Systematic fabrication of nano-carbonated hydroxyapatite /collagen composites for hiomimetic bone grafts

their quantities are shown in figure 2. In lower collagen
content (1#), the plate-like nano-CHA (figure 2(A)) was
changed into needle-like CHA when the carbonate was slightly
increased, as illustrated in figures 2(B) and (C). When the
carbonated content reached 6.9% of 13#, the length of the
needle-like nanocrystals decreased significantly (figure 2(C)).
Moreover, the nCHA crystals assembled along the longitude
axes to a cerfain degree. This is the first time where
the effect of carbonate on nCHAC self-assembly is seen.
When the carbonated percentage is too high, the crystal
became spherical. which is shown in figure 2(D). When the
content of collagen increased to approximately 16% (2#), the
morphologies of the composites were drastically changed.
The crystalline sizes decreased tremendously, and this was
confirmed from XRD results. Another observation was that
the assembled units could be seen in composites with higher
collagen content such as those in 21# and 22# (figures 2(G)
and (H). black circles reterred). In figure 2(7). the deficient
crystals are prominently defined. As a result, the assembled
units were not clearly observable in 23# samples. From the
TGA results, the morphologies of the crystals (22# and 23#)
were contrasting despite the similar final carbonate content
present in these materials. It was only after the content of
collagen has reached a certain level that the self-assembly
of collagen and nCHA could be achieved. There could
be some relations with regard to the assembled unit in 2#
nCHAC composite and the short needle-like nCHA in 13#
sample. Generally, nCHA grows along the collagen fibril.
and when sufficient collagen is self-assembled into fibril
bundles, the mineralized fibril bundles subsequently appear
as an assembled unit. Likewise, for 1#, when the carbonated
content is exceedingly high, the formed 24# composite became
small spheres of nanocrystals, and their sizes were smaller
than those of 14#. In summary, the morphological results
may provide us with the perspicuity for designing biomimetic
apatites/collagen composites with optimized performances
according to the various clinical applications.

Conclusion

The nano-carbonated  hydroxyapatite/collagen (nCHAC)
composite was prepared via a biomimetic self-assembly
method by different collagen and carbonated incorporation.
With higher collagen content, lower crystal size of nCHAC was
obtained. With higher carbonate content, the plate-like crystals
of the composites gradually changed into needle-like crystals,
followed by short needle-like structures, eventually becoming
spherical particles. The microstructure of this composite with
a mineralized collagen fiber bundle similar to that of natural
bone was only seen when a certain combination of carbonate
and collagen components was present.
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ABSTRACT

Objective. The purpose of this paper was to investigate the in vitro biodegradation of a guided
tissue regeneration composite membrane, nano-carbonated hydroxyapatite/collagen/
poly(lactic-co-glycolic acid) (NnCHAC/PLGA). Especially for periodontal therapy, the functional
graded material (FGM) nCHAC/PLGA membrane was prepared that consisted of three lay-
ers with 8 wt% nCHAC + PLGA/4 wt% nCHAC + PLGA/PLGA, where one face of the membrane
is porous, thereby allowing cell growth thereon and the opposite face of the membrane
smooth, thereby inhibiting cell adhesion.
Methods. For evaluation, in vitro degradation specimens of nCHAC/PLGA were immersed into
artificial saliva solution at 37 °C for 1, 2, 4, 8 and 12 weeks to detect the weight loss over the
period, and set pure PLGA membrane as control to compare the degraded behaviors. pH
value and calcium concentration of the residual solution were measured, and morphology
change was investigated by scanning electron microscopy (SEM).
Results. During the experimental period in vitro, the whole shape of the membrane could
be kept for 4 weeks, after that it became powder at between 8 and 12 weeks, The results
demonstrated that weight loss increased continuously with a reduction in mass of 23.1%
after 4 weeks and 88% after 12 week for the nCHAC/PLGA three FGM layers composite mem-
brane. The calcium concentration in the residual solution showed a significant increase
after 4 weeks, which referred to the nano-carbonated hydroxyapatite degradation. More-
over, the pH value in the solution of the nCHAC/PLGA membrane was a little higher than
that of the pure PLGA membrane, which demonstrated the possible neutralization effect
from nCHAC composite for the acid outcome of PLGA in the sclution. The pore structure of
8 wt% nCHAC +PLGA was enlarged on the porous surface, while the nonporous surface of
pure PLGA also showed a small porous structure after increased time.
Significance. Degradation of the composite membrane is appropriate for practical periodontal
repair. Moreover, the new mineral formation on the surface of the composite membrane
referred to the possible positive effect in vivo for new bone tissue regeneration.

© 2006 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thin, reabsorbed polymer membranes have recently been
developed and tested in GTR applications, which comprise
either polylactic acid (PLA) blended with a citric acid ester
or a copolymer made of glycolide and lactide polymers
(PLGA). Polyesters can easily be processed into the desired
configuration, and physical, chemical, mechanical, and degra-
dation properties can be engineered to fit a particular need
[1]. They have low immunogenicity and toxicity, and their
excellent biocompatibility has also been demonstrated in
many biological systems [2-4]. They have found widespread
use in clinical medicine for bone fixation, surgical suture,
as a scaffold for tissue engineering, and for controlled drug
release [5-8|. Degradation properties are of crucial importance
in biomaterial selection and design. The rate of degradation
may affect a range of processes, such as cell growth, tissue
regeneration, drug release, and host response. These poly-
mers degrade directly to acid during the resorption process.
However, medical devices made from this type of reabsorbed
polymer membrane have been associated with an inflam-
matory response, which may be caused by the accumulation
of the acid of the degraded product. Most of the research
has focused on their degradation properties, but only a few
studies on the morphological changes of porous materials
[2-4]. Lu et al. even found the heterogeneous bulk degradation
of thin PLGA film in vitro in PBS. The differential morphology
of the porous inner layer and nonporous surface layer was
due to autocatalysis in the specimen center [9]. For porous
membranes of PLA and PLGA, the porosity and pore sizes were
mainly influenced by the molecular weight of the polymers
and the concentration of polymer solutions: the composition
ratio of the lactide and glycolide in the copolymer did not
significantly affect the porous structure [10].

In a previous work nano-HA/Collagen (nHAC) based com-
posite through the self-assembled co-precipitation method
was prepared similar to that of natural bone and to demon-
strate the high cell affinity and bioactivity in vivo [11-15]. In
order to increase resorption in vivo, nano-carbonated hydrox-
yapatite/collagen (nCHAC) composite was prepared at room
temperature [16]. This composite shows the same inorganic
phase of natural bone of nano-sized level and low degree
of crystallinity, and contains 2.8-14.7 wt% of carbonated con-
tent [16]. Many experiments show the high solubility of car-
bonated apatite in vitro and in vivo [17,18]. The HA phase
present in natural bone, dentin and enamel, respectively, con-
tains approximately 7.4, 5.6 and 3.5wt% of carbonate [19].
CHA materials have excellent biocompatibility and proper-
ties, which can be favorably compared with those of hard
tissue. As we know, higher carbonated minerals are in accord
with higher osteoconductivity and earlier bioresorption. In the
current study the authors selected nCHAC as the bioactive
component, PLGA as the barrier to prepare one novel three-
layered membrane comprising a pliable not brittle, substan-
tially cell-impermeable polymeric layer, a first cell-permeable
outer layer superimposed on a first surface of the outer
layer, and a second cell-permeable outer layer superimposed
on a second surface of the inner layer, opposite the first
face. The three-layered graded membrane, with one face of

8% nano-carbonated hydroxyapatite/collagen/poly(lactic-co-
glycolic acid) (nCHAC/PLGA) porous membrane, the opposite
face of pure PLGA nonporous membrane, the middle layer of
4% nCHAC/PLGA as the transition was prepared by a layer-
by-layer casting method. Then the three layers were well
combined with one another with flexibility and enough high
mechanical strength as a membrane, because the three lay-
ers all contained PLGA polymer that can be easily used for
practical medical application. This high biocompatibility and
osteoconductivity of this biodegraded composite membrane
was enhanced by the addition of nCHAC, for the same com-
ponent and nano-level crystal size with natural bone tissue.
The nCHAC material facilitates reliable bone regeneration by
inducing undifferentiated cells in the graft recipient site to
become osteoblasts and form new bone (i.e., stimulating cel-
lular transformation). The composite also supplied a ready
source of calcium for rapid mineralization. The barrier mate-
rial is easy to use during surgery and is completely biodegrad-
able, eliminating the need for second surgery to remove
the barrier material. This new mineralized collagen/PLGA
membrane is considered to have many medical applications
because of its flexibility, strong mechanical strength, easy
manipulation character, excellent biocompatibility and con-
trollable bioresorption. Such medical applications for repair-
ing periodontal defects, membranes for covering bone defect
surgery and for bone substitutes, skin wound repair and heal-
ing, skin sealing, and as a carrier for antibiotic, bone growth
factors, skin growth factors, and so forth.

Therefore, in this study, the authors concentrated on the
degraded ratio and the morphological changes in two different
surfaces of three-layered nCHAC/PLGA composite membrane
during degradation in vitro; one is the PLGA nonporous face
and the other is the nCHAC/PLGA porous composite face. By
comparing the different degradation behaviors of this com-
posite membrane to pure PLGA membrane with only the
same nonporous surfaces as control, the authors investigated
the effect of nCHAC addition during the 12 weeks degrada-
tion period. For this experiment, artificial saliva solution was
selected as the degradation media in vitro, not simulated body
fluid (SBF). There are two reasons: one is the direct application
guidance in the oral medical field, the other is the relatively
simple component in the solution, which is helpful for inves-
tigating the biodegradation mechanism. The artificial saliva
and SBF are both phosphate balanced solutions of about pH
7.4. Moreover, there is much research work on the apatite for-
mation on the several substrates in modified SBF, such as Ti,
Ti alloy, polymer, sintered hydroxyapatite, etc. [20-23). Little
attention has been paid to the reaction of biomaterials in arti-
ficial saliva solution, even in materials used in dentistry, Then
we can compare the different reactions of the biomimetic
material in SMF and artificial saliva solution, which may help
us to fully understand the reactions in vivo,

2. Materials and methods

2. nCHAC/PLGA FGM composite membrane
fabrication

Nano-carbonated hydroxyapatite/collagen composite
(nCHAC) was prepared by the biomimetic method, which
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has been reported previously [16]. Briefly, Type 1 atelocollagen
gel (2 wt%, Koken Company, Japan) was added to 0.5M acetic
acid. Then solutions of CaCl, and H3PO4 (Ca/P=1.66) were
gradually added separately through respective tube pumps
and after stirring for 1h, the solution of NazCOj3 (mol ratio of
C032-/PO43~ =3), was gradually added. All chemical reagents
were of especially pure quality for research from Kanto
Chemical Co. Inc., Tokyo, Japan. Then it was stirred, titrated
with sodium hydroxide to pH 9 at room temperature. After
aging the solution for more than 2 h, the nCHAC material was
harvested by centrifuging and freeze-drying. The second step,
the nCHAC/PLGA composite membrane with three graded
layers was prepared by the following method, which has
previously been reported [24]. Three 5g units 75/25 PLGA
(0.72dV/g inherent viscosity, Absorbable Polymers Interna-
tional, USA) were dissolved successively by stirring into 20ml
chloroform. The first solution was for Layer 1. The second one
was added to 0.2 g nCHAC prepared above, and ultrasonically
mixed for Layer 2. The third one was added to 0.4g nCHAC
prepared above, and ultrasonically mixed for Layer 3. 1ml of
the first solution was poured into a glass Petri dish, allowed
to sit for 30 min at room temperature, which was sufficient
to form into Layer 1. Then 1ml of the second solution was
poured into Layer 1 wherein the surfaces bounded by Layer
1 formed Layer 2. 30min later, 1ml of the third solution
was poured into Layer 2 wherein surfaces bounded by Layer
1 formed Layer 3. Then the three-layered membrane was
transferred to a vacuum air pump (5 x 10~ * mmHg) for 2 days
at room temperature. We selected pure PLGA membrane only,
with Layer 1 as control.

2.2.  In vitro degradation

After 4h UV light sterilization (30W, 253.7 nm, DM-5 Navis
Cabinet Sterilizer), the rectangular material samples of known
weight (Wo) were transferred into tubes filled with 50 ml artifi-
cial saliva solution (20 mmeol/1 NaHCO3, 3 mmol/l NaH;PO4 and
1 mmol/1 CaCl,, pH 7.4) [25], which were then placed into an
incubator. Artificial solution was used instead of the simulated
body fluid which specially referred to the oral environment
for application, and was more simple for the analysis of the
mechanism. The incubator was set as 37 °C. The experiment
was conducted for 1, 2, 4, 8 and 12 weeks.

2.3 Characterization

At each time interval, samples were removed from the solu-
tion, washed with distilled water and air-dried overnight. The
overall appearance was recorded by digital camera. The corre-
sponding dry weight (Wt) was recorded prior to further analy-
sis of the samples. The accuracy of the weight measurements
is 0.1 mg measured by Electronic Balance (AEG-320, Shimadzu
Co. Japan).

Wo - Wt

Weightloss (%) = Wo <100

At the same time, the pH value of the residual solution
was measured using a pH ion meter at room temperature
(25°C, Accuracy +0.01, IM-55G, Toadkk Co., Japan). The cal-
cium concentration of the residual solution was measured by

an Inductively Coupled Plasma Atomic Emission Spectrome-
ter (HITACHI ICP P-4010, Japan). All studies were performed in
triplicate. Values are expressed as mean + standard deviation
(n=3). Data were analyzed by t-test with the level of signifi-
cance set at 5%.

Changes in the two surface morphologies of the membrane
during in vitro degradation were evaluated by field emission
scanning electron microscopy (FESEM) (Sirion 200, FEI Com-
pany, USA) after coating the air-dried samples with gold using
an electronic beam (2.5kV).

3. Results

Fig. 1 revealed the weight loss percentage of the nCHAC/PLGA
three-layer membrane and the PLGA one-layer membrane.
Almost in the same ratio, the composite membrane is a little
slower than the PLGA membrane through the straight linear
fit in the 12-week period, and at the 1st and 12th weeks, there
were significant differences. At 4 weeks, the average ratio of
composite membrane is about 23.1%, while 30.7% for the PLGA
membrane. Then until 12 weeks, the average ratio of compos-
ite membrane is about 88%, with 98.9% for the PLGA mem-
brane. The main control of this composite for degradation is
the polymer component—PLGA. The addition of the nCHAC
component would slightly slow the degradation process, but
the porous structure of the composite membrane would speed
the degradation process. Moreover, the gross appearance of
the composite membrane changed over time during degrada-
tion as shown in Fig. 2. The initially transparent membrane
became whitish due to water absorption. The membranes
became more stiff and brittle after placement in the solution.
Their bulk shape remained almost intact up to 4 weeks, after
that it became powder at the 8th week, and almost nothing
at week 12, which corresponded to the result of weight loss
during the degradation period in Fig, 1. At 3 months, the three

® PLGA one layer membrane

100 + &+ nCHAC/PLGA three FGM layers membrane

— Linear Regression of PLGA P
Linear Regression of n"CHAC/PLGA A&

Weight Loss percentage (%)
3
-
\\
E N\

40 ,/" +
e '
S 1
204 % -
}/"
u Z T T 4 T N T T
1] 2 4 6 8 10 12

Degraded Time (week)

Fig. 1 - The weight loss of the two membranes:
nCHAC/PLGA, three FGM layers membrane (linear
regression: Y =6.93367 x X) and pure PLGA one layer
membrane (linear regression: Y=7.35939 x X). The
significant difference point between the two membranes
was shown as P> 0.05.
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Fig. 2 - The gross appearance of the nCHAC/PLGA composite membrane during degradation: (a) 0 week; (b) 1 week; (c) 2

weeks; (d) 4 weeks; (e) 8 weeks; (f) 12 weeks, 10 mm.

FGM layers nCHAC/PLGA composite membrane were almost
completely degraded, which is within the range for periodon-
tal healing.

While in the non-change solution at a different point, it
showed significantly different values at 8 and 12 weeks, both
for calcium concentration and pH value as shown in Fig. 3.
The distinct increase in calcium concentration may refer to
the nano-carbonated hydroxyapatite dissolved in the solu-
tion, which compares with the no distinct change in the pure
PLGA group. The polymer membrane and three-layer com-
posite membrane all became more acidic after 4 weeks. The
average pH values of the composite membrane group are a lit-
tle higher than those of the pure PLGA polymer membrane,
although there is no significant difference. Here, after adding
the nCHAC composite, it may help to decrease the pH change

180 T T T 10

—e— Pure PLGA membrane
1604 —4— Three layers nNCHAC/PLGA membrane
1404 8
120 4 *ﬁj"*"**
100

80 4

enjea nd

60 -

40+

20

Ca Concentration in solution (ppm)

04 —0—é——

T T T

0 2 = 8 8 10 12

Degrade Time (week)

Fig. 3 - The calcium concentration and pH value changes
during the degradation of two membranes: nCHAC/PLGA
three FGM layers membrane and pure PLGA one layer
membrane. The significant difference point between the
two membranes is shown as 'P>0.05.

in vivo for the body liquid transfers all the time, although no
other scientific proof of the nCHA dissolution has been pre-
sented to-date.

Then the microstructure changes of the membranes in
the whole degradation period were investigated. For the
pure PLGA membrane, the micro pore formed in a week
with small amounts of debris at 4 weeks, which could
be seen by SEM. The pore sizes at 1, 2 and 4 weeks
were 0.65+0.64pm, 7.64+586pm, 7.70+5.80 pm, respec-
tively, from the SEM image calculations (n=10). For the three-
layer composite membrane, two different sides of the compos-
ite were observed, the side of pure polymer became unsmooth
at 1 and 2 weeks (Fig. 4(a and b)). The circle pore then
appeared and the quantity of pores is very high as shown in
Fig. 4(c). At 4 weeks, the pore became larger and the number
of pores increased. For the porous surface of the nCHAC/PLGA
side, there were large pores and small pores at microme-
ter level which appeared in the 1st week (Fig. 5(a)). In the
enlarged pore structure, the micro-pores could be detected
at nanometer level. The following increased pore size and
new pore appearance could be seen (Fig. 5(b and c)). The
pore sizes at 1, 2 and 4 weeks of the porous surface of the
nCHAC/PLGA side were (6.7 £3.7) x 10 um, (9.0+2.2) x 10 um,
(1.4+0.2) x 10? um, respectively, from the SEM image calcu-
lations (n=10). At the same time, the interface between the
nCHAC and polymer became porous, not tight (Fig. 6). At 2
weeks, the porous structure was kept on. The polymer on
the surface of the nCHAC crystal gradually disappeared. Com-
pared to the 1-week samples, the mineral crystal was seen
more clearly and was smaller in size. The combination of
nCHAC and polymer changed to a porous scaffold shape. A
unique phenomenon appeared on the surface in the 2-week
sample (Fig. 7). A hemispheroid and hollow cutting mineral
formation consisted of small plate-like, nano-mineral crys-
tals. The authors tentatively suggest this to be nano-apatite
crystal, which needs more scientific experimental proofin the
future.
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Fig. 4 - The morphological changes of the nonporous side

on the nCHAC/PLGA three FGM layer membrane observed Fig. 5 - The morphological changes of the porous side on

by SEM: (a) 1 week; (b) 2 weeks; (c) 4 weeks. the nCHAC/PLGA three FGM layer membrane observed by
SEM: (a) 1 week; (b) 2 weeks; (c) 4 weeks.
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Fig. 6 - The morphological changes of the porous surface
on the nCHAC/PLGA three FGM layer membrane observed
by SEM: (a) 1 week; (b) 2 weeks; (c) 4 weeks, especially on
the nCHAC particles change.
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Fig. 7 - The new nano-apatite formation on the porous
surface of the nCHAC/PLGA three FGM layer membrane at 2
weeks observed by SEM, (b) enlarged central part of (a).

4, Discussions

This study was designed to measure the changes in sample
weight, calcium apatite degradation, pH value and morphol
ogy of a new three-layered membrane over a 12-week period
of in vitro degradation in artificial saliva solution to deter-
mine its possible application for guided tissue regeneration.
Specifically, with the addition of nCHAC, positive effects were
demonstrated, and the two different surfaces of the mem-
brane showed the different changes in morphology

The pure PLGA membrane, as control group, took about
12 weeks for full degradation in vitro. This is consistent
with results published by other investigators using different
specimen configurations. From the research report of Ram-
chandani et al. [26], the average degradation for PLGA 85:15
was =26 weeks and that for PLGA 50:50 was 6-8 weeks,
which is the same as early in vivo degradation studies on a
series of PLGA copolymers: the degradation ratio was found
to increase as PGA <PLA100<PLA75GA25<PLASOGASO<PLA
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25GA7S [27,28]. These copolymers were bioabsorbed through
hydrolysis returning them to their original components, which
are subsequently expelled from, or assimilated into, the body.
The in vivo longevity of a particular copolymer is a function
of its molecular weight combined with the ratio of its lactide
and glycolide components. In general, the rate of hydrolysis
decreases with increasing lactic acid imposition. In the current
study the PLGA copolymer ratio 75:25, as the main compo-
nent, was selected for the composite membrane, which can
control the potential degradation time of the membrane. With
the help of degradation experiments in vitro, the quantitative
values for the degradation of this composite were obtained
in 12 weeks. The composite maintained the bulk structure
throughout the 4-week experimental period, although the
weight loss of this membrane was about 23%, which is the
essential condition for initial new tissue ingrowth and con-
tinuous growth with the following degradation. Compared to
the former nHAC/PLA porous scaffold composite for bone sub-
stitutes, its in vivo degradation is about 30% in 4 weeks, but
only 40% in 10 weeks, which is mainly based on initial degra-
dation of nano-HA crystals and collagen fibrils and the slow
degradation ratio of PLA polymer in the later period [29]. From
the experimental degradation results, the nCHAC/PLGA three-
layered membrane is appropriate for the repair of periodontal
defects.

The outcome of PLA or PLGA degradation leads to a
decreased pH value in the microenvironment [30,31]. Then
the addition of nano-hydroxyapatite/collagen or more eas-
ily degraded nano-carbonated hydroxyapatite/collagen in the
polymer is favorable for two reasons: first, it increases the
bioactivity of the material and second, it compensates for a
long-term pH decrease that usually occurs during the degra-
dation of polyesters, the same as Epple’s idea on addition of
calcium carbonate and calcium phosphate into PLA or PGA
polymer [32,33]. In the results of the current study, the slightly
neutralizing effect is shown after 4 weeks. The other impor-
tant factor is the significant increase of calcium concentra-
tion in the solution after 4 weeks, which demonstrated that
degradation of nano-carbonated hydroxyapatite along the pH
value decreased. This biomimetic composite could easily be
resorbed by cells and/or dissolved in body fluids because it has
a porous structure in one surface and was made of CHA nano-
crystals, collagen nano-fibrils and PLGA polymer. Because
biodegradable synthetic polymers are relatively hydrophobic,
hybridization with collagen or mineralized collagen improved
the wettability [34,35]. Due to the good wettability of this com-
posite, the rapid increase in weight loss happened in the first
few days. Murphy and Shin et al. [21,36] even reported that the
mineralized surface formation on a PLGA scaffold in higher
ion concentration simulated body fluid, especially phase size
of minerals in 2.00 x SBF is lower than that in 0.75-1.75 x SBF,
after 16 days incubation. In agreement with observations in
the current study, there is also new mineral formation only
on the porous surface of composite membrane at 2 weeks.
The plate-like nano-apatite assembled into a half spherical
structure, is different to the result of other experiments for
mineralized substrates, Whether or not, the high Ca?* and
H;PO4~ ions play a key role for new mineral formation on the
PLGA surface in vitro. Theion source may be very important for
bone mineral regeneration in vivo, the possible quick mineral

formation at defect sites could be achieved after the composite
membrane implantation. Of course, in the future, more inten-
sive research is needed on mineralization in artificial saliva
solution.

The special graded structure of the nCHAC/PLGA mem-
brane is one surface that provides an open porous structure
of void spaces capable of accommeodating tissue ingrowth
while the opposite surface of pure PLGA provides a cell-bartier.
Changes in the morphology of porous pure PLGA polymer
under 40% and 100% humidity was investigated by Kim et al,,
and the porosity and pore size of the membranes decreased
somewhat with time [10). Moreover, as the composition ratio
of lactide to glycolide in the copolymer decreased, the struc-
tural changes became severe. While in the current observa-
tions of the morphology changes at the pure PLGA surface,
nonporous became a distinctly micro-porous structure at the
4th week. Before that time the appearance of the surface is
still smooth. For the initial porous surface of the nCHAC/PLGA
membrane, the new micro-pores appeared and initial pore
size increased during the degradation period. The micrometer
level pore size is essential for cellular adaptation and sufficient
nutrient permeation [37-39]. The increased porous structure
of the membrane is helpful for cell ingrowth and new bone for-
mation. During the increase in pore size, the nano-CHAC/PLGA
particles also changed. For the disappearance of the surround-
ing polymer layer, the nCHAC could directly degrade into the
solution, which is in good agreement with the former calcium
concentration results.

Current studies showed that the nCHAC/PLGA graded
membrane could be some of the most promising materials
for guided tissue regeneration for their excellent biocompati-
bility, biodegradability and availability. Subsequent work is in
progress on in vivo degradation plus animal implant experi-
ments. Moreover, in vitro new mineral formation is needed to
investigate the mechanism and other aspects in detail in the
future, which may help the understanding of in vivo mineral-
ization.

S. Conclusions

The in vitro biodegradation of nano-carbonated hydro-
xyapatite/collagen/poly(lactic-co-glycolic acid) three-layered
membrane was studied. The degradation rate of the compos-
ite membrane is a little slower than pure PLGA membrane,
but both almost fully degraded in 12 weeks. After 4 weeks,
the nano-carbonated hydroxyapatite degradation was caused
by the significant increase of calcium concentration in the
residue solution. The membrane bulk could be kept for 4
weeks which is essential for supporting sufficient space for
periodontal repair in vivo. The pore of 8 wt% nCHAC + PLGA
surface was enlarged and increased on the porous surface,
while on the nonporous surface of pure PLGA small porous
structures also appeared during the increasing degradation
period.
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Abstract

Inspired by self-assembly of nano-hydroxyapatite (nHA) on collagen associated with the 67 nm periodic microstructure of collagen,
we used multi-walled carbon nanotubes (MWCNTS) with approximately 40 nm bamboo periodic microstructure as a template for nHA
deposition to form a nHA-MWCNT composite. The assembled apatite was analyzed by transmission electron microscopy and scanning
electron microscopy. Defects that were analogous to edge dislocations along the carbon nanotubes” multi-walled surfaces were the nucle-
ation sites for nHA after these defects had been functionalized principally into carboxylic groups. Spindle-shaped units consisting of an
assembly of near parallel, fibril-like nHA polycrystals were formed and oriented at a certain angle to the long axis of the carbon nano-
tubes, unlike nHA-collagen in which the nHA is oriented along the longitudinal axis of the collagen molecule. One possible explanation
for this difference is that there are more bonds for calcium chelation (-COOH, >C=0) on the collagen fibril surface than on the surface
of MWCNTs. Spindle-shaped units that are detached from the MWCNT template are able to maintain the ordered parallel structure of
the nHA polycrystal fibril. We have thus created a self-assembled hydroxyapatite on MWCNTs.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Carbon nanotubes; Nano-hydroxyapatite; Bioinspired: Self-assembly: Collagen

1. Introduction

Various models have been designed to simulate the col-
lagen mineralization process from the gene to the peptide
level using a range of materials from natural extracellular
matrix to synthetic polymers. Such investigations aim to

" Corresponding author. Address: Nanoscience and Nanotechnology
Iniuative, Division of Bioengimeering. Faculty of Engineering. National
University of Singapore, Singapore 117576, Singapore. Tel.: —+65
65164272; fax: +65 67730339.

E-mail address: biehaos@nus.edu.sg (S. Liao).

study the basic mechanisms of biomineralization. More-
over, insights and understanding of these mechanisms will
enable better design and fabrication strategies for nano-
composites to be used for hard tissue (bone and teeth)
repair and replacement [1-8]. Zhang focused on fabricating
self-assembling peptides and protein nanofibers. He
showed that surfactant-like peptides (~2 nm in size) could
self-assemble into nanotubes with a diameter of ~30-
50 nm, which then formed an interconnected network
similar to that observed in carbon nanotubes [3]. Stupp
and colleagues developed a peptide-amphiphile model to
study the self-assembly and mineralization mechanisms.

1742-7061/8 - see front matter © 2007 Acta Matenalia Inc. Published by Elsevier Ltd. All rights reserved.
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After cross-linking the peptide-amphiphile fibers, Stupp
et al. were able to direct mineralization of hydroxyapatite
(HA) to form a composite material in which the crystallo-
graphic c-axes of HA were aligned along the long axes of
the fibers. This alignment is similar to that observed
between collagen fibrils and HA crystals in natural bone
[4]. However, this model does not simulate higher-level
assembly. Because the micro-macro hierarchical structure
is not modeled, it is not possible to infer realistic gross
mechanical properties.

Since the discovery of fullerenes and carbon nanotubes,
the unique structure-dependent electrical and mechanical
properties of carbon structures have been the subject of
extensive research [9]. Potential applications include nan-
odevices, nanosensors, ultra-high-strength engineering
fibers, etc. To optimize the use of carbon nanotubes
(CNTs) in these applications, a number of strategies have
also been developed for the surface modification of CNTs
by functional groups and functional-group-anchored nano-
particles [10-12]. It has demonstrated that open-ended sin-
gle-walled carbon nanotubes (SWCNTSs) can be solubilized
in organic solvents, and can be further derivatized by the
adsorption of hydroxystilbene fluorophore onto the carbon
surface via ester coupling [12]. Mixed-monolayer-protected
Au clusters can be strongly adsorbed onto the carbon sur-
face. SWCNTs that are prepared via alumina-membrane
synthesis and filled Pt/Ru nanoparticles can act as an elect-
rocatalyst for methanol oxidation and oxygen reduction
[13]. Han et al. reported a simple and effective method
for preparing alkanethiolate monolayer-capped gold nano-
particles on multi-walled carbon nanotubes (MWCNTs) by
molecularly mediated assembly [14]. In yet another demon-
stration of the self-assembly capability of CNTs, Rosca
et al. [15] and Li et al. [16] showed that after prolonged
nitric acid oxidation, the fragmented MWCNTs aligned
themselves into areas of parallel nanotubes, and had the
tendency to self-organize into aligned nanotube ribbons.
There has also been a tremendous interest in taking advan-
tage of the unique properties of CNTs for promising bio-
logical applications. MWCNTs are capable of being
shaped into three-dimensional (3-D) architectures, giving
rise to the possibility of using this material as a new form
of scaffold for tissue engineering [17]. In view of the high
surface area/volume ratio, structure periodicity and molec-
ular affinity, we studied the feasibility of using MWCNTs
as a template for the fabrication of assembled nano-
hydroxyapatite (nHA). A comparison of the mechanism
of mineralization of this template with the mineralization
of collagen fibers may help develop a more rational design
strategy for biomimetic materials for hard tissue repair. We
hypothesize that the unique microstructure of certain
MWCNTs with bamboo periodicity can direct the nano-
sized apatite assembly via an aqueous solution reaction.
The dislocations on the surface of these CNTs can serve
as sites for nucleation of HA after the MWCNTs are func-
tionalized by carboxyl groups or other groups for calcium
chelation [15,18-20]. We also compare the mechanism of

in vitro mineralization of the collagen fibril unit with that
of CNTs with and without carbonate. By studying the
capability of CNTs to promote assembly and mineraliza-
tion, it is possible to gain insights in new self-assembling
mineralization systems.

2. Materials and methods

Non-carbonated nHA and carbonated nHA were pre-
pared for comparative studies using MWCNTs and colla-
gen as nucleation templates. MWCNTs with bamboo
structures provided by Nanolab Inc. (USA) as shown in
Fig. la were grown by chemical vapor deposition. They
have a diameter of 20-40 nm, and an average length of
5.0 um. The purification procedure for MWCNTs was as
follows: First, MWCNTs were heated to approximately
773 K for 90 min under atmospheric conditions. Next, the
cooled MWCNTSs were transferred into a flask containing
6 M HCI and treated at 333 K for 2 h to remove residual
metals and metal oxides. The acid solution was filtered
using a polytetrafluoroethylene membrane filter with a pore
size of 0.2 um. The filtered cake was rinsed out with double-
distilled water and subsequently dried at 333 K for 12 h.

The above-purified MWCNTSs were added to 0.5 M ace-
tic acid. Solutions of 0.5 M CaCl, and 0.5 M H PO, (Ca/P
= 1.66) were gradually added through separate tube pumps
and the mixture stirred for 1 h. The mixture was then sep-
arated into two equal portions. A solution of NaCO;
(molar ratio of CO; /PO; = 3) was gradually added to
one of these portions. Both portions were stirred for
30 min, and then titrated with sodium hydroxide to pH 9
at room temperature [21]. After aging the solution for
2h, two types of materials, namely nHA/MWCNTs
(nHAM) and nano-carbonated HA/MWCNTs (nCHAM)
were harvested from each of the portions by centrifugation
and freeze-drying.

The above process was repeated with type I atelocolla-
gen gel (2 wt.%, Koken Company, Japan) to make nHA/
collagen (nHAC) and nano-carbonated HA/collagen
(nCHAC) in a similar manner.

X-ray diffraction (XRD) analysis was performed in a
Rigaku/Multiflex diffractometer using Ni-filtered Cu Ka
radiation, in the 26 range of 10°-80° at a scan rate of
2°min "', with a sampling interval of 0.02°. Data were ana-
lyzed by the accompanying MDI JADES software [22] The
diffraction peak broadening due to small crystallites can be
semi-quantitatively estimated from the Scherrer equation:
Bij2 = (Ki)/(Dcos ) [23]. B2 is the full-width at half max-
imum in 26 and this is automatically calculated by the MDI
JADESG software. K is a constant that we set to 1, A is the
X-ray wavelength in Angstroms, D is roughly the average
crystallite size and the # is the diffraction angle of the cor-
responding reflex.

A Raman spectrometer (Dilor Jobin Yvon Spex, Group
Horiba) was also used to evaluate the samples.

The carbonated weight percentages were measured using
thermogravimetric analysis (TGA) (Rigaku Thermoflex
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Fig. 1. {a) TEM of nanoscale bamboo structure in MWCNTs. The periodic structure of the bamboo is about 39.6 + 11.8 nm (#=15). (b) SEM
micrographs of nHAM. The spindle unit is about 300 nm long. (¢) Network of MWCNTSs with nHA shown in region A of (b). Arrows 1 and 2 refer to the
nHA attached to MWCNTSs, arrow 2 denotes a relatively large nHA spindle unit. Dashed arrows refer to a small nHA spindle unit. (d) TEM analysis of
area corresponding to region B in (b). Arrow 3 shows assembly of pure nHA and arrow 4 shows a small spindle unit of nHA. Arrows 2 and 3 indicate the
same level spindle unit of nHA crystals. SAED of arrow 3 referring to a bundle of apatite is shown at the top left corner. This SAED demonstrates the

orientation of the nHA phase.

TG8110/TAS100). Samples were heated at room tempera-
ture to a maximum temperature of 1000 °C at a heating
rate of 10 °C min ', As in natural bone, the weight per-
centage of water content, organic material (mostly colla-
gen), carbonated apatite and residual mineral (calcium
phosphate) of the sample can be determined by the three
stages of weight loss during the heating process [24.25].

To prepare samples for transmission electron micros-
copy (TEM), a drop of the aged reaction solution prior
to the freeze-drying step was placed on a carbon film-sup-
ported copper grid. After air-drying, the sample was
observed on a Hitachi-800 microscope at 150 kV. The
freeze-dried samples after gold coating were observed by
field emission scanning electron microscopy (FESEM) (Sir-
ion 200, FEI Company, Delaware, USA).

3. Results

The periodic length of a typical MWCNT is approxi-
mately 40 nm (Fig. la). SEM micrograph observations
(Fig. 1b) showed that assembled nHA was associated with
MWCNTs. In general, the nHA was self-assembled into
spindle-shaped units (Fig. 1b-d) of varying sizes. For
example, the spindle-shaped units in region A of Fig. 1b
are much smaller than the spindle-shaped units in region
B. It is also observed that those spindle-shaped units that
are still attached to MWCNTs (dashed arrow in Fig. 1¢)
are smaller than those that are detached from the
MWCNTs (Fig. 1d, arrow 3). Occasionally, smaller spin-

dle-shaped units were observed to be detached from
MWCNTs (Fig. 1d, arrow 4). Selected area electron dif-
fraction (SAED) of the apatite domain (Fig. 1d, arrow 3,
referring to the apatite bundle) revealed that the spindle-
shaped units were oriented in the same direction as the
c-axes of nHA. This is highly suggestive that the spindle-
shaped units are formed from an assembly of near-parallel
nHA polycrystal fibril. In general, the spindle-shaped units
that are detached from MWCNTSs are larger than those
spindle-shaped units that are still attached to MWCNTs.
The initiation and crystallization phases are continuous
processes, which start and terminate randomly at the differ-
ent sites, and result in spindle-shaped units that vary in size
from different regions depending on the local conditions.
The detached spindle-shaped units are not only larger but
also tend to be more uniform in size.

In this case, the spindle-shaped units tend to orient at an
angle of 45° (44.8 + 3.2°, n = 5) with respect to the longitu-
dinal axis of the MWCNTs (Fig. 2a and b). The HRTEM
image of the HA crystal on the surface of the MWCNTs
revealed an apatite lattice spacing of 0.344 nm, correspond-
ing to the (002) lattice plane of HA (Fig. 2b). As such, the
angle between the MWCNT longitudal direction (white
arrow) and the formed nHA c-axis (black arrow of crystal
1) was about 45° in this position. The three nHA crystals
(1, 2 and 3) in Fig. 2b indicated that each nHA fibril was
in a polycrystalline phase consisting of many connected
small nHA crystals (Fig. 2a). Crystals 2 and 3 showed dif-
ferent directions to crystal 1 as denoted by the black
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Spindle-slr{pr unit

Nuno- ril —

Fig. 2. Directional relationship of nHA and MWCNTs. HA polycrystal
fibrils are arranged in parallel to form spindle-shape units that are onented
at an angle relative to the longitudinal axis of CNTs. The white arrow
refers to the longitudinal direction of the MWCNTSs; the black arrow
refers to the orientation of the long axis of nHA [002]. (a) TEM image
from Fig. lc. (b) HRTEM image of nHA/MWCNT. The crystal lattice
spacing was 0.344 nm, corresponding to the (002) surface of HA. The
angle between the nHA and the MWCNTSs was about 45°. Nos. 1. 2 and 3
indicate three HA nanocrystals, as part of a nHA polycrystal fibnl.

arrows. This interpretation is also consistent with the typ-
ical SAED pattern in Fig. 1d.

A comparison between nHA derived from collagen tem-
plates and those derived from MWCNT templates revealed
that low-level assemblies consisting of spindle-shaped units
were similar in size and shape (Fig. 3a and b). Typically,
these spindle-shaped units are more than 300 nm in length
and about 60 nm in width. This microstructure may be due
to the over-growth of HA on the templates (collagen or

MWCNTs) provided that there is sufficient space for con-
tinuous growth.

Carbonate can be incorporated into nHA using the bio-
mimetic method described here. The XRD spectra (Fig. 4)
showed that all four materials (nHAC, nHAM, nCHAC
and nCHAM) were nHA, except for nHAM, which con-
tained micrometer levels of brushite impurities. Brushite
is not usually seen when collagen is used as a template
because the abundance of nucleation sites and the spatial
structure of collagen molecules limit excess growth of
nHA and brushite formation. Using software to calculate
the peak of [002] in the X-ray data spectra, the average
crystal size of each material (nHAM, nCHAM, nHAC,
nCHAC) was 41.93 £4.70, 16.32 +2.92, 26.61 £ 16.33
and 11.61 £+ 0.52 nm, respectively. Without the addition
of carbonate during preparation, nHAM and nHAC both
produced an apatite phase that was larger than those in
nCHAM and nCHAC. This is consistent with the TEM
observations. From the TEM results (data not shown),
the carbonated nHA in nCHAC and nCHAM in general
are less than 100 nm in length. The carbonated nHA

Brushite MWCNT CHA
¢ © [ E)

e © (a) nHAM
! (b) nCHAM

(¢c) nHAC

%8 ) ncHAC

f T T v T T T T 1

10 20 30 40 50 60 70 80
26 (degree)

Fig. 4. XRD spectra of (a) nHAM. (b) nCHAM., (c) nHAC and (d)
nCHAC. Except for (a). the others are nano-carbonated HA phase
without any impurities. (a) is nano-carbonated HA with brushite. From
the calculation of the peak of [002] in the spectra. the HA average crystal
size for each matenial was 41.93 +=4.70, 16.32 +2.92, 26.61 = 16.33 and
11.61 + 0.52 nm. respectively. The carbonated HA phases in (b) and (d)
were both smaller than those of (a) and (c).

O0nm
e

Fig. 3. Spindle-shaped units of apatite co-precipitated with (a) collagen and (b) MWCNTs are of similar size. Each unit 1s greater than 300 nm in length

and 60 nm in width.
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(nCHAC and nCHAM) is relatively smaller than the non-
carbonated nHA (nHAC and nHAM). In addition to
reducing crystal size, carbonation also causes a reduction
in tendency to self-assemble into spindle-shaped units,
especially when mineralization is carried out with
MWCNTs. As a result, only a few of the nCHAC polycrys-
tal fibrils were oriented in a parallel fashion, and in
nCHAM there was no distinctive parallel orientation of
the polycrystal fibrils. TGA results showed that the carbon-
ate content found in the four materials (nHAM, nCHAM,
nHAC, nCHAC) was 4.9%, 7.1%, 4.8% and 7.1%, respec-
tively. The detection of carbonate in nHAM and nHAC
is probably due to the absorption of atmospheric carbonate
during the preparation process. These results also mean
that a slight increase in carbonate content in the compos-
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Fig. 5. Raman Spectra of (a) nHAM. (b) nCHAM. (¢) nHAC and (d)
nCHAC. After replacing MWCNT with collagen. the distunct peaks of
amude and C-H were seen. Phosphate was seen in all four spectra, but the
phosphate bands in (c) and (d) were higher than those in (a) and (b). In the
enlarged portion of (a) and (b). D and G modes are indicated in the upper
part of spectra. This is a significant D-mode peak consisting of two sub-
peaks. Comparing D-mode peaks of (a) and (b). peaks did not shift
significantly (about 1405.775-1370.592 ¢m '), and hence this was assigned
as the disorder-induced D mode. The D-mode peak is attributed to a finite
particle size effect or lattice distortion, such as defects in the curved
graphite sheets, tube ends or bamboo structures. On the other hand. the G
mode in the two spectra did not show any significant peaks. which is a
characteristic of graphite sheets.

ites is associated with a significant decrease in the crystal
size regardless of the type of template used.

In order to detect the interaction between the templates
and nHA, we compared the four composites by Raman
spectroscopy (Fig. 5). In the enlarged portion of the graph
for nHA prepared with MWCNTs, the D and G modes are
shown. The D mode has a significant peak, which is made
up of two sub-peaks. Comparing the D mode of nHAM
and nCHAM, there was no significant shift in the peaks
(from 1406 to 1370 cm '), and hence this was assigned as
the disorder-induced D mode. The D-mode peak is attrib-
uted to a finite particle size effect or lattice distortion, such
as defects in the curved graphite sheets, tube ends or finite
size crystalline domains in the nanotubes (nanobells or
bamboo structures), etc. [26.27]. The G mode in both spec-
tra occurred at about 1600 cm ', The G mode also did not
display any obvious peaks, which is a characteristic of
graphite sheets. However, after replacing MWCNT tem-
plates with collagen, distinct peaks of amide and C-H were
observed in the spectra.

4. Discussion

It is demonstrated that nucleation and growth of nHA
can be initiated by MWCNTs. Raman spectra of nHAM
revealed large quantities of surface defects around the
MWCNTs. HRTEM of MWCNTs reveals a class of
defects analogous to edge dislocation in a crystal [28].
These defects are sites for nucleation and growth of nHA
crystals. We suspect that when the aggregations of nHA
polycrystal fibril forming the spindle-shaped units reach a
sufficient size, these spindle-shaped units become more sus-
ceptible to detachment from the MWCNTs. Such specula-
tion is consistent with the observation that detached
spindle-shaped units tend to be larger. As a result, we pos-
tulate that once the spindle-shaped units have reached a
sufficient size, they are detached from the MWCNTs, pos-
sibly due to the agitation from stirring, and once detached,
the assembly process terminates.

Some investigators reported that several weeks are
required for sufficient mineralization to occur if simulated
body fluid (SBF) or modified SBF is used [8,29]. There is
no apatite formation with CNTs using standard SBF or
PBS unless F ions are added and the phosphate concentra-
tion is increased [30]. These findings are analogous to our
experience that CNTs are not as strong a template as col-
lagen in inducing formation of nHA crystals. However,
in the method described here, using a mixture of calcium,
phosphate and carbonated ions. mineralization can be
achieved in less than a day.

In natural bone, collagen fibrils consist of self-assembled
collagen triple helices. Along the long axis of collagen, the
quarterly staggered pattern produces a 67 nm long periodic
structure with 40 nm hole and 27 nm folded part. The holes
provide sites for mineral nucleation and growth. Minerals
assemble along the long axis and contiguous channels
allow for the creation of 3-D layers in natural mineralized
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tissue [1,2,31]. Our previous in vitro collagen mineraliza-
tion experiment showed that HA crystals could also nucle-
ate and grow on the surface of collagen fibrils. Previous
studies have proven that the negatively charged carboxyl
and carbonyl groups found in collagen molecules can act
as nucleation sites for HA crystals [32]. This is because oxy-
gen in the hydroxyl group of HA has an epitaxial relation-
ship with the carboxyl groups of collagen. Furthermore,
HA crystals covering the surface of collagen fibrils were
observed to have their c-axes aligned along the longitudinal
axes of collagen fibrils. These mineralized collagen bundles
were assembled from parallel collagen fibers with calcium
phosphate crystals on their surfaces. In an analogous man-
ner, physical and chemical treatments can be employed to
align HA crystals. One such method is to add carboxyl
or carbonyl functional groups to CNTs so that CNTs pos-
sess both structural compatibility and chemical comple-
mentarity for mineral formation. Based on such a
complimentary and directional relationship between CNTs
and apatite, a novel method was used to induce apatite
assembly. We speculate that compared to collagen,
MWCNTs are a less ideal template for nucleation and
growth of the nHA and, as a result, brushite is formed as
a by-product. This undesirable by-product can be elimi-
nated by the addition of carbonate. In addition to the spe-
cial spatial structure of the CNT surface, it is possible that
the oxidation of the CNT surface to carboxylic group can
also enhance the nucleation of nHA. Comparison of the
relative peak ratio in the Raman spectra has shown that
MWCNTSs contribute about 0.18 wt.% to the composites,
and this is much lower than the collagen content
(16.5 wt.%) for composites using collagen as a template.
Despite the small percentage of templates, MWCNTS are
a productive template for HA crystal formation. This is
due to their large surface area (220 m” g ') with abundant
defects acting as mineral nucleation sites for HA crystalli-
zation. Moreover, the 40 nm periodic bamboo structure
provides the periodic defect structure on the surface of

CNTs for nucleation sites of HA. In this study, we control
the size of formed HA by controlling the time of the reac-
tion. If MWCNTSs are further assembled into an aligned
array, the space between parallel CNTs will limit the
over-growth of HA, as occurs in the collagen assembly of
natural bone tissue. The hierarchical assembly of
MWCNTs with HA can thus be recognized as being similar
to natural mineralized tissue.

In conclusion, the proposed process of apatite assembly
is summarized schematically in Fig. 6. The multi-walled
surfaces of the nanotubes provide abundant sites for the
nucleation of apatite in the solution. A single unit of the
bamboo structure was used as an example to illustrate
the mineralization process. The carboxylic groups on the
surface act as the coordination bonds for chelation of cal-
cium in HA crystals. The nucleated apatite temporarily
attaches along the interface of carbon layers (Fig. 6b).
Moreover, the growing apatite crystals can be easily
detached from the MWCNTSs (Fig. 6¢) due to weak func-
tionalization of the binding groups and the unstable sup-
port of the growing apatite crystals on the curved surface
of the MWCNT. The nHA polycrystal fibrils are assembled
into a parallel array of spindle-shaped units. When the apa-
tite assembly unit reaches a sufficient size, it separates from
the carbon nanotubes probably due to the pertubation
from stirring. This exposes the surface of the MWCNTSs
for further nucleation (Fig. 6a).

This separated spindle-shaped unit can be used as the
building block for assembling high-level biomaterials. An
important application is the development of substitute
material for hard tissue using this biomimetic method.
For example, enamel is a hard, wear-resistant material with
highly ordered micro/nano architecture consisting of car-
bonated HA crystallites assembled into a woven prism
structure, Organic matrix components make up less than
2% of the enamel [5,6]. Unlike bone tissues, enamel does
not contain collagen and does not undergo remodeling.
On the other hand, 60% of the underlying dentine consists

d

s AN LN

Fig. 6. Schematic illustration of the assembly process of HA on MWCNTs. (a) Bamboo unit of the MWCNTs. (b) The nucleation of HA on the surface of
CNTs. (c) The growth of the HA fibrils occurs on the surface of the CNTs. The HA fibrils are oriented parallel to each other and assemble into a spindle
unit. (d) The assembled HA dissociates from the MWCNTs, leaving an open site for formation of new HA if sufficient calcium and phosphate ions are
present in the solution. Red rods refer to the chemical functional bonds and blue prisms refer to nHA polycrystal fibril. (For interpretation of the
references to colour in this figure legend. the reader is referred to the web version of this article.)
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of mineral crystals, which grow in the gaps between stag-
gered or overlapped collagen fibrils. Until now, there has
been no effective method for the preparation of hierarchical
materials such as enamel and dentine. The nanoscale simi-
larity between nHA assembled on MWCNTs and natural
enamel tissue opens the possibility of fabricating biomi-
metic materials similar to natural tooth. In view of previ-
ously unsuccessful attempts to mimic the hierarchical
structure of enamel on the nanometer and micrometer
scales [33], carbon nanotubes may provide a promising
platform for further research in the systematic incorpora-
tion and assembly of organic, inorganic and biological
composites in a template for nucleation, growth and align-
ment over multiple length scales. Therefore, future work
will be focused on the high-level self-assembly of function-
alized MWCNTs and HA, which could lead to a more
complete imitation of natural hard tissue.
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Abstract

Cytoplasmic exchange between conjugating cells of Paramecium caudatum has been implicated by mating experiments using wild-type and
behavioral mutant cells. To observe macromolecular transport between mating cells, we cloned and expressed the P. caudatum histone H2B gene
as a fusion protein attached to an enhanced yellow fluorescent protein (YFP) named PcVenus. Significant fluorescent signals derived from histone
H2B-PcVenus were detected throughout the macro- and micronuclei of transformant cells afier microinjection of the expression vector. The
normal growth and high mating reactivity of the transformants indicated that H2B-PcVenus functioned normally. Seven hours after a transformant
cell expressing histone H2B-PcVenus was mated with an untransformed complementary mating-type cell, fluorescence derived from histone
H2B-PcVenus was emitted from the macronuclei of the untransformed cell. About 48 h later, the fluorescent signal was detected not only in the
macro- and micronuclei of untransformed cells but also in the macronuclear anlagen of both mating cells. This suggests that conjugant cells share
parental histones during meiosis and subsequent DNA rearrangement. Single-cell RT-PCR analysis demonstrated the presence of H2B—PcVenus
mRNA in untransformed cells 15 and 24 h after conjugation. We concluded that at least the mRNA of histone H2B—PcVenus was transferred from
the transformed, to the untransformed cell during conjugation.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Conjugation, Histone; Fluorescent protein; Paramecium; Transformation

1. Introduction

The ciliated unicellular eukaryotic protozoan, Paramecium,
has dimorphic nuclei, a somatic macronucleus and a germinal
micronucleus, which co-exist within the same cell. The somatic
macronucleus is highly polyploid, transcriptionally active, and

Abbreviations: GFP, green fluorescent protein; RT, reverse transcription;
RACE, rapid amplification of cDNA ends; ORF, open reading flame; PAGE,
polyacrylamide gel electrophoresis; PBS, phosphate buffered saline; PFA,
paraformaldehyde; YFP, yellow fluorescent protein.
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divides amitotically during vegetative cell division whereas the
germinal micronucleus is diploid, transcriptionally inactive, and
divides mitotically. During conjugation, that is, sexual process
between cells of complementary mating types, the micronucleus
undergoes meiosis and mitosis to produce pronuclei that are
mutually exchanged between the mating cells. Thereafter, the
macronucleus is degraded, and new macronuclei are reorga-
nized from the division products of a synkaryon.

During conjugation, mating cells interact with each other
through cilia and form large agglutinates. About 1 h after the
formation of mating clumps, the initial stage or holdfast union of
mating pairs is formed. The second stage or paroral union occurs
about 2 h after mating and then cytoplasmic bridges between
mating cells are formed. Intercellular cytoplasmic exchange in
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Paramecium caudaium has been studied using a caudatum non-
reversal (CNR) behavioral mutant. About 2 h after a paroral union
is formed between cnrC mutants and wild-type cells, the mutants
undergo a phenotypic change to the wild-type (Hiwatashi et al.,
1980). Because the phenotype of cnrC mutants changes even after
microinjecting wild-type cytoplasm into cnrC cells, the genetic
defect of the cnrC mutant is apparently rescued through the
transfer of a cytoplasmic curing factor from the wild-type during
conjugation (Hiwatashi et al., 1980; Haga et al., 1983). However,
the transport of macromolecules such as protein or RNA has not
yet been directly demonstrated using molecular biological means.

We constructed the expression vector, pTub-tel3 (pTT3), that
constitutively expresses a target protein in P. caudatum (Takenaka
et al,, 2002). We then created a highly codon-optimized GFP
(green fluorescent protein) gene to use as a reporter, and
demonstrated the effectiveness of codon-optimization and the
usefulness of pTT3. The entire body of cells transformed by the
codon-optimized GFP emitted intense GFP fluorescence. When
the transformant was conjugated with an untransformed cell, GFP
fluorescence was detected in the transformant even after
conjugation, whereas no significant fluorescence was evident in
the untransformed cell.

Here, we further explored the application of the expression
vector to observe a target protein in specific subcellular organelles
in a live Paramecium cell. We created a superenhanced yellow
fluorescent protein, PcVenus, by altering 8 amino acid residues of
codon-optimized GFP to improve its intensity. We then expressed
an endogenous protein fused to PcVenus to localize it in a specific
subcellular organelle, which would enable more sensitive
detection than labeling the whole cell body since the concentra-
tion of a tagged protein packed in a small specific organelle would
be higher. We partnered the P. caudatum nuclear protein, histone
H2B, with PcVenus. Expressing the histone H2B-PcVenus
fusion protein under the control of the a-tubulin promoter resulted
in a specifically intense fluorescent signal that was detectable
throughout the macro- and micronuclei of the transformant cells.
We observed the dynamics of localization of histone H2B—
PcVenus during conjugation between transformed and untrans-
formed cells. Single-cell RT-PCR analysis of transformed and
untransformed cells localized H2B-PcVenus mRNA in untrans-
formed cells after mating. The results implied that histone H2B—
PcVenus mRNA, and probably protein, was transported through
cytoplasmic bridges between mating partners. We discuss the
biological importance of the mutual exchange of macromolecules
in mating pairs and the shared use of histones among old and new
generations of nuclei.

2. Materials and methods
2.1. Stocks and cultures of P. caudatum

Histone H2B ¢cDNA was cloned from the trichocyst non-
discharge, syngen 3 (O-type) mutant (ind2/tnd2), KoscA4. The
cnr mutant, KNZcA2-11 or 16B001SIIBS, was the mating partner
for the histone H2B—PcVenus transformant which is wild-type in
terms of swimming behavior. KNZcA2-11 and 16B001SIIBS
cannot swim backwards in a high potassium solution (80 mM

KCl, 1 mM CaCl,, 1 mM Tris—HCI, pH 7.2), rendering it easily
distinguishable from transformed cells. The culture medium and
conditions were as described (Takenaka et al., 2002).

2.2. Cloning of P. caudatum histone H2B gene

We synthesized P. caudatum cDNA from 1 pg of total RNA
using the SMART RACE ¢DNA amplification kit (Clontech).
Degenerate primers were designed based on the conserved
regions of the H2B sequences of Tetrahymena thermophila
(nos. X05543 and X05544). The 5’ end of P. caudatum histone
H2B cDNA was amplified using the PcHis H2B LP350 primer,
5'-AACTTGGTGACRGCYTTKGTWCCTTC-3’, and Univer-
sal Primer Mix (Clontech). After sequencing the 5'-RACE
(rapid amplification of ¢cDNA ends) products and identifying
homology with known H2B proteins using the BLAST
program, 2 full length H2B c¢DNAs were amplified using
PcHis H2B UP0-1, (5'-CACCATGGCACCATCCAAATCCC-
CAGCT-3") and PcHis H2B UP0-2 (5'-CACCATGGCACCAT-
CAAAATCACCAAAA-3'), respectively, with Universal
Primer Mix. The complete sequences of the P caudatum
histone H2B genes (referred to as PcH2B1 and PcH2B2,
respectively) were deposited in the DDBJ/EMBL/GenBank
database under accession nos. AB195236 and AB195237. We
conducted multiple alignments of amino acid sequences of the
histone H2B2 protein of Paramecium with other organisms
using the program Clustal W (1.8) with the default parameters.

2.3. Site-directed mutagenesis and construction of the histone
H2B-PcVenus expression vector

We constructed a P caudatum expression vector and the
codon-optimized GFP gene, GFPmut3.3, as described (Takenaka
et al,, 2002). The novel variant of yellow fluorescent protein,
Venus, which quickly folds to the mature form has been reported
elsewhere (Nagai etal., 2002). To create a codon-optimized Venus
gene for efficient expression in Paramecium, we introduced 16
site-specific mutations into the GFPmut3.3 gene, which resulted
in 8 amino acid substitutions. The complete nucleotide sequence
of PcVenus, a codon-optimized and superenhanced yellow
fluorescent protein, has been deposited in the DDBJ database
under accession no. AB195239,

2.4. Microinjection and fluorescence microscopy

The pTT3 H2B-PcVenus expression vector was purified using
a QIAfilter Plasmid Maxi Kit (Qiagen), digested with Bam HI and
microinjected into the macronucleus as described (Takenaka
et al., 2002). Transformant clones were stained with 5 uM of
Hoechst 33342 for 30 min, washed with K-DS (Dryl’s solution
modified by substituting KH,PQO, for NaH,PO,, pH 7.0) and
suspended in K-DS containing 7 mg/ml bovine serum albumin.
The cells were air-dried, mounted using Entellan® New (Merck),
and observed under a Nikon OPTIPHOT microscope using a Plan
Fluor 20x (N.A. 0.75) objective. The excitation and emission
filters for PcVenus observation were EX450-490 and BAS520,
respectively. The cells were photographed using a Nikon camera
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FX-35DX with exposure control by Nikon UFX-IL. To analyze
histone H2B-PcVenus during conjugation, transformed and
untransformed cells were starved for 1-2 days to induce mating
activity, and then cells from each culture were mixed and paired.
Heterotypic mating pairs were selected according to behavior in
the high potassium test solution and isolated into new depression
slides about 3 h after complementary mating types were mixed.

2.5. Single-cell RT-PCR analysis

Transformants expressing histone H2B-PcVenus were
mated with untransformed 16B001SIIB5 (CNR mutant) cells.
Heterotypic pairs were identified in the high potassium solution
(see Section 2.1) and isolated into K-DS. At 30 min after
mixing, the swimming behavior of mating pairs was tested
again after separation by pipetting in the high potassium
solution to identify transformed and untransformed cells. The
swimming behavior of exconjugant cells, which had normally
separated during conjugation, was also tested after 15 and 24 h,
and they were individually harvested. Total RNA from cells
prepared using the RNeasy Micro kit (Qiagen) according to the
manufacturer’s instructions, was reverse transcribed using
Sensiscript reverse transcriptase (Qiagen). Fragments of
PcVenus (351 bp) or a-tubulin (218 bp) were amplified using
Advantage 2 polymerase (Clontech) with PcVenus- or a-
tubulin-specific primers, respectively (Takenaka et al., 2002).

3. Results
3.1. Cloning the P. caudatum histone HZ2B gene

The protein and nucleotide sequences of the Paramecium
histone H2B gene were not found in the GenBank database. Using
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degenerate primers based on the conserved regions of known
histone H2B genes, fragments of P caudatum histone H2B
cDNA were amplified from P. caudatum using RACE cDNA.
The nucleotide and deduced amino acid sequences of P. caudatum
histone H2B were then deposited in the DDBJ/EMBL/GenBank
database (see Section 2.2). We identified several candidates of
histone H2B by a BLAT search (http://www.genoscope.cns.fr/
blat-server/cgi-bin/paramecie/webBlat) of the Paramecium tetra-
urelia macronuclear genome database (Aury et al., 2006) using
amino acid sequence of P caudatum histone H2B as a query. The
top-ranked candidate of histone H2B in P. fetraurelia genome
was found on scaffold_4 and showed high identity (98.4%) to P.
caudatum H2B (Fig. 1). The expression of GFP-histone H2B
fusion protein in human cultured cells allows sensitive analysis of
chromosome dynamics (Kanda et al., 1998; Kimura and Cook,
2001). Although the degree of homology between human and
P caudatum histone H2B is not high (61%), both proteins
might share similar functional and structural properties in terms
of chromatin formation. Therefore, we selected the H2B gene
as the fusion protein.

3.2. Expression of H2B—PcVenus protein in P. caudatum

We created the codon-optimized and superenhanced yellow
fluorescent protein, PcVenus, to improve the fluorescence
intensity of GFP. The P. caudatum histone H2B gene was
fused with the PcVenus coding sequence to produce an H2B—
PcVenus fusion protein. A fragment of the fusion gene and an
expression cassette were cloned into pTT3 (previously referred
to as pTub-tel3 expression vector), and named pTT3 H2B-
PcVenus (Fig. 2A). The vector was digested with Bam HI to
expose telomeric repeats at both ends. In addition to a 350-bp
subtelomeric region that originated from the Tetrahymena
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Fig. 1. Multiple alignment of amino acid sequences among six histone H2Bs. Residues are shaded and outlined if at least 67% were identical or similar. Organisms are
Paramecium caudatum (Pc_H2B2, AB195237), P. tetraurelia (Pt_H2B, scaffold_4:11388...12003), Terrahymena thermophila (Tt_H2B1 and Tt_H2B2, X05543 and
X05544), Mus musculus (Mm_H2B, AAH61044) and Homo sapiens (Hs_H2B, AANO668T7).



