively.
(*p < 0.01 against culture dish).
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Figure 2. Effect of added microspheres on gap junctional
intercellular communication of NHOst estimated from flu-
orescence recovery rates of target cells. The recovery rates of
the cells on untreated culture dishes on days 1 and 7 were
used as standards of all obtained data, respectively.

the products by SYBR® Green I (Takara Shuzo Co., Ltd.) and
detection of a 566-bp (connexin 45), 671-bp (connexin 26),
852-bp (connexin 32), and 1149-bp (connexin 43) band, re-
spectively. For the standardization of connexin cDNA, PCR
amplification of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA in each sample was performed using
GAPDH-specific primers (forward 5'CCCATCACCATCT-
TCCAGGAGCGAGA3’ and reverse 5 TAAGTAGGACAA-
CAAGGAGGTCGTGACGACGC3'; product size 578-bp).
All reactions included negative controls without cDNA.

Statistical analysis

All data were expressed as the mean value * the standard
error of the means of the obtained data and treated statisti-
cally with Student’s ¢ test.

RESULTS

Figure 1 shows effects of various microspheres on
GJIC of NHOst in contact with the microspheres for 1
and 7 days. The microspheres were precoated on 35-mm
culture dishes before cell seeding. When the NHOst
were cultured with precoated PS, PE, and alumina mi-
crospheres, their GJIC level was similar to that in NHOst
cultured on a normal culture dish. On the other hand,
the GJIC level was 1.5 times that of NHOst on the normal
dish when they were cultured with precoated hydroxy
apatite microspheres. After 7 days, the GJIC of NHOst in
contact with microspheres became similar to that of nor-
mal NHOst, irrespective of the type of microsphere. The
change in GJIC of NHOst in contact with added micro-
spheres is shown in Figure 2. As seen in Figure 1, hy-



184

ratlo)

180

0 Cantrol

o Polystyrenc coated

& Pulyethylene coated

A Alumina coated

0 Hydroxy apatite coated
@ Polysiyrenc added

A Alumina sdded

m Hydmsy spatitc added

Ipr

140

100

15
GJIC ratio after a 1-day Incubation

Figure 3. Relationship between GJIC on day 1 and calcium
deposition ratio after 7-day coculture of NHOst with various
microspheres (> = 0.74).

droxy apatite microspheres enhanced their GJIC after a
1-day culture compared to cells on a normal plate. The
degree of enhancement of GJIC is, however, smaller than
that seen in NHOst in Figure 1, and no significant dif-
ference was observed between NHOst in contact with
the hydroxy apatite microspheres and those cultured
without microspheres. In addition, Figure 2 indicates
that addition of PS microspheres into a culture of NHOst
inhibited GJIC.

To consider the effects of tested microspheres on not
only GJIC but also the differentiation of NHOst,
changes in the amount of calcium deposited after a
1-week coculture of NHOst with various micro-
spheres were estimated. From Figure 3, it is suggested
that there is the possible relation between the GJIC of
NHOst cocultured with microspheres for 1 day and

Figure 4. Expression of mRNA of various connexins (Cx)
in NHOst cultured for 1 and 7 days. The number of NHOst
cultured on 35-mm collagen-coated culture dishes was 2 X
10°. RT-PCR cycles of each lane are expressed at the bottom
of the figure.
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Figure 5. Expression of connexin 43 (Cx 43) mRNA in
NHOst cultured with various precoated microspheres. The
number of PCR cycles for connexin 43 and GAPDH is 35 and
20, respectively. Lane 1: without microspheres; lane 2: with
PS microspheres; lane 3: with PE microspheres; lane 4: with
alumina microspheres; lane 5: with HA microspheres.

the amount of calcium deposited after a 1-week cocul-
ture with the same microspheres.

To clarify which connexins exist in NHOst, we per-
formed RT-PCR to detect mRNA of connexin 26, 32,
43, and 45 in NHOst cultured on a normal culture
dish. Figure 4 shows the result of RT-PCR to amplify
the mRNA from whole RNA collected from NHOst
cultured for 1 and 7 days. As shown in the figure, only
connexin 43 and 45 were detected in NHOst. When
cells were cultured for 7 days, connexin 43 was de-
tected at a lower level than that detected after the
1-day culture, while connexin 45 was not detected.

Figures 5 and 6 show the results of RT-PCR to
amplify mRNA of connexin 43 and 45 in NHOst cul-
tured with various precoated microspheres. The
NHOst cultured with microspheres did not express
mRNA of connexin 43, except those with PE micro-
spheres. After 7 days, the expression was suppressed
in the normal NHOst while the expression was ob-
served in NHOst cultured with microspheres, irre- .
spective of kind of the microsphere. On the other
hand, mRNA expression of connexin 45 was sup-
pressed after a 1-day culture of NHOst only with
alumina microspheres, followed by a decrease in ex-
pression of the mRNA after their 7-day culture.

Tday Tdays

Figure 6. Expression of connexin 45 (Cx 45) mRNA in
NHOst cultured with various precoated microspheres. The
number of PCR cycles for connexin 45 and GAPDH is 40 and
20, respectively. Lane 1: without microspheres; lane 2: with
PS microspheres; lane 3: with PE microspheres; lane 4: with
alumina microspheres; lane 5: with HA microspheres.
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DISCUSSION

As shown in Figure 3, normal human osteoblasts
(NHOst) in contact with microspheres showed differ-
ent levels of calcium deposition only after a 1-week
culture, suggesting composition of the microspheres
affects NHOst differentiation level. The differentiation
was suppressed by the contact with PS, PE, and alu-
mina microspheres, while HA microspheres showed
the potential to enhance the differentiation. It has been
reported that GJIC plays an important role in not only
the homeostasis of cells but also their differentia-
tion."”* In addition, GJIC is affected by the micro-
sphere’s composition, as has been reported using a
fibroblast cell line.’® Therefore, the results shown in
Figures 1 and 2 suggest that the enhanced differenti-
ation of NHOst relates to GJIC enhancement on a
1-day culture in contact with HA microspheres, espe-
cially the precoated microspheres. In addition, on co-
culture with other microspheres, GJIC was slightly
suppressed at 1 day, although no significant difference
compared to control NHOst was observed. We have
already studied effects of the microspheres on NHOst
differentiation, and enhancement of calcium deposi-
tion by coculture with the hydroxy apatite micro-
spheres was observed. Figure 3 suggests a relationship
between the calcium deposition and GJIC on day 1.
This also indicates that GJIC of the NHOst, in contact
with materials in the microsphere form, in the early
stage may be one factor affecting their differentiation.

It has been reported that GJIC of cells derived from
human osteoblasts is mainly composed of connexin 43
and 45.2>%627 In this study, it is also indicated that
GJIC of NHOst is composed of connexin 43 and 45
(Fig. 4). Therefore, it is possible that changes in the
level of their GJIC is ascribed to the change in mRNA
expression level of connexin 43 and 45 and their ex-
pression ratio. From Figures 5 and 6, mRNA of con-
nexin 43 was expressed only in normal NHOst and
those cultured with PE microspheres, while it was
slightly expressed in NHOst cocultured with HA. On
the other hand, mRNA of connexin 45 was expressed
in NHOst in all conditions, except those cocultured
with alumina microspheres. Because HA was ob-
served to enhance GJIC of NHOst, this suggests that
connexin 45 may play a role in GJIC at an early stage.
This also suggests that a higher level of connexin 45
than that of connexin 43 may be important in the
enhancement of GJIC. However, although the mRNA
expression of neither connexin 43 nor 45 was observed
in NHOst cocultured with alumina microspheres,
their GJIC was similar to that of normal NHOst. More-
over, it has reported that gap junctions formed by
connexin 43 are more permeable to negatively charged
dyes such as lucifer yellow, calcein, and carboxyfluo-
rescein used in this study, more than those formed by
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connexin 45, and an increase of connexin 43 expres-
sion and GJIC function parallel osteoblast differentia-
tion.”>?8 These are inconsistent with our findings and
indicate that not high expression, but a rapid decrease
of connexin 45 mRNA is probably very important for
GJIC change and differentiation of the osteoblasts.
Therefore, even though connexin 45 may play an im-
portant role in the early stage of GJIC in NHOst, it is
probable that another connexins or other mechanisms
of GJIC play a role in the GJIC of NHOst.

Because many proteins are involved in GJIC forma-
tion,?® other mechanisms or proteins may be impor-
tant in the GJIC change induced by the contact with
the microspheres. It has reported that cadherins,
which are important proteins for form tight junction
between cells, control connexin 43-mediated GJIC.2>~°
In addition, a microtubule network inside a cell has
been reported to play an important role as guidance
for delivery of connexons, which are composed of six
connexin molecules, to the cell membrane to make gap
junctions.®! Usually, surface characteristics of materi-
als affect cell attachment as well as cell morphology,
suggesting signal cascades of cell attachment and cy-
toskelton rearrangement in the cell were influenced by
the characteristics. Therefore, it is probable that a sur-
face characteristic of the microspheres affect these
molecules in NHOst, resulting in changes of GJIC
activities. Further studies on changes in not only con-
nexin molecules but also other molecules such as cad-
herin, actin, and microtubule in NHOst, is necessary
to clarify the mechanism of GJIC. In the future, we will
study the above, and find another molecules partici-
pating in the GJIC of NHOst and the mechanisms
regulating the connexins in NHOst.

In conclusion, the GJIC level of NHOst changes on
contact with microspheres, and is affected by the com-
position of the microspheres. The GJIC level in the
early stage might be important in the differentiation
control of NHOst and the level may be controlled
partly by expression of connexin 43, connexin 45, and
unclarified connexins in addition to other mechanisms
regulating GJIC function. Detecting a biomaterial’s
effect on the GJIC of human cells may be one useful
method for estimating its biocompatibility.
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Abstract: Recent study has shown that biodegradable
polymers are attractive candidates for chondrocyte fixation
and further transplantation in cartilage tissue engineering.
Poly (glycolic acid) (PGA), a polymer of glycolic acid, is
widely used in orthopedic applications as a biodegradable
polymer. Organotin, lead, antimony, and zinc are catalysts
commonly used in synthesizing PGA. Here, we investigated
the biocompatibility of PGA, synthesized with and without
inorganic tin as a catalyst in chondrogenesis of human ar-
ticular chondrocytes in a micromass culture system. Signif-
icant enhancement of chondrocyte proliferation and expres-
sion of the collagen type II protein gene were observed in

cultures treated with PGA synthesized with a tin catalyst.
However, aggrecan gene expression was very similar to the
control culture. Amount of collagen type II protein was also
increased in the same group of cultured chondrocytes. In
contrast, PGA without a catalyst caused overall inhibition of
chondrogenesis. Despite several positive findings, extensive
investigations are essential for the feasibility of this PGA(Sn)
in future clinical practice. © 2005 Wiley Periodicals, Inc.
J Biomed Mater Res 77A: 84-89, 2006

Key words: poly (glycolic acid); inorganic tin catalyst; hu-
man articular cartilage; chondrogenesis; micromass culture

INTRODUCTION

Different synthetic biodegradable polymers are cur-
rently gaining importance in the fields of biotechnol-
ogy and tissue engineering. Recently, many studies
have evaluated the potential of various natural bioab-
sorbable polymers such as collagen, 1 alginates, >
fibrin, ¢~® and gelatin, ° but synthetic biodegradable
polymers in general offer advantages over natural
materials. The primary advantages include the capac-
ity to change the mechanical properties and degrada-
tion kinetics to suit various applications. Among the
families of synthetic polymers, polyesters are used in
a number of clinical applications.'®~?2 Polyesters have
also been used for development of tissue engineering
applications, '*'* particularly for bone tissue engineer-
ing.1512
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The attraction of poly (glycolic acid) (PGA), one of
the aliphatic polyesters, as a biodegradable polymer in
medical applications is that its degradation product,
glycolic acid, is a natural metabolite. Several studies
have indicated that copolymers of glycolic acid caused
promotion of nerve regeneration in a rat model, ¢7®
and regeneration of an 80 mm nerve gap by an artifi-
cial nerve conduit made of PGA was also reported.”
PGA can be synthesized using different catalysts. The
common catalysts used include organotin, lead, anti-
mony, and zinc. It was reported that inorganic and
organic tin compounds present in the aqueous ecosys-
tem have toxic effects and are capable of producing
behavioral abnormalities in living organisms.??! Or-
ganotin compounds are known to cause neurotoxicity, %
cytotoxicity, 2 immunotoxicity, and genotoxicity ** in
human and other mammalian cells both in vitro and in
vivo. Organotin compounds were also reported to de-
crease in vitro survival, proliferation, and differentia-
tion of normal human B cells.”’ The dose effect of
inorganic tin in rats suggests that the critical organ in
inorganic tin toxicity is bone, ® and disproportionate
dwarfing syndrome, which severely affects the limbs
but not the trunk, was observed in rats that had been
injected with certain tin compounds.” As far as we
know, no study yet has reported the chondrogenic
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effects of PGA synthesized with and without an inor-
ganic tin catalyst. In this study, the biocompatibility of
PGA with and without a tin catalyst was investigated
using human articular chondrocytes (HAC) in a mi-
cromass culture system.

MATERIALS AND METHODS

Medium and polymers used for cell culture

Chondrocyte growth medium was obtained commercially
from BioWhittaker (Walkersville, MD, USA). PGA synthe-
sized with inorganic tin [PGA(Sn)] (M,,, = 1500) and without
a catalyst (PGA) (M,, = 1100) were custom-made (TAKI
chemicals, Kakogawa, Japan) and dissolved in dimethyl sul-
phoxide (DMSO) (Sigma Chemical, St. Louis, MO, USA).

Cells and culture methods

Human articular chondrocytes (HAC) of the knee joint
was commercially obtained from BioWhittaker. High-den-
sity micromass cultures were started by spotting 4 X 10°
cells in 20 pL of medium onto Costar 24-well tissue culture
microplates (Costar type 3526, Corning). After a 2 h attach-
ment period at 37°C in a CO, incubator, culture medium (1
mL/well) was added to each well. Media were supple-
mented with DMSO (0.8 pL/mL), PGA, and PGA(Sn) (50
pg/mL). HAC cultured with DMSO was used as the control.
The cultures were continued for 4 weeks with a medium
change twice a week. At least four cultures were performed
for each sample.

Cell proliferation study

Cell proliferation was quantitatively estimated by crystal
violet (Wako Pure Chemical Industries, Osaka, Japan) stain-
ing, as previously described.?® After the culture period, cells
were fixed with 100% methanol at room temperature, fol-
lowed by application of 0.1% crystal violet in methanol.
After a proper wash, cells were again incubated in methanol;
100 pL from each well was transferred to a new 96-well
plate, and the absorbance was measured at a wavelength of
590 nm, using an ELISA reader (Bio-Tek Instruments, Wi-
nooski, VT). Blank values were subtracted from experimen-
tal values to eliminate background readings.

Differentiation assay

Cell differentiation assay was performed by alcian blue
(Wako Pure Chemical Industries, Osaka, Japan) staining, as
previously described.?® Following crystal violet staining, the

- cells were washed with methanol and then 3% acetic acid.
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Cultures were then stained with 1% (v/v) alcian blue in 3%
acetic acid, pH 1.0. The cartilage proteoglycans were ex-
tracted with 4M guanidine hydrochloride (GH), and the
bound dye was measured at wavelength of 600 nm, using an
ELISA reader (Bio-Tek Instruments). Fresh 4M GH served as
the blank. Blank values were subtracted from experimental
values to eliminate background readings.

Analytical assays

Commercially available assay kits (collagen and glycos-
aminoglycan [GAG] assay kits, Biocolor, Newtownabbey,
Northern Ireland) were used for the measurement of colla-
gen and suifated GAGs within the cultured cells, as previ-
ously described.>

Briefly, for the GAG assay, GAG was extracted from the
cultured cells using a solvent system of 4M guanidine-HC},
0.5M sodium acetate, pH 6, with 1 mM benzamidine-HCl, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 10 mM N-
ethylmaleimide (NEM). Incubation was carried out at 4°C
on an orbital shaker for a 12- to 20-h period. After the
extraction, the samples were centrifuged, and blyscan dye
reagent (composed of 1,9-dimethyl methylene blue in an
organic buffer) was mixed with the supernatant. The GAG-
dye complex was collected by centrifugation. The dye bound
to the pellet was subsequently solubilized by mixing it with
a dissociation reagent. The absorbance of the samples was
measured at a wavelength of 656 nm, using a UV spectro-
photometer. A calibration solution containing chondroitin-4
sulfate was used to obtain the standard curve for this exper-
iment.

The total collagen concentration (acid- and pepsin-soluble
fractions) of the cultured chondrocytes was also measured.
The acid-soluble collagen was removed by adding 0.5M
acetic acid to the cultured cells, followed by centrifugation.
The remaining pepsin-soluble collagen was subsequently
extracted from the cultured cells. A pepsin solution (1
mg/10 mg tissue sample; Sigma) was added to the cells, and
they were incubated overnight at 37°C. Both the acid- and
pepsin-soluble collagen samples were further separated for
assay by mixing with Sircol dye reagent for 30 min in a
mechanical shaker, and the collagen—dye complex was col-
lected by centrifugation. The dye bound to the collagen
pellet was solubilized with an alkaline reagent, and the
absorbance of the samples was measured at a wavelength of
540 nm, using a UV spectrophotometer. A calibration stan-
dard of acid-soluble type I collagen was used to obtain the
standard curve for this experiment.

Real-time polymerase chain reaction

To detect the presence of collagen type II and aggrecan,
single-stranded cDNA was prepared from 1 pg of total RNA
by reverse transcription (RT), using a commercially avail-
able First-Strand ¢cDNA kit (Amersham Pharmacia Biotech,
Uppsala, Sweden). Subsequently, real-time polymerase
chain reaction (PCR) was done using a LightCycler system
with LightCycler FastStart DNA Master SYBR Green I



(Roche Diagnostics, Penzberg, Germany). The LightCy-
cler™- Primer set (Roche Diagnostics) was used for quanti-
tative detection of the collagen type II and aggrecan genes,
and also for quantitation of a housekeeping gene, Glyceral-
dehide-3-phosphate dehydrogenase (GAPDH), according to
the manufacturer’s instructions. An initial denaturation step
at 95°C for 10 min was followed by amplification and exten-
sion steps for 35 cycles (95°C for 10 s, 68°C for 10 s, 72°C for
16 s) with final extension step at 58°C for 10 s. The quanti-
fication data were analyzed with the LightCycler analysis
software (Roche Diagnostics).

Statistical study

Student’s ¢ tests were used to assess whether differences
observed between the polymers treated and the control sam-
ples were statistically significant. For comparison of groups
of means, one-way analysis of variance was carried out.
When significant differences were found, Tukey’'s pairwise
comparisons were used to investigate the nature of the
difference. Statistical significance was accepted at p < 0.05.
Values were presented as the mean * SD (standard devia-
tion) except in figure 3. Four samples were run for each case.
All experiments were repeated at least twice, and similar
results were obtained.

RESULTS
Cell proliferation

Chondrocyte proliferation was quantified by crystal
violet staining and expressed as a percentage of the
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DMSO PGA PGA(Sn)
Figure 1. Proliferation of HAC estimated by crystal violet
staining. Cell proliferation was significantly increased in
PGA(Sn)-cultured chondrocytes compared with that of the
control. *p < 0.05. All experiments were run in quadrupli-
cate for two separate times.
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Figure 2. Differentiation of HAC estimated by alcian blue
method. Cell differentiation was significantly inhibited in
PGA-cultured chondrocytes compared with that of the con-
trol. **p < 0.01. All experiments were run in quadruplicate
for two separate times. :

average control value (Fig. 1). Cell proliferation was
increased 1.8-fold (p < 0.05) in PGA(Sn)-treated cul-
tures compared with that of the control culture,
whereas cell proliferation in PGA-treated cultures was
almost identical to the DMSO-treated control culture.

Cell differentiation

Chondrocyte differentiation was estimated by al-
cian blue staining and the amounts were expressed as
a percentage of the average control value, which was
calculated as 100%. Chondrocytes treated with PGA
revealed a 0.71-fold (p < 0.01) decrease in cell differ-
entiation compared with that of the control culture. At
the same time, cultures treated with PGA(Sn) showed
a slight, but nonsignificant, decrease in cell differenti-
ation (Fig. 2).

Extracellular matrix gene expression

Extracellular matrix gene expression was quantita-
tively measured by real-time PCR. Here, compared
with that of the control culture, the collagen type II
gene was more strongly expressed (p < 0.01) in
PGA(Sn) than in PGA-treated cultured chondrocytes
[Fig. 3(A)]. Aggrecan gene expression was inhibited in
the latter, but no difference was observed between the
former and the control culture [Fig. 3(B)].
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Figure 3. Extracellular matrix gene expression of HAC by
real-time PCR. (A) Collagen type II gene was more strongly
expressed in PGA(Sn)- than PGA-cultured chondrocytes
compared with that of the control culture. (B) Aggrecan gene
expression was inhibited in PGA, but no difference was
observed between the PGA(Sn) and the control. All experi-
ments were run in quadruplicate for two separate times.

Measurement of collagen type II protein

The amount of pepsin-soluble and cartilage-specific
collagen type II protein was increased in both PGA
and PGA(Sn) treated chondrocytes on comparing with
that of the control culture(Fig. 4). However, this in-
crease was more in the latter than in the former case.

Measurement of total collagen

Quantitative estimations of both acid- and pepsin-
soluble total collagen revealed a decrease in PGA(Sn)-
treated cultures compared with that of the control

| pg/cell
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Figure 4. Measurement of collagen type II protein. The
amount of collagen type Il was increased in PGA(Sn)-treated
chondrocytes compared with that of control. All experi-
ments were run in quadruplicate for two separate times.

(Fig. 5). Simultaneously, there was a slight increase in
the amount of total collagen in PGA-treated cultures
compared with that of the control sample.

Estimation of sulfated glycosaminoglycan
concentration

Evaluation of the amount of sulfated GAG showed
a decrease in PGA(Sn)-treated cultured cells com-

0.25

0.2 -

0.15 1

ug/cell

0.1 1

0.05

DMSO PGA PGA(Sn)
Figure 5. Quantitative estimation of total collagen protein.
The amount of total collagen was decreased in PGA(Sn)-
treated cultures compared with that of the control. All ex-
periments were run in quadruplicate for two separate times.
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Figure 6. Evaluation of sulfated GAG. There was decrease
in the amount of sulfated GAG in PGA(Sn)-treated cultured
cells compared with that of the control. All experiments
were run in quadruplicate for two separate times.

pared with that of the control (Fig. 6). However, in the
same experiment, almost no difference in this amount
was observed between the PGA-treated culture and
the control.

DISCUSSION

Attempts to identify a perfectly biocompatible and
biodegradable polymer have been ongoing over the
past decade. An ideal biomaterial should fulfill its
purpose satisfactorily and then biodegrade to obviate
any risk of foreign body reaction.! Synthetic biode-
gradable polymers, especially those belonging to the
polyester family, have played an important role in a
number of tissue engineering efforts. PGA, an ali-
phatic polyester, can be degraded in two ways: by
hydrolysis and by nonspecific esterases and car-
boxypeptidases, followed by either excretion in the
urine or entrance into the tricarboxylic acid cycle.??

Several different catalysts, namely organotin, anti-
mony, zinc, and lead, are used in the polymerization
process to synthesize high molecular weight PGA.
Different tin compounds were observed to produce
general cytotoxic effects in rabbit articular cartilage in
monolayer culture, ** and bone is suggested to be the
critical organ in inorganic tin toxicity in rats.?® There-
fore, in this study, we aspired to evaluate the chon-
drogenic effects of HAC with PGA synthesized with
and without an inorganic tin catalyst, with the aim of
clarifying the biocompatibility of inorganic tin as a
catalyst for future clinical use.
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It was reported that oral administration of certain
tin compounds at specific concentrations exerted stim-
ulatory effects on chondrocyte proliferation in the
rat.*® Consistent with this, the proliferation assay per-
formed in our study also showed that HAC with
PGA(Sn) had stimulatory effects on chondrocyte pro-
liferation in micromass culture (Fig. 1). On the other
hand, PGA neither stimulated nor inhibited the chon-
drocyte proliferation, and thus, inorganic tin as cata-
lyst seemed to play a stimulatory role in HAC prolif-
eration. In our experiment, PGA with inorganic tin as
the catalyst caused almost no change in cell differen-
tiation, but PGA-treated cultures did show a signifi-
cant decrease when compared with that of the control
(Fig. 2). Furthermore, quantitative estimation of extra-
cellular matrix gene expression by real-time PCR con-
firmed that the cartilage-specific protein, collagen type
I, was more strongly expressed in PGA(Sn)- than in
PGA-treated cultured chondrocytes [Fig. 3(A)l. How-
ever, the expression of the aggrecan gene was inhib-
ited in the PGA culture, but no difference was ob-
served between the PGA(Sn) and the control cultures
[Fig. 3(B)].

It was reported that oral administration of inorganic
tin caused a decrease in the proliferation of chondro-
cytes, accompanied by suppression of DNA synthesis
with subsequent inhibition in collagen synthesis in
rat.3* On the contrary, our results showed enhance-
ment of proliferation, expression of the collagen type
II gene, and amount of collagen type II protein by in
vitro culture of HAC with PGA(Sn). We speculated
that difference in the route of administration might be
the cause of these diverse effects of inorganic tin com-
pound. As mentioned earlier, monolayer culture of
rabbit articular cartilage with tin compounds caused
inhibition in the synthesis of core proteins, followed
by a decrease in the synthesis of sulfated GAG.* In
agreement with this result, our report also showed a
decrease in the amount of sulfated GAG by culture of
HAC with PGA(Sn). A study performed in our labo-
ratory using HAC in a micromass culture system has
already shown that PGA synthesized with organic tin
catalyst caused a decrease in cell proliferation, but a
significant increase in cell differentiation ** and was
completely contradictory to our present results. The
molecular weight of PGA(Sn), and the type of tin
product such as SnCl, and dibutyl tin were thought to
be the key factor of different effects of chondrogenesis
on HAC,

To the best of our knowledge, no other study has yet
investigated the chondrogenic effects of PGA with
inorganic tin as a catalyst, using HAC in a micromass
culture system. This study is the first to show the
biological action of inorganic tin as catalyst in PGA on
human articular chondrogenesis in a micromass cul-
ture system. Our observation revealed that low con-
centration of inorganic tin when used in the polymer



EFFECTS OF CATALYST ON CHONDROGENESIS

of PGA showed enhancing effects of tin compounds
on chondrocytes in comparison to without tin poly-
mer because of increase in the permeability of inor-
ganic tin under the presence of PGA. However, fur-
ther study is required for the application of this
PGA(Sn) in clinical practice.
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Abstract

Polyelectrolyte complexes (PEC) were prepared from chitosan as the polycation and several synthesized functional anion
polysaccharides, and their effects on cell attachment, morphology, proliferation and differentiation were estimated using normal
human osteoblasts (NHOst). After a 1-week incubation, PEC made from polysaccharides having carboxyl groups as polyanions
showed low viability of NHOst on it although the NHOst on it showed an enhancement in their differentiation level. On the other
hand, NHOst on PEC made from sulfated or phosphated polysaccharides showed similar attachment and morphology to those on
the collagen-coated dish. When the number of NHOst was estimated after 1 week, the number on the PEC was ranged from 70% to
130% of those on the collagen-coated dish, indicating few effects of these PEC on cell proliferation. In addition, NHOst on PEC
films made from sulfated polysaccharides differentiated to a level very similar to that observed on the collagen-coated dish,
indicating that these PEC films maintain the normal potential of NHOst to both proliferate and differentiate. Measurement of gap
junctional intercellular communication of NHOst on PEC revealed that PEC did not inhibit communication, suggesting that PEC
films have few effects on cell homeostasis. Thus, PEC made from the sulfated polysaccharide may be a useful material as a new
scaffold for bone regeneration.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Polyelectrolyte complex; Normal human osteoblasts; Cell proliferation; Cell differentiation; Gap junctional intercellular communication

1. Introduction techniques, therefore, it is indispensable to develop a
synthetic ECM scaffold that functions similarly to the
The extracellular matrix (ECM) provides an essential native ECM. For more than a decade, engineering of
three-dimensional (3D) environment for cells to con- new tissues by using selective cell transplantation on
struct several kinds of tissues. The ECM, consisting of polymer scaffolds as an artificial ECM instead of tissue
numerous kinds of molecules such as proteins, poly- transplantation to other living bodies has been studied
saccharides and proteoglycans regulates the behavior of [3,4]. Recently, many studies on developing a scaffold
surrounding cells to form tissues and organs precisely for tissue regeneration have been done using
[1,2]. For tissue regeneration trials using in vitro ECM proteins such as collagen and gelatin [5-7],
biodegradable synthetic polymers [8—10] and polysac-
*Corresponding author. Division of Medical Devices, National charides [11,12]. Because proteins derived from human
Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo tissues have many problems such as antigenicity or
158;?32;;1?;;2;;:.'1.;;:111:;7@0&123;Jf:x(:hz 8}11:;;?;:; 50. potential for infection, a biocompatible synthetic poly-
nakaoka@nihs.go jp (R. Nakaoka). mer or polysaccharide may be preferable for tissue
!These authors contributed equally to this work. regeneration.
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A polyelectrolyte complex (PEC) is a compound made
from an electrically neutralized molecular complex of
polyanions and polycations [13]. PEC can be prepared
in various forms such as a film (2D) and a hydrogel, a
microcapsule or a sponge (3D), which can be used as a
scaffold in tissue regeneration studies. The effects of
PEC films composed of polysaccharides on cell behavior
have been studied, and we have already reported that
PEC can stimulate differentiation of osteoblasts and
periodontal ligament fibroblasts [14-16]. These studies
suggest that PEC can be used as a biomaterial for
repairing or regenerating tissues. In addition, because
the PEC are composed of polysaccharides, PEC is
expected not to elicit immune responses against it and to
have better biocompatibility with the human body,
although this is yet to be proved. Therefore, it is
necessary to study the interactions between PEC and
cells, especially human-derived, to clarify the usefulness
of PEC as a biomaterial.

In this study, normal human osteoblasts (NHOst)
were cultured on various PEC prepared on a tissue
culture plate from chitosan as the polycation and
modified chitins or hyaluronan as the polyanion. It
should be generally agreed that estimating not only
functional advantages but also safety and biocompat-
ibility of biomaterials is important to develop them for
clinical use, but the latter is not always studied.
Therefore, we measured changes in gap junctional
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intercellular communication (GJIC) as well as the cell
number and differentiation. GJIC is very important
function for almost ali cells to maintain their home-
ostasis [17). During this decade, we have studied the
effects of model biomaterials on the GJIC of cells
cultured on them and suggested a possibility that
changes in the GJIC can be used as an index of
biocompatibility of biomaterials [18-21]. Therefore, we
measured changes in GJIC of NHOst on PEC in order
to estimate the biocompatibility of PEC from their
effects on these cell functions.

2. Materials and methods
2.1. Chemicals

Fig. 1 shows the chemical structures of the polyanions
and the polycation. Chitosan as the cationic polysac-
charide and carboxymethylated chitin [CM-Chitin:
degree of substitution (DS)= 1.0 (1.0 anionic site/
saccharide ring)] were purchased from Katokichi Co.,
Ltd. (Kagawa, Japan). Sulfated chitin (S-Chitin:
DS = 1.5), phosphated chitin (P-Chitin: DS = 1.6),
hyaluronan (HA), and sulfated hyaluronan (SHA:
DS = 1.05) were prepared as previously reported
[14-16,22].

For polycation
CH,OH
(o] .
Chity
OH o osan
NH, n
For polyanion
CH,0R CH,0H
0 0
OR 0 OH 0
NHCOCH, |, NHCOCH, |,
Sulfated (S-) Chitin: R=S0;NaorH (Chitin)
Carboxymethylated (CM-) Chitin: R =CH,COOH or H
Phosphated (P-) Chitin: R =PO;3;Na, or H
COONa CH,0R
0.
OR NHCOCH;|

Sulfated hyaluronic acid (SHA): R= SO,Na or H

Hyaluronic acid (HA)

Fig. 1. Polymers for polyelectrolyte complex (PEC) in this study.
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2.2. Preparation of PEC and PEC-coated dishes

Polyanions were dissolved individually in distilled
water (final concentration = 5 x 10™*mol of ionic sites/
1), and the pH of the solutions was adjusted to 7.4 by
adding aqueous HCI or NaOH. Chitosan was dissolved
in aqueous 0.5% acetic acid solution and the pH
adjusted to 6.0. The ratio of the solutions of polyanions
and polycation was adjusted in each combination to
neutralize the charge balance of PEC. This mixed
solution (1 ml/35mm tissue culture dish) was allowed
to stand overnight at room temperature. After removing
the supernatant solution, the dish was dried and
annealed at 65°C in an oven. Then, the dishes were
washed with distilled water and oven-dried again to
form the PEC-coated dish. This dish was sterilized for
3min in a microwave oven. Water contact angles of
PEC films were measured with the sessile drop method
[23], and their zeta potentials were measured by Otsuka
Electronics Co., Ltd. (Osaka, Japan).

2.3. Cell culture

NHOst were purchased from BioWhittaker Inc.
(Walkersville, MD). The standard culture of NHOst
was performed using alpha minimum essential medium
(Gibco, Grand Island, NY) containing 20% fetal calf
serum (FCS) (Kokusai Shiyaku Co., Ltd., Tokyo
Japan). The cells were maintained in incubators under
standard conditions (37°C, 5%-C0,—95%-air, satu-
rated humidity). All assays were performed using alpha
minimum essential medium containing 20% FCS,
supplemented with 10mM beta-glycerophosphate.
NHOst cells (1 x 10° cells/dish/2.5ml medium) were
cultured on PEC-coated dishes to evaluate the effects
of their interaction with PEC. In each experiment, the
medium was changed three times before GJIC of the
cells was measured and their differentiation level was
evaluated after a 1-week incubation.

2.4. Estimation of differentiation level of NHOst cultured
on PEC films

The proliferation of NHOst cells cultured on PEC
films was estimated by Tetracolor One assay (Seikagaku
Co., Tokyo, Japan), which incorporates an oxidation-
reduction indicator based on detection of metabolic
activity. After a 1-week incubation, 20 pl of Tetracolor
One solution was added to each test dish, followed by a
further 2h incubation. The absorbance of the super-
natant at 450nm was estimated by puQuant spectro-
photometer (Bio-tek Instruments, Inc., Winooski, VT).
Estimation of alkaline phosphatase (ALP) activity was
performed according to an original procedure by
Ohyama et al. [24]. After estimating the proliferation
of the NHOst cells cultured on PEC films, the cells were

73

M. Nagahata et al. | Biomaterials 26 (2005) 5138-5144

washed by phosphate-buffered saline (PBS(-)), fol-
lowed by addition of 1 ml of 0.1 M glycine buffer (pH
10.5) containing 10mM MgCl,, 0.1mM ZnCl, and
4mM p-nitrophenylphosphate sodium salt. After in-
cubating the cells at room temperature for 7min, the
absorbance of the glycine buffer was detected at 405 nm
using pQuant to evaluate the ALP activity of the test
cells. The amounts of calcium deposited by the cell
during a 1-week incubation were evaluated as follows:
after fixing the cells in PBS(—) containing 3% for-
maldehyde and washing the cells with PBS(—), 0.5ml of
0.1M HCIl was added to each well. The amounts of
calcium dissolved in HCI] were estimated using a calcium
detecting kit (Calcium-C test Wako, Wako, Osaka,
Japan) according to manufacturer’s instruction.

2.5. Measurements of GJIC activity

NHOst cultured on PEC films were subjected to
fluorescence recovery after photobleaching (FRAP)
analysis to estimate the inhibitory activity of these films
on the GJIC. FRAP analysis was carried out according
to the procedure of Wade et al. [25] with some
modifications [21]. Briefly, NHOst were plated on
PEC-coated dishes and incubated for 1 or 7 days. The
cells were incubated for Smin at room temperature in
PBS(-) containing Ca?* and Mg?* (PBS(+)) and a
fluorescent dye, 5,6-carboxyfluorescein diacetate. After
washing off excess extracellular dye with PBS(+), the
cells in PBS(+) contacting at least two other cells were
subjected to FRAP analysis under a Ultima-Z confocal
microscope (Meridian Instruments, Okemos, MI) with a
10 x objective lens at room temperature. The cells were
photobleached with a 488 nm beam, and recovery of
fluorescence intensity was subsequently monitored at 1-
min intervals for a total of 4min. The data obtained
from more than seven independent cells were expressed
as the average ratio of the fluorescence recovery rate to
the rate obtained from NHOst cultured on a collagen-
coated dish.

2.6. Statistic analysis

All data were expressed as mean values-standard
deviation of the obtained data. The Fisher-Tukey
criterion was used to control for multiple comparisons
and to compute the least significant difference between
means.

3. Results and discussion

When NHOst were cultured on five kinds of PEC
films, their morphology and attachment to the film
differed with the composition of the PEC. Fig. 2 shows
the morphologies of the NHOst adhering to PEC films.
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Chitosan

Fig. 2. Light micrographs of normal human osteoblasts (NHOst) on various PEC films after a 2-day incubation: (a) and 1-week incubation, (b).

(Original magnification: x 100).

After 2-day incubation, the NHOst on PEC composed
of chitosan and either sulfated chitin (S-PEC) or

sulfated hyaluronan (SHA-PEC) showed morphologies -

-similar to those on a normal culture plate. When cells

were cultured on PEC of chitosan and phosphated chitin
(P-PEC), some of them formed small aggregates, while
the rest showed morphologies similar to those on S-PEC
and SHA-PEC. On the other hand, NHOst cultured on
PEC from chitosan and either carboxymethyl chitin
(CM-PEC) or hyaluronan (HA-PEC) did not adhere
well and showed aggregation. Similar morphologies of
the cells on the PEC were observed after 1 day of
incubation (data not shown). Even after 1 week of
incubation, the morphologies and attachment of the
cells on the PEC films did not change (Fig. 2). Only cells
grown on cationic polysaccharide chitosan-coated cul-
ture dishes preserved morphology of very similar to
NHOst grown on collagen-coated cultured dishes,
indicating that these morphological differences are
ascribable to differences in the anionic polysaccharides
of which the PEC is composed.

It has been reported that cell attachment, morphol-
ogy, and response are influenced by physico-chemical
properties of the material surface [23,26]. To clarify
what properties of PEC control the attachment and
morphology of the cell, the contact angle and zeta
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Fig. 3. Contact angles of PEC films studied: (a) p<0.05 against S-
PEC, (b) p<0.01 against S-PEC, (c) p<0.01 against both CM-PEC
and P-PEC.

potential of PEC films were estimated. Although their
compositions are different, large differences in their
contact angles were not observed (Fig. 3). On the other
hand, a measurement of zeta potentials of the PEC
showed interesting results (Table 1). The measurement
revealed that S-PEC and SHA-PEC have negative zeta
potentials, whereas PEC films made of polysaccharides
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Table 1
Zeta potentials of various PEC prepared on a culture dish
Culture S-PEC CM-PEC P-PEC SHA-PEC HA-PEC
Zeta potential (mV) —58.7 —28.0 34.5 249 -5.7 29.5
Table 2
The cell number and differentiation of NHOst cultured on various PEC films after 1 week
Samples The cell number (percent against control) ALP activity . Ca amount .
The cell number (ratio) The cell number (ug/ratio)
Collagen-coated dish 100.04+17.0 1.0040.15 34105
S-PEC 82.2+6.1 0.98+0.11 10.7+3.6
CM-PEC 6.0+2.6* 0.05+0.08* 27.4+3.0*
P-PEC 130.4+6.3 0.02+0.01* 25+038
SHA-PEC 71.4422.1 1.3540.48 2.1+1.0
HA-PEC 8.1+3.0* 0.5240.31 38.3+12.3*
Chitosan 79.5+25.0 0.93+0.13 2.7+20

*p<0.01 against collagen-coated dish.

with a carboxyl group, such as HA-PEC and CM-PEC,
showed positive zeta potentials. In addition, P-PEC
showed a positive potential less than that of HA-PEC.
These data indicate that attachment of NHOst on
surfaces with positive zeta potentials is reduced,
suggesting the zeta potential of a PEC film partially
controls cell attachment and morphology. Although all
PEC were prepared by mixing anionic and cationic
polysaccharides to neutralize their charge, zeta potential
of each PEC film was ranged from —30 to 35mV as
shown in the table. This might indicate that not all
anionic and cationic chemical groups were interacted to
make PEC and their main chain composition and type
of chemical groups may influence their side chain
mobility, resulting in different surface zeta potential of
each PEC. Details of surface properties of PEC films
and their relationship to cell attachment will be reported
in the near future.

After 1-week of incubation on various PEC films, the
differentiation level of NHOst was estimated by
measuring proliferation, alkaline phosphatase (ALP)
activity and the amounts of calcium deposited. Table 2
shows the proliferation and ALP activity of NHOst
cultured on various PEC films as well as the amounts of
calcium deposited on the PEC. The proliferation of
NHOst on the PEC is expressed as a percentage of
proliferation of NHOst on a normal culture dish. The
ALP activity was also calculated as a percentage of the
control and normalized using the results of prolifera-
tion. In addition, the amount of calcium detected was
normalized using the proliferation results as well. After
a l-week incubation, many dark spots, presumably
calcium deposits, were observed on the collagen-coated
dish and other PEC films (Fig. 2). When NHOst were
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cultured on CM-PEC or HA-PEC, it was observed that
the NHOst aggregates were covered by the calcium
deposits. It was reported that a surface with carboxyl
group could induce calcium deposition after its incuba-
tion in simulated body fluid [27]. However, when the
PEC were incubated in the medium without NHOst, no
calcium deposition was detected. In addition, zeta
potential estimation suggests less carboxyl groups are
appeared on a surface of the PEC. These indicate that
calcium deposition occurred only on aggregated NHOst
but not on surfaces lacking NHOst. Therefore, normal-
ization is necessary to estimate the capacity of PEC films
to induce NHOst differentiation, although the raw
values of deposited calcium or ALP activity are low.
In fact, CM-PEC or HA-PEC films show a capacity to
induce NHOst differentiation comparable to the col-
lagen-coated dish and other PEC films, judging from the
normalized values of deposited calcium shown in the
table, even though the ratio of NHOst number on them
was only 6-8% of that on a collagen-coated dish. Their
ALP activities were, however, much lower than those on
the collagen-coated dish. Incubation of the PEC films
without NHOst for 1 week resulted in no calcium
deposition, irrespective of their composition, suggesting
that the PEC films themselves had no effect on calcium
deposition. Thus, enhancement of calcium deposition on
the PEC films may be ascribed to enhancement of
NHOst functions related to their differentiation even
though their ALP activity was suppressed. The reason
for this inconsistency observed between calcium deposi-
tion and ALP activity must be investigated further.
When sulfated polysaccharides were used to prepare
PEC films, proliferation of NHOst on the PEC films was
70-80% of that on a collagen-coated dish, and ALP
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activity was very similar to that on the collagen-coated
dish. This suggests that sulfated polysaccharide PEC
does not affect NHOst functions. Actually, there were
no statistical differences in the amounts of calcium
deposited between NHOst on the PEC and the collagen-
coated dish although NHOst on S-PEC showed higher
average calcium deposition. Thus, it is suggested that
the PEC films made from sulfated polysaccharides are
comparable substrates to a collagen-coated dish for cell
culture. When compared to a normal culture dish, it has
been reported that S-PEC can induce aggregation of
cultured human fibroblasts and enhance their DNA
synthesis in an earlier stage of cell culture by activation
of the ERK pathway [28]. Since we used a collagen-
coated dish as a control in this study, it is expected that
the pathway of NHOst on the dish may be already
activated through integrin molecules on the NHOst
membrane. Therefore, the results in this study suggest
the PEC from sulfated polysaccharides have a potential
to proliferate and differentiate NHOst very similar to
that of collagen.

To assess the effects of PEC films on cell function, gap
junctional intercellular communication (GJIC), which is
an important function of cells for maintenance of
homeostasis [17], of NHOst on the films were measured.
As shown in Fig. 4, GJIC of NHOst on PEC films did
not show statistically significant differences compared to
those grown on a collagen-coated dish. Although the
GIJIC of NHOst on CM-PEC showed a decrease after 1
day of incubation, it had recovered after 1 week. This
result suggests that most PEC films have the potential to
maintain homeostasis of attached cells although they
showed different influences on the number and the
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Fig. 4. Gap junctional intercellular communication activity of NHOst
on various PEC films estimated by FRAP analysis technique. (*<0.01
against control).
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differentiation of NHOst. On the other hand, NHOst on
chitosan, which was used as the polycation for all PEC,
showed suppression of GJIC after 1 week. This suggests
that chitosan disturbs homeostasis maintenance of
NHOst, but improve its biocompatibility by forming
PEC films with other anionic polysaccharides. There-
fore, PEC might be used as a biocompatible material for
medical devices and tissue engineering scaffolds.

4, Conclusion

PEC films composed of various polysaccharides were
prepared, and their effects on NHOst functions were
evaluated. Attachment, morphology, growth and differ-
entiation of NHOst were influenced by the composition
of the PEC on which they were grown. NHOst
attachment decreased and their aggregates were ob-
served on PEC prepared from polysaccharides contain-
ing a carboxyl group (CM- and HA-PEC). ALP activity
of NHOst was suppressed on these PEC films although
calcium deposition was observed more frequently than
on other PEC films. In addition, these PEC films
strongly suppressed proliferation of NHOst. PEC
prepared from phosphated chitin and chitosan (P-
PEC) showed low ALP activity and calcium deposition,
although the number of NHOst was highest after 1-week
incubation. These indicate unsuitability of these three
PEC for usage in tissue engineering. On the other hand,
NHOst adhered to and proliferated well on PEC films
when sulfated polysaccharides were used as the poly-
anion (S- and SHA-PEC). Moreover, these PEC films
showed almost the same suitability as the collagen-
coated dish in all cell functions studied, indicating that
these PEC films, especially S-PEC can be used as a
scaffold for bone regeneration. Further studies, espe-
cially in vivo studies, are needed to clarify the usefulness
of PEC films for tissue engineering.
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Abstract. The effects of the y-irradiatted PLLA on the osteoblasts and apatite formation were
investigated in vitro. The PLLA sheet was y-ray irradiated at the dose of 10, 25 or 50 kGy. The
mouse osteoblast-like MC3T3-E1 cells and normal human osteoblast NHOst cells were
micromass cultured on the PLLA sheet for 2 weeks, and then the proliferation and differentiation
of the cells were determined. The proliferations of MC3T3-El and NHOst cells hardly changed
with increasing irradiation dose. However, the differentiations of MC3T3-E1 and NHOst cells
increased with irradiation dose. On the other hand, the surface of the PLLA sheet after soaking in
" the medium without the cells was characterized by SEM, EDX, FT-IR and XPS. The
hydroxyapatite was formed on the surface of the PLLA sheet after soaking, and the amount of
hydroxyapatite increased with irradiation dose. In summary, the y-irradiated PLLA increased the
differentiation of osteoblasts and also increased apatite-forming ability even without the
osteoblasts. ‘The osteoblast differentiation was enhanced well in the apatite formation on the
surface of PLLA after the y-irradiation.

~ Introduction

Poly(L-lactide) (PLLA) has been well reported on a good osteocompatibility in vivo and in vitro.
The y-ray sterilized PLLA sample was implanted in vivo, and newly bone was formed around the
PLLA implant [1]. It was not clear whether there was the effect of y-irradiation on the formation
of newly bone in this result. However, it was the fact that y-irradiation decreased the molecular
weight and mechanical strength of PLLA [2]. On the other hand, PLLA fibers formed bone-like
apatite in a simulated body fluid [3]. It was reported that the apatite layer formed on the bioactive
glass increased the attachment and initial proliferation of osteoblasts [4]. If the apatite-forming
ability of PLLA is increased by y-irradiation, there may be a good influence on osteoblasts
cultured on the irradiated PLLA. Therefore, we clarified the effects of the y-irradiatted PLLA
sheet on the osteoblasts and apatite formation in vitro.

Materials and Methods

Materials. PLLA sheet with 0.3 mm thickness (Shimadzu Co., Japan) was y-ray irradiated at the
dose of 10, 25 or 50 kGy using ®Co as the radiation source. The weight average molecular weight
(Mw) of the unirradiated PLLA was 271,000 and the Mw’s of the irradiated PLLA’s at the dose
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