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Abstract

Biological effect of nanosizing of materials was investigated by both 1n vitro biochemical cell functional test
and in vivo animal implantation test. Dependence of reaction of cells and tissue, and that of bone formation of
apatite on particle size were studied. The increase of specific surface area causes the enhancement of chemical
reactivity and toxicity for stimulative materials, which is most usually and easily recognized. However even for
biocompatible materials, stimulus was increased with the decrease of particle size and pronounced below 10 pm
where phagocytosis was induced to cells and inflammation to tissue. For the size below 50nm, particles invade
into the internal body through the respiratory or digestive system and diffuse inside body.

Although the particle size of carbon nanotube (CNT) allows the possibility to attain pulmonary alveolus
through the respiratory system similarly to asbestos, the chemical properties and bio-environmental behavior
scem different. We have rather found the favorite properties as biomaterials such as affinity for saccharides
and proteins, cell adhesion, and apatite precipitation.

Macroscopic hydroxyapatite, which exhibits excellent osteoconductivity, cannot be substituted with natural
bone, while nanoapatite composite with collagen showed resorption due to phagocytosis by osteoclasts and new
bone formation by osteoblasts when implanted and leads to the bone substitutional properties. Thus nanosizing
induces the intrinsic functions of biological organism and results in the conversion of functions such as from
biocompatibility to stimulus and from non-bone substitutional to bone substitutional through biological process.

Introduction

The development of nanotechnology has been affecting a large influence on human life. Completion of
genome analysis has brought the post-genome era to enable application for the biological and medical purpose.
The reaction of biological organism to proteins and saccharides including virus, bacteria, enzyme, and
phamacological agents has been investigated in biology and medicine. For materials the reaction to the usual
cases, that is, the macroscopic size is well investigated. However the effect of micro/nanosizing of materials
onto biological organism has been little understood  Nanosizing of materials brings in quantum effect for less
than about 1.5 nm and the formation of activity sites such as seen in some catalysts. However (he most
unambiguous and influential effect is the surface area effect. It is well-known that the specific surface area
which is defined as surface area for unit volume 1s increased with the decrease of particle size and chemical
reactivity is pronounced. Therefore high throughput is expected in the functions and performances of material
properties and devices.

One of the most important factors to affect on the biocompatibility of materials is ionic dissolution, which is
closely rclated to the specific surface area. This is also true for micro and nano size, and becomes apparent
very often as stimulus and toxicity for nanosizing effect. Nanosizing effect which affects on biocompatibility is
usually interpreted from this aspect.

On the other hand, corrosion-resistent and biocompatible Ti causes inflammation in abraded fine particles
[1, 2] which are produced from artificial joint, and asbestos [3], a kind of clay minerals, induces mesothelioma
after a long-term, large quantity of exposure. These phenomena cannot be explained by the specific surface
area effect and understood as the different effect, that is, physical size and shape effect, apart from the material
propertics of either toxicity or biocompatibility. The abraded finc particles may diffuse inside the body through
the cardiovascular system.  There is also the possibility that the uptake of nanoparticles occurs through the
respiratory and digestive systems.

Meanwhile Drug Delivery System (DDS) s one of the most typical biomedical applications of nanoparticles.
The development of DDS is expected for the administration of anticancer agent and gene transfection. The
behavior of nanoparticles in the internal body is necessary to investigate for the assessment of nanotoxicology
which may be regarded as the demerit side of nanoparticles but this is, in turn, essential to comprehend the
behavior of DDS and confirm the path to reach the discased target which may be regarded as merit side.

As another typical subject of nanomaterials, much attention has been paid to carbon nanotubes (CNT) up to
now due to their unique structure and properties. The development for the application in the clectronic and
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chemical fields such as field emission electron gun and hydrogen storage materials has been intensively done.
However the application for the biomedical field has been very rare. There are arguments that CNT may have
the serious toxicity due to its acicular or fibrous particle shape, associated with lung carcinogenicity of asbestos.
Asbestos induces mesothelioma after a long-term, large quantity of exposure, although it is a silicate in
composition, a kind of clay minerals. There is a possibility to pass through bronchial in the respiratory system
for the particles with the size below 10um. Both CNT and asbestos have the fibrous to acicular particle form,
and the particle size is less than 1pm in djameter and ranged in nm to tens of pm in length. From this point of
view there is a possibility to reach pulmonary alveolus through the respiratory system for some of both CNT
and asbestos particles.

Hydroxyapatite (HAP), the main component of bone, has the difference in behavior between synthetic
apatite and bone. Synthetic hydroxyapatite, in the usual case, of a macroscopic size, exhibits excellent
osteoconductivity. However it is not substituted to natural bone and remains permanently in the body. Natural
bone is composed of collagen and nanocrystallites of apatite with the size of approximately 50nm. Bone is
continuously remodeled by resorption and new bone formation. Then there exist apatites with the different
behavior, non-resorbable and resorbable apatite.

Thus nanosizing causes different behavior from macroscopic size for biocompatible materials [4]. These
strongly suggest the necessity to reveal the micro/nanosizing effect of materials onto living organism. In the
present study both biochemical cell functional test and animal implantation test were done to clarify the
micro/nanosizing effect and particle size dependence of reaction of cells and tissue [3, 6]. The behavior of
invasion of nanoparticles and internal diffusion inside body was visualized using XSAM (X-ray Scanning
Analytical Microscope) [7, 8] for the level of the whole body and organs. The assessment of CNTs in
comparison with asbestos and development for biomedical applications were also done. Then the nanosizing
effect in apatite was investigated using biomimetic bone-resembling nanoapatite/collagen composite and the
mechanism of the different behavior from macroscopic apatite was discussed.

Experimental
1. Specimens

99.9% pure Ti, and Ti0, particles of the various size were principally used throughout. For in vitro and in
vivo implantation tests Fe, Ni, TiO, and carbon nanotubes were also used. The particles of nominal size from
500 nm to 150 pm were used for Ti. To reduce the size distribution as small as possible and equalize the
experimental conditions between materials such as metallic Ti, Fe and Ni, the particles of 0.5, 3, 10 pm were
extracled by sedimentation method and those less than 300 nm were extracted by ultrafiltration.
2. Dissolution test of Ti particles

After Ti particles were immersed in HHBSS (Hanks balanced salt solution) at 37°C for 1 month, the
supernatant was filtered through a 0.45 pm membrane to remove Ti particles and then elemental analysis was
done by Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-AES) using ICPS-8100, Shimazu,
Tokyo, Japan.
3. Biochemical analyses of cellular reaction to materials

Human neutrophils, which play a central role in the initial stage of inflammation in a non-specific manner
against foreign bodies, were used as probes. Particles smaller (0.5, 3 pm) and larger (10, 50, 150 pum) than the
neutrophils were used to determine the relationship between cell and particle size with respect to cytotoxicity.

Cell survival rate and lactate dehydrogenase (LDI) values, superoxide anion (0) production per 106

neutrophils were measured. Cytokines of TNF-a and I1-18 were measured using ELISA kits (Endogen, Inc.
USA). Morphological change of neutrophils mixed with HBSS containing various particles was observed by
optical microscopy (OM: Zeiss, Axioskop, Germany) and scanning electron microscopy (SEM: Hitachi $-4300,
Tokyo, Japan).
4. Animal experiments

Particles were inserted in the subcutancous connective lissue in the abdominal region of Wistar rats aged
between 11 and 12 weeks (weight 350-380 g). Specimens were prepared through the usual process of fixation,
embedding, sectioning, slaining with hematoxylin-eosin, and histopathologically observed.
5. Yisualization of internal distribution of nanoparticles

The compulsory exposure test to the respiratory system was performed to rats using 30 nm TiO, particles.
The uptake of nanoparticles through the digestive system was also lested for mice by mixing agar gelalin
contaiming 30 nm T10, particles (o their foods. To inspect internal diffusion more simply, the experiments
were done for mice by injecting nanoparticles directly to the cardiovascular system to caudal ven. The
observation of internal distribution of nanoparticles was conducted for the whole body and each organ by
elemental mapping in air using X-ray Scanning Analytical Microscope (XSAM: Honiba XGT-2000V, Tokyo,
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Japan) without the pretreatments of fixation, dehydration and staining after sectioning. The distribution inside
the organ was inspected by elemental mapping using energy dispersive X-ray spectroscopy (EDS) installed to
SEM. The experiments were also done for the particles Ti, Fe, Ni, Pt, TiC, Fe 04
6. CNT and Asbestos

MWCNTs (multi-wall CNT) of about 5nm in diameter and 20pm in length, synthesized by chemical vapor
deposition (NanoLab, Inc. MA, U.8.A)), were used throughout the experiments as well as SWCNTs (single
wall CNT) and CNFs (carbon nanofiber) for part of experiments for comparison. They were (reated with
hydrochloric acid to remove melal catalysts. The purity was about 98 wt %. CNTs were dispersed in the
deionized water by sonication for 3 min

UICC standard specimens of three kinds of the most representative minerals in asbestos were used
throughout. They are chrysotile, crocidolile and amosite. For comparison non-asbestos alternative (alumina)
was also used
7. Cell culture

Human osteoblast-like cells (SaOS2) were used for cell culture experiments on CNT. CNT scaffolds were
made by vacuum filtration of the dispersed CNT slurry onto porous polycarbonate membranes (PC). Cell
culturc was done in a usual process
8. Observation and characterization

Morphology of particles and cells was observed by scanning electron microscopy (SEM:S-4300, HITACHI,
Japan) and elemental analysis by energy dispersive X-ray spectroscopy (EDS) was also done. The high
resolution observation of CNT was done with Multi-Beam High Voltage Electron Microscope (JEM-ARM-1300,
JEOL, Japan) of Center for Advanced Research of Energy Conversion Materials, Hokkaido University at
accelerating voltage 1250 kV
9. Biomimetic nanoapatite/collagen composite

Hydroxyapatite-collagen composites synthesized biomimetically on collagen type I were implanted into the
subcutaneous tissue and bone defects in the femur of rats for 1-12 weeks and observed histopathologically [9].
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Fig.1 Iistological image of rat soft tissue inserted with Ni (a) and Ti (b) of macroscopic size for 1 week
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Fig.2 SEM images of human neutrophils exposed to the Fig. 3 Dependence of  superoxide
500 nm particles of Ni (a) and T (b) production from neutrophils on Ti
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Results

Fig 1 shows the comparison of tissue reaction to the macroscopic size (1 mmgx 10 mm) of Ni (a) and Ts
(b) after 1 week implantation in the dorsal thoracic region of rat. Implant had been situated in the upper space
of each photograph. In Ni the expansion of capillary vessels was observed. Tissue in the photograph was in
necrosis and in degeneration in the distant region. For Ti fibrous connective tissue was already formed
surrounding implant from the earlier stage, which is the feature of biocompatible materials [10].

Fig 2 shows the SEM image of human neutrophils exposed to 500nm particles of Ni (a) and Ti (b) in
HBSS. The morphology of neutrophils exposed to Ni particles was often transformed or destroyed (a) due to its
toxicity. For Ti (b) a neutrophil is extending its pseudopod and going to phagocytize a 500nm Ti particle. For
the particles larger than about 10pm, phagocytosis was not observed

Fig3 shows the dependence of superoxide production from human neutrophils on Ti particle size ,
Superoxide was increased with the decrease of particle size. The increase was pronounced for 3ym and 500nm.
The release of LDH and cytokines TNF-c and II-18 showed the similar behavior as superoxide, while cell
survival rate showed the inverse decreasing tendency. Under these conditions ICP elemental analysis indicated
that the dissolution from Ti particles was negligible below detection limit [5]. The pronounced phenomena of
biochemical cell reaction for below 10pm in Fig 3 are closely related to the phagocytosis shown in Fig 2.

The histological image of in vivo tissue reaction of rat to the different size of Ti particles showed the
similar size dependence to those in vitro shown in Figs.2 and 3. '

Fig.4 showed the histopathological image of tissue reaction for short-term (1 week) implantation in the
subcutaneous tissue of rat for 2 pm Ni and Ti particles. For Ni particles necrosis occurred (Fig.4a) while Ti
particles were phagocytized in the cells.

Fig4 Tissue reaction for short—term implantation to 0.5 pm Ni and 3 um Ti particles. Necrosis and
inflammation occurred respectively.

Fig 5 Tissue reaction for long —term implantation to 0.5 um Ni and 3 pm Ti particles. Tumor induced after
1 year implantation of 0.5 um Ni particles
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Fig.5 showed the tissue reaction for long-term implantation for 0.5 pm Ni and 3 pm Ti particles. Fig Sa is
tumor induced afler | year implantation of Ni particles in the subcutaneous tissue of rat. Ni is already toxic in
a macroscopic size as seen in Fig. 1. When it becomes fine particles, toxicity is enhanced remarkably. This is
the typical example of specific surface effect which increases reciprocally to particle size and leads to the
enhancement of chemical dissolution and therefore toxicity. Fig.5b is the case for 3pm Ti particles after 30
weeks. For this range of particle size the particles originally scattered in tissue in a short term of implantation
became gradually agglomerated with the time for the long term by biological process of repeated cycle of
phagocytosis and cell death.

Fig.6 shows the dependence of TNF-ot release from neutrophils on particle size down to nm size. TNF-a is
one of the most representative cytokines related to inflammation. Stimulus, represented as amount of TNF-o
release, which is pronounced below 3um, exhibited the maximum from around pm down to 500nm and then
for further smaller size decreased below 200nm. This means that the biophylactic system does not work well
any more against the invasion of nanoparticles into the inside of body.

Fig.7 1s the T1 mapping of the internal whole body of rats by XSAM after compulsory exposure test to
respiratory system, and shows the distribution of 30nm Ti0, particles. The condensation occurred from the
respiratory system to urinary bladder by diffusion in the body through the cardiovascular system after the direct
uptake into blood vessels from lung cells.

Fig 8 is the XSAM elemental analysis from spleen for the case after 10 days of oral administration of 30
nm T10, particles. Although peak height is small in this case, Ti-Ka peak undoubtedly exists other than Fe-
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Fig.6 Dependence of TNF -t release from neutrophils on particle size down to nm size [4]
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Ka peaks around 6.5 keV and peaks of incident X-ray from Rh target below 4 keV. This confirms the
phenomenon that nanoparticles were taken into (he internal body through digestion system

Fig. 9 shows the X-ray transmission image and the corresponding Ti1 elemental mapping by XSAM for 5min
and 3hr afler injection of 30nm TiO, particles to caudal vein. TiO, nanoparticles diffused to lung just after
njected, then liver and spleen with time course

Fig.10 shows the comparison of morphology and particle size of asbestos (crocidolite: blue asbestos) (a) and
CNT (b) observed by SEM. Fig.10a 1s crocidolite, one of the asbestos which may cause carcinogenicity most
strongly. The diameter of particle is a few nm to a few pm and the length is ranged from submicron to tens of
um. Crocidolite has a distinctly straight needle shape. There are also very fine particles which may casily
disperse as dust. The size of CNTs which form bundle is much smaller than asbestos (Fig.10b). The form of
CNTs is finer wavy fibers. These indicate the mechanical properties of rigid, non-elastic tendency 1n
crocidolite and easily bending, flexible tendency in CNTs. Asbestos is easily dispersed in air and water, while
CNT is difficult to disperse due to the strong tendency to agglomerate

Asbestos is a kind of clay minerals and silicate in composition. The dissolution level is very low. It is
known that asbestos induces mesothelioma afler a long-term, large quantity of exposure to respiratory system.
This is the result by the different mechanism from that occurred in Ni particles of Fig.5 and related more to the
particle size and shape

Fig 11 is the SEM image of CNTs after immersion in simulated body fluid (SBF) for 2 weeks. Apatite was

Lung Liver

e
21 ma

Smin 3hr

Fig9 Time course of internal diffusion of 30 nm Ti0, particles after injcction to caudal vein

Fig. 10 Morphology of asbestos (crocidolite: blue asbestos) (a) and CNT (b) observed by SEM
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precipited on CNT agglomeration. It is known that this kind of so-called biomimetic coating method in SBF
gives rise to the formation of calcium phosphate layer on the surface of titanium, which is one of the reasons of
excellent biocompatibility of Ti

When CNTs are immersed in simulated body fluid (SBF), apatite is precipited on CNT. It is known that
this kind of so-called biomimetic coating gives rise to the formation of calcium phosphate layer on T1, which is
one of the reasons of excellent biocompatibility of Ti

Fig 12 1s the SEM image of CNTs (long fibers) adsorbed lo collagen exposed on dentin surface which was
decalcified by etching with acid agent. This shows the nonspecific affinity of CNTs to proteins, CNTs have
also affinity to saccharides.

Cell growth cultured on CNTs showed the characteristic behavior. Osteoblast-like cell (Sa082) 1s usually
grown in a spindle shape. On CNT scaffold, cells are grown [ully to the whole direction with numerous fine
filopodia al the cell edge

Fig 13 shows the enlargement of filopodia grown from cell edge on polycarbonate (a) and MWCNT (b)
scaffolds observed by SEM. Filopodia are extended far long from cell and combined with CNT meshwork,
which shows the high cell adhesivity of CNTs.

Fig.14 1s the dental implant composed of hydroxyapatite-coated titanium. Apatite has excellent
biocompatbility and induces new bone formation to its surface after implanted in the bone circumstances

Synthetic hydroxyapatite in the usual case, that 1s, i a macroscopic size, exhibits excellent
osteoconductivity. However 1t 1s not substituted to natural bone and remains pecrmanently in the body, therefore
it 1s suitable for the use as implant.

On the other hand 1t 1s well-known that natural bone i1s composed of collagen and nanocrystallites of
apatite with the size of approximately 50nm. Fig 15 1s the SEM photographs, comparing the difference of
morphology of hydroxyapatite for sintered synthetic apalite (a) and natural hard tissue, in this case, enamel of
molar of rat (b). In synthetic apatite the size of particles is a few microns and (hey agglomerate at random,
while in enamel enamel prizm of about 5 pm is composed of a bunch of apatite crystallites of about 50nm. It is
known that apatite crystallites are grown in their c-axis along collagen fibrils. Thus natural hard tissue is
regarded as a kind of composite with the preferably oriented struclure of nanocrystallites

Fig 16 shows the comparison of morphology of hydroxyapatite synthesized without (a) and with (b)
collagen by SEM observation. The particle size of apatite is mostly a few microns for without-collagen, while
under the coexistence of collagen the product becomes the agglomerate of apatite crystallites of less than
100nm with the lower crystallinity, as revealed from X-ray diffraction analysis

When the hiomimetic nanocomposites of apatite and collagen fibrils were implanted in the subcutancous
lissue, they were covered with fibrous connective tissue and then resorbed mostly at 8 wecks by phagocytosis

Fig 17 shows the histopathological image when nanocomposites were implanted in the bone marrow of rat
for 8 weeks The area of nanocomposites (asterisks) was decreased and covered with new bone (while
aslerisks) of lamellar stmctures. Resorption of the nanocomposites and replacement by new bone procceded
This tendency was progressed with time by 12 weeks. Phagocytosis of nanoapatite by osteoclasts and

osteogenesis by osteoblasts occurred adjacently each other. Resorption and remodcling were similar to the case
ol autologous bone graft. As a result nanoapatite composites work as bone substitute materials for hard-tssue
reconstruction

Fig 11 Precipitation of apatite on CNT by biomimetic  Fig 12 CNTs (long fibers) adsorbed to collagen
coating method 1n SBF exposed on dentin surface afler elched with acid agent
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Discussion
1. Two different effects of nanosizing

Nanosizing effect is usually interpreted in the aspects of the increase of specific surface area. Since
chemical reactivity is pronounced with the decrease of particle size, effects related to the tonic dissolution,
dominant on biocompatibility of macroscopic materials, accelerate toxicity such as in Ni which generated tumor
in the long term implantation for 500nm particles as shown in Fig 5. This effect has the most scrious influence,
toxicity in many cases, and most commonly taken into account for nanosizing effect. There are, however, other
kind of effects. Biocompatible Ti causes inflammation in abraded fine particles [1,2,11], and asbestos [3], a
kind of clay minerals, induces mesothelioma afler a long-term, large quantity of exposurc. These phenomena
can be understood as the physical particle and shape effect, apart from the material properties of either toxicity
or biocompatibility. Particles below 10 pm cause phagocytosis to cells and inflammation to tissue even for
biocompatible materials such as Ti and TiO,
2. Invasion of nanoparticles into internal body

By compulsory exposure test, the 30nm TiO particles diffuse directly from the respiratory system into the
internal body. Nanoparticles injected from caudal vein diffused with time course to lung, liver and spleen. The
uptake of the 30nm TiO, particles through the digestive system. was also confirmed. Particles below 50nm
might be the objects whose existence has not been assumed by the living body defense system and can mnvade
into the internal body through the respiratory or digestive system.
3. Change from non-resorbable to resorbable apatite by nanosizing

Synthetic hydroxyapatile exhibits excellent osteoconductivity in a macroscopic size, but it 1s not substituted
to bone and remains permanently in the body, therefore it is suitable for the use as implant [12] It 1s well-
known that natural bone is composed of collagen and nanoapatite crystallites of approximately 50nm [13]
When the biomimetically synthesized nanoapatite  composite with collagen [9,14,15] 1s implanted,
phagocytosis and inflammation is induced. Osteoclasts and osteoblasts are then differentiated. Phagocytosis by
ostcoclasts and new bone formation by osteoblasts is simultancously activated and procecded as shown in
Fig.17 As a result, nanoapatite composite leads to the bone substitutional properties
4, Conversion of functions by nanosizing

The conversion of functions 1s attained for apatite by nanosizing - from ostcoconductivity tn macroscopic
size to bone substitutional properties in nano/micro scale. Nanoparticles cause the reaction of cells/issue and
stimulate to the occurrence of inflammation, which works as toxicity in most cases and, for some cases
depending on the situation, pronounces the conversion of [unclions leading to the bioactive properties. Nano
structure 1s essential for these stages to be processed
5. Particle behavior of CNT compared with asbhestos

There is a possibility to pass through bronchial in the respiratory system for (he particles with the size
below 10um. Smaller particles of asbestos can attain pulmonary alveolus through the respiratory system where
acule needle shape of asbestos particles makes difTicult to be auto-removed  The phagocylosis of acicular

Fig. 13 Enlargement of filopodia grown from cell edge on polycarbonate (a) and MWCNT (b) scaffolds
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Fig 14 Dental implant Fig 15 Difference of morphology of hydroxyapatite. a) sintered synthetic
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Fig 16 Hydroxyapatte synthesized without (a) and wath (b) collagen
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Fig 17 Thstological image at 8 wecks after implantation in the bone marrow of rat ~ Nanocomposites
(asterisks) were diminishing and covered with new bone (while asterisks) with lamellar structures |9)
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particles 1s done by macrophages incompletely due to the large longitudinal length. The long term repetition of
phagocytosis of accumulated particles leads to the chronic inflammation with superoxide production to attack
foreign objects, which in turn causes also defect formation in DNA and results in carcinogenesis.

The development of DDS is expected for the administration of anticancer agent and gene transfection. On
the other hand, nanoparticles might be the objects whose cxistence has not been assumed by living body defense
system. They have both sides of high functional nature and stimulus, and their control is important. The size
of single particle of CNT has the possibility to altain pulmonary alveolus through the respiratory system.
Particle behavior of CNT compared with asbestos: The present microscopic observation showed that CNT is
especially flexible and easily winding around small objects of even pm or less such as bacteria or fine asbestos
fibers. CNT is hydrophobic and easily agglomerated, which often causes difficulty to scalter for various
applications, while asbestos is hydrophilic and small crystallites are casily dispersible. In a macroscopic view
CNT looks as soot which is agglomeration of CNTs. Asbestos is easily dispersed as dust and small single
crystallites can be floating in air.

We have found that CNTs have non-specific affinity for saccharides and proteins and also apatite
precipitation on the surface when immersed in SBF (Fig.11) [16]. These properties would be the basis for
rather favorite properties as biomaterials such as cell adhesion, proliferation and growth (Fig, 13) [17-19]

Although the particle size allows the possibility to attain pulmonary alveolus through the respiratory system
for both CNT and asbestos, the chemical, physical properties [20-23] and bio-environmental behavior [24-27]
of CNT seem different from asbestos.

Conclusion

Particles cause nonspecifically phagocytosis to cells and inflammation to tissue for the size below 3 pm. For
the size below 50 nm particles may invade dircetly into the internal body through the respiratory or digestive
system and diffuse inside body. Nanoparticles might be the objects whose existence has not been assumed by
living body defense system. Thus the visualization of the internal dynamics of nanoparticles is essential for the
proper trcatments based on risk assessment and biomedical applications such as DDS. The present study could
successfully visualize the internal diffusion of nanoparticles inside the whole body using XSAM.

Nanosizing of materials induces the reaction of cells and tissue and the intrinsic functions of biological
organism, which lcads to the conversion of functions such as from biocompatibility to stimulus and from
ostcoconductivity but non-bone substitutional to bone substitutional propertics through biological process. This
s different from specific surface area effect originated solely from material properties. There are controversial
arguments as to whether carbon nanotubes may have the serious toxicity due to their acicular or fibrous particle
shape, associated with lung carcinogenicity of asbestos, whilst we have rather found the favorile properties as
biomaterials. The physical particle size and shape cffect in micro/nanosizing is the essential basis for the
proper understanding of such phenomena and for the development of biomedical applications of
nanotechnology.
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Abstract

We prepared nano-carbonated hydroxyapatite (CHA) with different additions of carbonated contents at room temperature. The resulting
materials were tested by X-ray diffraction (XRD). Fourier transform Infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) respectively. Results were shown that the materials were platelct-like CHA polycrystals that were similar
1o natural bone minerals, except for the material sample with the highest carbonated content. The presence of carbonated content in hydroxyapatite
(HA) significantly decreased the crystallinity of synthesized CHA. Moreover, the morphological change of CHA was observed with the increase of
carbonated content. The sequence of morphological change was from flat-like platelet, needle-arrayed platelet, particle-consisted platelet, smaller
platelet, and finally spherical particle. This tendency is accordant to controllable solubility of biological HA with certain carbonated content.

© 2006 Elsevier B.V. All rights reserved.

Kevwords: Carbonated hydroxyapatite: Morphology: Biomimetic: Bone minerals: Nanomaterials

1. Introduction

From a structural point of view, biological apatites are
nanosized, with low crystallinity. Isolated mature apatite
crystals studied using transmission electron microscopy have
clearly shown their platelet-like structures, with average
dimensions ranging from 50- 100 nm or more in length and
25 50 nmin width [1 5]. Newly deposited crystals are 4-6 nm
in thickness. From a compositional point of view. the biological
apatites are always carbonated. The HA phase that is presented
in natural bone, dentin, and enamel contains approximately 7.4,
5.6, and 3.5 wt.% of carbonate respectively [6]. In the early
1960s, LeGeros [7.8] started to investigate the effect of
carbonate on the lattice parameters and morphology of apatite.
This is a crucial factor to understand the solubility of biological
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apatites and the continuous regeneration of bone tissue due to
constant dissolution-crystallization cycles.

Recently, scientists tried to prepare nanosized CHA materials
via various methods [9 - 14], in order to control the morphology
and chemical composition of HA, which is suitable for the
processing of bone-resembling materials with low crystallinity
and nanometer sizes. These methods mainly include hydrother-
mal synthesis, hydrolysis of other calcium phosphates,
microwave irradiation, mechano-chemical synthesis etc. All of
them vyielded stoichiometric, well-crystallized needle-like or
rod-like HA powders (size range 20-300 nm) with high
crystallinity. However, their morphology and other crystal
characteristic are different of that of biological apatites,
whereby biological apatites are poorly crystallized and
platelet-like.

In this paper, we prepared biomimetic nano-CHA material
with variant carbonated content at room temperature. The
resulting materials were poorly crystallized and platelet-like as
that of biological apatites. The morphological change of CHA
with different carbonate contents was investigated using SEM
and TEM as well.
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2. Materials and methods

Solutions of CaCl, and H;PO,4 (mol ratio of Ca/P=1.66)
were gradually added into 0.5 M acetic acid separately through
respective tube pumps. After 30 min of stirring, a solution of
Na,CO; (mol ratio of CO3 /PO3' =0, 1,3, 5, 6.7, 8.3, 10) was
gradually added. The mixture was further stirred for another
30 min and titrated with sodium hydroxide to pH 9 at room
temperature. After the solution was aged for 2 h, the nCHA
material was harvested by centrifugation and freeze-dried.

X-ray diffraction (XRD) analysis was performed in a Rigaku/
Multiflex diffractometer with the use of Ni-filtered Cu Ka
radiation, in the 20 range of 20° 60° at a scan rate of 2° min~ '
and with a sampling interval of 0.02°. Full-width at half
maximum (FWHM) at (002) and crystallinity were obtained
from analysis of XRD data by the MDI JADE®G software [15]. In
preparing samples for FTIR analyses, the sample was mixed
with KBr in the mass ratio of 1 to 20. Infrared spectra were taken
using a Perkin-Elmer system 2000 Fourier transform Infrared
spectrometer in the range of 4000400 cm '
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Fig. 1. (A) XRD results of synthesized CHA with vanant carbonated contents:
(@) CO% /PO =0 (b) COT POY' =12 () €O POY =31 (d) COY /POY =5
(e) COI /POY =6.7; (f) COF /POY =R.3; (g) CO} /PO =10 (B) The
crystallinity of synthesized CHA with vanant carbonated content.
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Fig. 2. FTIR spectrum of synthesized CHA with variant carbonated contents,
() CO3 /POY' = 0: (b) COF /POL' =1; (0) COL /POY" = 3: (d) CO% /POY =5,
(e) CO% /POY" =10,

Scanning electron microscopic (SEM) examinations (Sirion
200, FEI Company, USA) were performed after coating the
samples with gold. In preparing samples for TEM analyses, the
samples were re-suspended in distilled water and then a drop of
the suspension was placed on the copper electron microscope
grid. After air-drying, each sample was observed on a Hitachi-
800 TEM at 150 kV.

3. Results and discussion

The XRD results of all prepared CHA samples with variant
carbonated contents were shown in Fig. 1A, Compared to biological
apatites which were tested by ourselves (natural bone or teeth [16,17]),
the same bone-like characteristics of our matenals could be seen: six maim
peaks with low intensity, one at about 26° indexed to (002), one at 32°
referred 1o broaden and overlapped peaks of (211), (112}, (300), (202).
one at 40° indexed (310), one at 47° indexed to (222), one at 50° indexed
to (213), another at 54° indexed to (004). The extremely broader peak at
32°is quite different with those apatites which are synthesized using other
methods, which has separated peaks of (211), (112), (300), and (202). On
the other hand, there were no any impurity phases in our samples. [f we
compare the samples with different carbonated contents in Fig. [ A (a) to
(g), the significant broader effect of (002) appeared in (e). (f) and (g).
Usually, we calculate the FWHM of this peak to evaluate the crystal size.
The more broaden peaks present, the higher the value of FWHM,
indicating the lower crystal size of the CHA, In other words, the
carbonated substitution in the HA crystal hindered crystal growth, which
was concordant to previous reports [7.8.18]. As Fig, |B illustrated, the
calculated crystallinity of CHA was decreased with the augmentation of
carbonated content. The FTIR analyses (Fig. 2) detected peaks at the
wave numbers representative of the B-type CHA (870, 1430 and
1450 em '), Moreaver, it also indicated the more significant band at
870 cm ' with increased carbonated content. This intensity of the COs-
derived bands in the FTIR spectra increased proportionally with the
carbonate concentration serving as cvidence that the carbonate con-
centration in the HA lattice could be controlled by varying the carbonate
concentration in initial reacted solution.

From XRD and FTIR results, it could be observed that synthesized
crystals were all CHA, but the morphologies were rather different from
the SEM (Fig. 3) and TEM observations (Fig. 4). Some of these results
were alsa different from the other commonly reported results whereby
samples were prepared by the hydrothermal methods and their
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Fig. 3, SEM micrographs of CHA: (A) without carbonated addition; (B) with C( Y /POY

crystalline morphologies were usually rod- or needle-like. This implies
that the different experimental conditions, such as temperature and
extent of carbonated additions, might exert important effects on the
synthesis of HA. Synthesis at room temperature is an important factor to
ensure the low crystal size and low crystallinity. Illustrated in Fig. 3A,
the platelet of HA was the initial morphology. With low carbonated
content (CO3 /PO;
platelet as seen in Fig. 3B and C. The parallel array of needles was also
clearly seen in TEM micrograph (Fig. 4A). With the increase of
carbonated content (CO3; /P03 =3 to 5), the smaller crystals consisting
CHA could be expected as depicted in Fig. 4B to C shown. The cracked

1), the flat platelet changed into needle-arrayed

Materials Letters 61 (2007} 3624-3628

(TR (VR SE————

I; (C) is enlarge of (B); (D) with CO3 /POI” =5: (E) with CO3 /PO;" =10,

3D). Finally, the highest

10) became spherical particles, which was

platelet was also directly observed by SEM (Fig
carbonated HA (CO;y /PO;
demonstrated in Figs. 3E and 4D

o visualize the continuous and
dynamic process of momphological change influenced by carbonated

content, Fig. 5 schematically illustrates a flow chart on this aspect

4, Conclusion

We have prepared nano-carbonated hydroxyapatite (CHA)
with different carbonated additions to mimic biological apatite.
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(A)

Fig. 4. TEM micrographs of CHA: (A) with CO; /POL'=1; (B) with CO} /PO]
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Fig. 5. Schematic diagram of the changing process of CHA morphology with increase of carbonated contents

They are platelet-like CHA polycrystals with low crystallinity.
Moreover, the detailed morphology changed in accordance to the
carbonated content. The chronological sequence of morphological
change was from flat platelet, needle-arrayed platelet, particle-
consisted platelet, smaller platelet, and finally spherical particle
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Abstract

A novel biomimetic self-assembly method was designed to create nano-carbonated
hydroxyapatite /collagen (nCHAC) composites by means of incorporating various collagen
and carbonate concentrations using solutions such as CaCly, HiPOy, and Na>CO;. At a given
range of collagen and carbonate content, the nanosized inorganic phase of the newly
synthesized material has a low degree of crystallinity which resembles that of natural bone. By
manipulating the concentrations of collagen and carbonates, various morphologies of the
nCHAC can be obtained. The crystal size of nCHAC is dependent on the concentration of
carbonate and collagen present in the composites. For instance, higher collagen concentration
results in smaller crystal nCHAC crystal size. Conversely, the higher the carbonate content,
the smaller are the crystal size and the collagen fibril assembly. As the carbonate content
increased. the plate-like crystals first became needle-like structures. subsequently shorl
needle-like crystals and eventually became spherical particles. From this study, our method
showcased the fexibility of fabricating various types of nCHAC composites which can be

designed for different bone applications.

Introduction

It is known that human bone is an extracellular matrix mainly
composed of 65% hydroxyapatite (HA) nanocrystal and 25%
collagen (COL) fibers. In dentine. the composition is about
70% HA and 20% COL. HA nanocrystals aligned their C-axes
along COL fibers. Inanearlier study. nano-HA /COL (nHAC)-
based composites were prepared using the self-assembled
co-precipitation method whereby the HA was similar to
that of natural bone [1-3]. It is known that the collagen
assembly process greatly affects mineral formation, including
the HA crystal size and controlled carbonated content. but
the exact mechanism is still unclear. In other words, it is

1748-3182/07/030037+05530.00  © 2007 1OP Publishing Lid

not known whether the highly carbonated mineral is similar
to the pure HA mineral when combined with molecular
collagen.

Scientists have attempted to prepare nanosized CHA
materials by various methods. in order to control the
morphology and chemical composition of HA, aiming to
achieve low crystallinity and nanometer crystal sizes that
would be suitable for the processing of bone-resembling
materials [4-7]. In addition, controlling the level of carbonate
substitution in HA is a convenient way to change the
solubility and morphology of the synthesized CHA crystals,
which subsequently affect the properties of the HA-based
biomaterials [8]. However, the co-effect of the carbonated

Printed in the UK 37



S Liao et al

components and collagen in nano-CHA/COL (nCHAC)
composites is currently debatable.

In recent years, the biomimetic mineralized collagen
material, widely known as the nanoapatite /collagen composite
which is prepared by different methods, has drawn the
attraction of many researchers [I, 2, 9] Because
of its excellent biodegradation properties and superb
biocompatibility as a biomimetic component and exhibiting
nanostructure of natural bone, it is desirable for the stimulation
and regeneration of new bone formation [10-12]. We have
already reported the possible synthesis method for the nCHAC
composite that is the co-precipitation in aqueous solution [13,
14]. Although the nCHAC composite proved to be promising
based on favorable preliminary results, much work is needed
in order to obtain a controllable mineralization of the nano-
HA and extracellular matrix (ECM) that resembles natural
hard tissue. This will provide us with fresh insights of
nano-HA /collagen characters and relationships with natural
hard tissue growth. Moreover, precise fabrication of such
materials would be made possible to meet the different implant
requirements for clinical applications. In this study, we
further investigated the morphological changes with respect
to the various carbonate and collagen contents in the nCHAC
composite.

Materials and methods

Type I atelocollagen gel (2 wt%, Koken Company, Japan) (2.5
and 5 g) was added to 0.5 M acetic acid. Next, solutions
of CaCly, and H;POy (Ca/P = 1.66) were gradually added
separately through respective tube pumps: after 30 min of
stirring, & solution of Na,CO; (mol ratio of CO?" /PO;)' =0
1. 3,5, 6.7, 8.3, 10) was gradually added. The mixture was
stirred for another 30 min, and titrated with sodium hydroxide
to pH 9 at room temperature, After the solution was aged
for 2 h, the nCHAC material was harvested by centrifugation
and freeze-dried. Henceforth, no 1# refers to the nCHAC
consisting of 2.5 g collagen gel and materials with mol ratio of
CO; /PO}* of 0, 1,3, 5 and 10 are denoted as 104, 11#, 124,
13# and 14#, respectively. nCHAC denoted as no 2# refers
to the nCHAC consisting of 5 g collagen gel and those with a
mol ratio of CO; /PO of 0, 1. 3, 5 and 10 are identified as
204, 214, 224#, 23# and 244, respectively.

CHA material without collagen was prepared by the same
process, which served as a control (C#). Likewise, in this
control group, CO#, C1#, C2#, C3#, C4# refer to materials with
a mol ratio of COi’ /PO}* of 0, 1, 3, 5 and 10, respectively.
A summary of the identification of the materials used is shown
in table 1.

X-ray diffraction (XRD) analysis was performed in a
Rigaku/Multiflex diffractometer with the use of Ni-filtered
Cu Ke radiation, in the 2¢ range of 10°—80" at a scan rate
of 2° min~!, with a sampling interval of 0.02". The data
were analyzed using the MDI JADE6 software [15]. The
diffraction peaks broadening by small crystallites can be
semiquantitatively estimated by the Scherrer equation: ff;,, =
Ki/(Dcos#) [16]. Here, By, is the full-width at half
maximum in 2¢ that can be automatically calculated by MDI
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Table 1. Numbers of prepared nCHAC composites.

CO3} /PO (mol) =

Collagen
Series gel (g) 0 1 3 5 10
Control 0 Co# Cl# C2# C3# Ca#
1# 2.5° 10 11#  12#  13#  14#
2# 5 204 21#  22#  23#  24#

* Final weight percentage of collagen is about 8% in 1#
and about 16% in 24.

JADEG6 software, K is a constant set to I, A is the x-ray
wavelength in angstroms, D depicts the average crystallite
size and ¢ is the diffraction angle of the corresponding reflex.

The sample was mixed with KBr in the mass ratio
of 1 to 20. Infrared spectra were taken using a
Perkin—Elmer system 2000 Fourier transform IR (FTIR)
spectrometer in the range of 4000400 cm~". The carbonated
weight percentages were measured through TGA by Rigaku
Thermoflex TGB110/TAS100 (weight loss from 600 “C to
1000 °C[7, 19]). Samples were heated from room temperature
to a maximum temperature of 1000 "C in increments of
10 "C min~'. In preparing samples for TEM, the sample was
re-suspended in distilled water and a drop of the suspension
was placed on the copper electron microscope grid. After
air-drying, the sample was observed on a Hitachi-800 TEM at
150 kV. Another method is to drop the aged reaction solution
before freeze-drying on the copper grid.

Scanning electron microscopy (SEM) examinations
(Sirion 200, FEI Company, USA) were performed after
coating the samples with gold. A combined energy dispersed
spectrometer (EDAX) system (Genesis 60S, EDAX Inc., USA)
with this SEM allowed us to calculate the values of Ca/P ratio
and N as a percentage in the nCHAC samples (n = 6).

Results and discussion

Consider the initial mineralization /n vivo: the collagen
provides superfiuous positions for calcium nucleation. In other
words, the ratio of collagen and apatite is very high at that
time. Consequently. in the following remodeling of calcified
tissue, the ratio of collagen and apatite decreased or became
stable. Our biomimetic nano-HA /collagen-based composite
has exhibited certain similarities to natural bone based on the
innumerable positive in vitro and in vive results obtained.
We postulated the importance of such similarities between
synthetic nano-HA /collagen and natural bone ECM in order to
enhance these characteristics. The initial crystal development
stemmed from nano-HA to nano-CHA in the composite,
and different collagen contents simulate the different stages
of mineralization as previously mentioned. In this respect,
we successfully fabricated a series of nCHAC composites
by varying the collagen and carbonated contents in aqueous
solutions.

EDAX results confirmed the varied contents of HA in the
composite, which showed that the N at% in 1# was in the range
of 3.5-4.7% and that in 2# was in range of 5.2-6.9% (table 2).
Although the Ca/P ratio from EDAX was not exactly 1.67
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Table 2. N at% in 1# and 2# nCHAC composites (EDAX).

CO; /PO]" (mol) =
0 1 3 5 10

14 45 36 47 35 46
24 62 66 52 69 66

Table 3. Ca/P ratio in 1# and 2# nCHAC composites (EDAX).

CO; /PO;* (mol) =

0 1 3 5 10
I# 142 142 147 144 143
24 147 142 146 151 235

Table 4. Carbonated component percentage in 1# and 2# nCHAC
composites (TGA).

CO; /PO;* (mol) =
0o 1 3 5 10

I# 28 29 36 69 147
24 48 58 7.1 70 117

(table 3). the phase of resulting composites was nano-CHA,
which was the same phase present in bone and dentine that has
been reported [13]. Herein, we did not list each x-ray curve
of all samples. In B-type of CHA, some of the phosphate
positions would be replaced by the carbonated groups. The
slight change of Ca/P ratio in the composites is reasonable.
However, the Ca/P ratio from EDAX results demonstrated the
stable crystalline phase in the composite except for materials
with a higher collagen content and mol ratio of CO%’/PO;}+
(24#). As the nano-size crystal induced the extremely broad
peak of the x-ray curve as seen in materials with high collagen
content and COi /PO;:* (244), it was difficulr to identify the
exact phases. The Ca/P ratio of 24# (2.35) that was higher than
other samples demonstrated that 244# included a Ca-contained
phase without P other than HA. From this point, we know
that the Ca/P present in 24# might well be above the range of
biological apatite.

Therefore, we considered the carbonated percentage of
nCHAC composites with the above results. The carbonated
percentage in 1# nCHAC composite was continuously
increasing in 1# from 2.8% (10#) to 6.9% (13#), then 14.7%
(144#) (table 4). The FTIR results (figure 1) also illustrated this
increasing trend. The type-B CHA was seen in all nCHAC
composites. For the nCHAC composite with a higher collagen
concentration (#2), the carbonate content was stabilized at
approximately 7% for materials with COi /PO;' mol ratios
of 3 and 5 (22# and 23#). Besides CHA, additional phases
were possibly formed in materials with a high C()i /PO mol
ratio of 10 ( 14# and 24#) regardless of collagen concentration.
It is widely known that the biological apatite in natural
bone, dentine and enamel contains approximately 7.4, 5.6 and
3.5 wi% of carbonate, respectively [18]. This is indicative that
an in vive environment can control the carbonated content
in nano-HA for precise requirements.  Conversely, this
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Figure 1. FTIR results of 1# series nCHAC composites (114, 12#.
13#, 14#). The arrows refer to the phosphate groups. and the dashed
arrows refer to the carbonated groups.

(This figure is in colour only in the electronic version)

Table 5. Average crystal size (nm) in 1# and 2# nCHAC composites
((002) peak of XRD).

CO; /PO;* (mol) =

0 1 3 ] 10
0# 2428 2648 2353 26.88 2236
1# 2287 23.05 2396 27.78 NA*
2# 17.12 1461 1609 1808 NA®

* The average crystal size of 14# and 24# could
not be calculated for the unavailable and
separated peak at about 26" (00 2). However.
another characteristic broad peak at about 32
(211,112,300,202) of nHA was shown,

control can be achieved by the artificial method used in this
study.

Regardless of the carbonate present, the nano-scale
synthesized CHA in the composites were maintained. The
data on the crystal size for all the materials are shown in
table 5. Without collagen, although the size of [002] of C#
were still several nanometers from XRD (table 5), SEM/TEM
observations have shown that the crystal sizes of resulting
materials reached a micrometer-scale. With collagen, it was
shown that the crystal sizes of nCHAC (2#) with high collagen
content were lower than that of 1# which had a lower collagen
content, as seen from the calculation results from XRD data
(table 5). 1# was above 23 nm but 2# was only 16 nm in the
c-direction {(002).  However, there was no significant
difference in the crystal size among the samples with different
carbonate contents. From these observations, it is possible
to prepare samples with different crystal parameters by the
variation of the collagen addition rates. From the report
of Tadic [5], the bone samples have essentially the same
anisotropic crystal size, i.e. about 25 nm in the ¢-direction
(002). The low crystalline size of CHA was mainly controlled
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Figure 2. (A)—(E) are TEM photographs of 10#, 114, 124, 13# and 144, respectively. (F)—(J) are TEM photographs of 2(K. 214, 224,
and 24#. respectively. The black circles represent the assembled unit of the nCHAC composite
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by the collagen content as our studies have demonstrated. the selt-assembly ol ordered nanofibers with unique patterns
which can explain the observation of the small crystal size  [19. 20].

of nCHA in immature bone tissue. This organic component- The morphologies of biomimetic nCHAC composites
collagen not only directed the CHA synthesis in vivo, butalso  affected by the collagen and carbonate components and
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