Pt Nanoflowers for SALDI-MS of Biomolecules

sample amounts (~ a few femtomoles) without any organic
matrices. In contrast to traditional MALDI-MS, this novel
substrate showed no sweet-spot problem, that is, equal sensitivity
on the whole substrate surface, and the spectra also have fewer
obstacle peaks. Pt nanoflowers also showed good performance
(both high sensitivity and high molecular weight) for SALDI-
MS of various biomolecules, including peptides and phospho-
lipids. Pt nanoflower-coupled MS techniques would develop
metabolomics research and mass imaging to achieve global
interpretation of cell behavior and organ function and also
industrial material studies such as synthetic polymers and
additives.
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We first report the fabrication of submillimeter-sized
Au plates (up to about 1 mm in size) through the simple thermal
decomposition of HAuCl, in two-component ionic liquids of
1-butyl-3-methylimidazolium hexafluorophosphate (C4ImPF6)
and 1-octyl-3-methylimidazolium hexafluorophosphate
(C8ImPF6), which were about ten times larger sizes than those
from the single-component ionic liquid of the either.

Over the past few decades, a considerable number of studies
have been conducted on metal-nanostructured materials owing
to their unique physical and chemical properties that strongly
depend on their size and shape.! Thus, the concern with the
size- or shape-controlled fabrication of metal nanoparticles,?
such as rods,* wires,” plates.® and branched multipods,” has been
growing. Gold (Au) plates are of particular interest because of
their potential applications of electrochemistry and producing
new nanodevices.*? Some groups have reported the fabrications
of two-dimensional gold nanostructures, called Au nano- or
microplates in the size range from 50 nm to 100 pm.® However,
there have been few studies that tried to fabricate millimeter-
scale Au plates with nanolevel thickness, even though such ex-
tremely large crystals could be useful in microelectronic systems
and the understanding the mechanism of shape-controlled
growth from the nanometer to the millimeter scale. Recently,
Li et al. reported high-yield production of Au plates with several
ten micrometer-scale size and the thickness of 50 nm in micro-
wave heating of HAuCl, in an ionic liquid, |-butyl-3-methylimi-
dazolium tetrafluoroborate.’ It was suggested that the two-
dimensional polymeric layer in the ionic liquid could act as
the template structure for the formation of Au nanoplates.

Here, we report for the first time the formation of sub-
millimeter-sized Au plates through the simple thermal decompo-
sition of HAuCl, in two-component ionic liquids of 1-butyl-3-
methylimidazolium hexafluorophosphates (C4ImPF6) and 1-
octyl-3-methylimidazolium hexafluorophosphates (C8ImPF6).
It is considered that the preferential adsorption of amphiphilic
molecules from solutions onto different crystal faces influences
the growth of nanometals into various shapes and sizes by con-
trolling the growth rates, The adsorption of ionic liquids onto Au
surfaces, which depends on the composition of ionic liquid mix-
ture, should contribute to the formation of Au plates.

In a typical fabrication of submillimeter-sized Au plates,
HAuCl;-3H,0 (100mg/mL) was dissolved in 1:1 mixture of
C4ImPF6 and C8ImPF6 (5mL). The extremely large size Au
plates were obtained by a slow reduction of gold precursor with
a gradual growth of Au plates in mixed ionic liquids by electri-
cally heated plate at 220°C for 2 h to give a golden precipitate,
which was collected, washed with ethanol, and dried under air
stream. Similar process was employed for the preparation of

Au plates in a single component ionic liquid, except that the dif-
ferent heating temperatures were used for the C4ImPF6 (270 °C)
and the C8ImPF6 (210 °C).

We have found high-yield production of submillimeter-
sized Au plates (up to about 1mm in size, see Graphical
Abstract) through the thermal decomposition of HAuCly in the
two-component ionic liquids of C4ImPF6 and CB8ImPF6.
Figure 1 shows the typical microscope image of submillime-
ter-sized Au plates. The sizes of Au plates mainly range from
50 to 900 um in the micrometer-scale (see the histogram of
Figure 1), which were about ten times larger sizes than those
from the single-component ionic liquid (up to ca. 80 pm in size
for C4ImPF6 and up to ca. 30 um in size for C8ImPF6). The
AFM image showed that the plate thickness is very thin to be
in the range of 10-50 nm (approximately 10 nm for the sample
in Figure lc).

The FE-SEM images indicated that the products are mainly
Au plates with regular shapes (equilateral triangular, hexagonal,
and truncated triangular shapes), coexisting with a few polyhe-
dral particles with submicrometer dimensions (Figures 2a and
2b). The FE-SEM images also confirmed some of Au plates with

(®);
1000
D/ pm

0 100.5 nm

Figure 1. (a) Optical microscopy image of Au plates through
thermal decomposition of HAuCly in mixed ionic liquids of
C4ImPF6 and C8ImPF6. (b) The size histogram of Au plates,
and (c) the cross-sectional profile along the line of three layers
of Au plates in the deflection AFM image.

Copyright © 2007 The Chemical Society of Japan
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Figure 2. FE-SEM images of gold plates obtained by thermal
decomposition of HAuCly in the two-component ionic liquids
of C4ImPF6 and C8ImPF6. (a), (b) Drops of ethanol dispersion
of nanoplates were deposited on carbon tape. (c), (d) Samples
were washed over a Pt-coated membrane filter.

very thin thickness from the transparent image (Figure 2¢)."
Energy-dispersive X-ray (EDX) analysis demonstrated that the
resulting plate-like materials are composed of Au metals (Figure
SI1).'"" The SEM image shows lateral faces of triangular Au
plates that are not perpendicular to the substrate (as shown in
an arrow in Figure 2d). It has been reported that Au plates are
primarily dominated by {111} facets.® It appears that Au plates
are dominated by {111} as flat nanocrystals, probably truncated
by {111} faces or {100} faces. It is worth noting that Au plates
also could attach to other surface of Au plates, resulting in the
rearrangement of faces of Au plates (a white circle in Figure 2d)

The ionic liquid molecules adsorbed on the Au plates were
examined by surface-assisted laser desorption/ionization-mass
spectrometry(SALDI-MS). The SALDI-MS analysis indicates
that C4Im* with shorter alkyl chain lengths has the higher ion
intensities than that of C8Im™ in the mass spectrum, and the
relative intensity of C4Im* (m/z 139) to C8Im™ (m/z 195)
was about 2 (Figure 3), suggesting that the preferential adsorp-
tion of C4ImPF6 on {111} facets of Au plates occurs during
the plate growth. The stabilized effect of {111} face of Au plates
in the mixed ionic liquid may be favorable to produce the
extremely large size Au plates, compared to the single adsorbed
layer of the ionic liquid. One minor peak at m/z 83 is attributed
to a fragment ion after loss of an alkyl chain.

It should be noted that the thermal decomposition of
HAuCly in ionic liquids at high temperatures is an important pa-
rameter in producing Au plates in the ionic liquid. For example,
we performed the reduction of HAuCl; in C4ImPF6 via photo-
chemical reduction or hydrazine reduction at room temperature,
but Au microplates were not formed in these routes. The photo-
chemical reduction yielded spherical nanoparticles as main
products, coexisting few rod and triangular nanoparticles, while
hydrazine reduction produced Au aggregates of spherical
particles (Figure $2)."" In addition, our experiments showed if
the solution of HAuCl, in the mixed ionic liquid was heated
by microwave heating (300 W), Au plates with several ten

1039

139

100]

. 195
20] 8?.9

50 100 150 200 250 300 350 400 450 500
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Figure 3. SALDI-TOF mass spectra obtained from the
adsorbed ionic liquids (C4ImPF6 and CBImPF6) on the Au
plates in a positive mode,

micrometer-scale size were formed rapidly within five minutes.
The slow reduction of gold precursors by a thermal heating
may contribute to a slow rate of the plate growth and hence
the formation of submillimeter-sized Au plates.

In conclusion, submillimeter-sized Au plates have been
successfully prepared by the simple thermal decomposition of
HAuCls in two-component ionic liquids of C4ImPF6 and
CB8ImPF6. The present route is very simple and has high-yield
production of Au plates. It can be estimated that this method
can be extended to the fabrication of other metal plates in ionic
liquids.
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Tissues contacting Ti dental implants were subjected to X-ray absorption fine structure (XAFS) analysis to examine the
chemical state of Ti transferred from the placed implant into the surrounding tissue. Nine tissues that contacted pure Ti
cover screws for several months were excised in a second surgery whereby healing abutments were set. Six tissues that
surrounded implants retrieved due to their failure were also excised. Ti distributions in the excised specimens were
confirmed by X-ray scanning analytical microscopy (XSAM), and the specimens were subjected to fluorescence XAFS analy-
sis to determine the chemical states of the low concentrations of Ti in the tissues surrounding Ti dental implants. Ti
mostly existed in the metallic state and was considered to be debris derived from the abrasion of implant pieces during
implant surgery. Oxidized forms of Ti, such as anatase and rutile, were also detected in a few specimens—and existed in
gither a pure state or mixed state with metallic Ti. It was concluded that the existence of Ti in the tissue did not cause
implant failure. Moreover, the usefulness of XAFS for analysis of the chemical states of rarely contained elements in
biclogical tissue was demonstrated.

Keywords: X-ray absorption fine structure (XAFS), Titanium, Implant

rations—which are nonetheless significant enough to
be assessed for biocompatibility.

X-ray absorption fine structure (XAFS) analysis
is a useful method to reveal the chemical states of
target elements. In particular, its use of synchro-
tron radiation makes it possible to analyze the state
of eroded metal in the human body at low concentra-
tions of around 1 to 100 ppm by using fluorescence
XAFS“9  In a previous study, we applied fluores-
cence XAFS to the analysis of human soft tissue in
contact with Ti dental implants, and the chemical
state of Ti in two oral mucosa specimens with low
concentrations of Ti could be analyzed”. In this
study, 15 specimens from Ti dental implant-
contacting tissues were analyzed by fluorescence
XAFS to examine the chemical state of Ti trans-
ferred from the placed implant into the surrounding
tissue.

INTRODUCTION

Metallic materials play an important role as medical
and dental implants”. Indeed, base metal alloys (e.g.,
stainless steel, cobalt-chromium alloys, and titanium
alloys) are widely used as major medical and dental
materials for applications that require high mechani-
cal strength. However, these base metal alloys
contain metallic elements with low biocompatibility
such as nickel and chromium, and erosion and
mechanical wear of metal implants placed in the
human body have been reported to be associated with
localized and systemic problems®®,

Titanium (Ti) is one of the most chemically
stable and biocompatible metals. Further, it induces
osseointegration (direct bonding between bone and
implant) and bone formation—both of which are
important features for implants. However, even Ti
erodes into the surrounding bone™. Elemental distri-
bution imaging using fluorescent X-rays—by virtue

of its high sensitivity and low damage to specimens— MATERIALS AND METHODS

has been employed to investigate heavy elements
rarely contained in biological specimens®™. However,
the chemical states of eroded metallic elements in the
human body have not been reported because
currently available conventional methods are merely
able to detect seemingly unalarming, low concent-

Tissue specimens

Fifteen oral mucosa specimens excised from nine
patients through implant surgery were subjected to
XAFS analysis. During dental implant surgery,
fixtures of Bréanemark® Mark III implants were
inserted into the jaw bone. Each fixture was covered
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with a cover screw, and then both fixture and cover
screw were submerged under the mucosa in the first
surgery. Both the fixture and cover screw consisted
of commercially pure Ti with machined surface.
Nine tissues that contacted the Ti cover were
excised in a second surgery whereby healing abut-
ments were set. These tissues had closely contacted
the pure Ti for several months and were available as
a result of the ordinary implantation process without
a need for excess surgery. Six tissues that
surrounded the tissues of implants retrieved due to
their failure were also excised. The excised speci-
mens were freeze-dried and subjected to XSAM and
XAFS analyses. This study was carried out with the
permission of the Ethical Committee of the Graduate
School of Dental Medicine of Hokkaido University.

XSAM analylsis

Ti and sulfur (S) distributions in the specimens were
confirmed with an X-ray scanning analytical micro-
scope (XSAM; XGT-2000V, Horiba). S was homoge-
neously contained in the specimens; therefore, S
distribution images included the whole specimen.
XSAM elemental distribution images were obtained
with 50 scans (scan speed was 3,000 seconds per scan),
and incident X-ray was obtained under the conditions
of 50 kV, 1 mA. Resolution of XSAM was about 100
um. Specimens that showed Ti localization by
XSAM analysis were used for a subsequent XAFS
analysis.

In a previous report™ which also used XSAM, we
observed clear Ni dissolution in Ni wire (59.9%, ¢1
mm X 10 mm)-implanted rat subcutaneous tissue.
This tissue showed severe inflammatory responses
such as cell necrosis, macrophage migration, and
blood vessel dilation around the area with dissolved
Ni®. On this basis, it was also subjected to XAFS
analysis as a negative control.

XAFS analysis

The XAFS spectra were measured at BL-3A of the
Photon Factory, Institute of Materials Structure
Science, High Energy Accelerator Organization (KEK-
PF). Electron storage ring was operated at 2.5 GeV
with  300-500 maA. Synchrotron radiation was
monochromatized with a Si(111) double-crystal
monochromator. Incident X-ray was focused using
two bent conical mirrors into a beam 1 mm in
diameter, and the specific area of the specimen where
Ti was enriched was irradiated. Higher harmonics
were removed using a total reflection mirror.

As for the X-ray absorption near edge structure
(XANES) spectra of Ti K-edge and Ni K-edge, they
were measured in a fluorescent mode using a multi-
element solid-state detector (SSD; Camberra, 19
elements). I, signals were monitored using an N;-
filled ionization chamber. Ti foil (99.6%, Nilaco,

Japan), Ni(NOs), and Ni(OH): (reagent grade, Wako,
Japan) were used as the standards for XAFS analy-
sis. XANES spectra of TiO: (anatase and rutile} were
taken from the report of Asakura et al'”.

RESULTS

Table 1 shows the results of XAFS analysis of 15
specimens, Specimen Nos. 1 to 9 were derived from
the oral mucosae in contact with the pure Ti cover
screws through the second ordinary surgery.
Specimen Nos. 10 to 15 were derived from the tissues
surrounding retrieved implants. The chemical state
of Ti was estimated by comparing the XANES spec-
tra to those of reference compounds. Metallic Ti was
mostly suggested; however, other states were also
detected.

Figure 1 shows the typical S and Ti distribution
images of four oral mucosse (numbers 1, 2, 4, and 7
in Table 1) with XSAM. The S distribution image
shows the shape of the specimens. In these speci-
mens, Ti was localized in spots, except in No. 2, sug-
gesting the existence of particle-like materials
consisting of Ti. In specimen No. 2, Ti was homoge-
neously distributed in parts of the specimen. Parts
indicated by arrows in the Ti distribution images
show the areas employed for subsequent XAFS
analysis.

Figure 2 shows the Ti K-edge XANES spectra of
specimen No. 1 (arrow in Fig. 1) and Ti foil as the
standard. The spectrum of specimen No. 1 was quite

Table 1 Ti K-edge absorption and chemical state of Ti con-
tained in Ti implant (BrAnemark® Mark III)-
surrounding tissues using fluorescence XAFS
analysis. (Nos. 1 to 9: in contact with pure Ti
cover screws (machined surface) of successful
implants; Nos, 10 to 15 excised from retrieved
implants with machined surface.)

Specimen Chemical state of Ti Patient (Gender)
1 Metal A (Female)
2 Anatase B (Female)
3 Metal (80%) + Anatase (20%) B (Female)
q Metal (80%) + Anatase (20%) C (Female)
b} Metal D (Female)
6 Metal D (Female}
7 Metal (80%) + Rutile (20%) E  (Male)
8 Metal E  (Male)

9 Metal F  (Male}
s Met,al(BS%j+Anatase(15%:F.(Male)
11 Metal E (Male}
12 Metal G (Female)
13 Metal G (Female)
14 Metal G (Female)
15 Metal G (Female)
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Fig. 2 Ti K-edge XANES spectra of specimen No. 1 and
Ti foil.

close to that of Ti foil. Therefore, the localized Ti in
specimen No. 1 was estimated to be in the metallic
state. Figure 3 shows the spectra of specimen No. 2
(as previously reported®) and TiO: (anatase and
rutile'”). The spectrum of specimen No. 2 was close to
that of anatase. Therefore, the localized Ti in speci-
men No. 2 was considered to be anatase. Figure 4
shows the XANES spectrum of specimen No. 4. The
observed XANES spectrum was similar to that of
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3 Kf/
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Fig. 3 Ti K-edge XANES spectra of specimen No. 2

and TiO: in rutile and anatase forms after
Asakura et al™.

metallic Ti, but fit well with a mixture of metallic Ti
and anatase. A mixture of about 80% metal and
20% anatase well described the observed spectrum.
Figure 5 shows the XANES spectrum of specimen
No. 7. Like specimen No. 4, the Ti distribution and
the observed XANES spectrum indicated the presence
of metallic Ti, but the peak marked by the arrow in
the observed spectrum did not exist in the spectrum
of metallic Ti. On the overall, the spectrum fit well



UQO et al.

observed

fitted (a+b)

Ti metal
*0.8 (b)

Absorption coefficient (a.u.)

S ~~——_____lanatase

'/: ] | O

4980 5000 5020
Photon energy (eV)
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with a mixture of metallic Ti (B0%) and rutile (20%).

Figure 6 shows the Ni and S distribution images
of Ni-implanted rat subcutaneous tissue obtained by
XSAM. Ni dissolution was clearly observed, and the
area with dissolved Ni extended up to about 1.5 mm
from the position of the implant surface. The Ni K-
edge XANES spectrum of the dissolved Ni in the
abovementioned tissue and those of the standard Ni
compounds are shown in Fig. 7. The spectrum of Ni
dissolved in the rat soft tissue was close to that of
Ni(OH): and identical to that of Ni(NOs).

DISCUSSION

Despite the high chemical stability and bio-
compatibility of pure Ti dental implants, Ti was
detected in tissues surrounding the implants. We
analyzed 15 Ti-containing oral mucosae obtained
from patients whe had Ti dental implants, and the
chemical state of Ti was estimated with fluorescence
XAFS analysis. As shown in Table 1, 10 of the
specimens showed the existence of metallic Ti.
Further, as shown for specimen No. 1 in Fig. 1, the
Ti distribution images of these specimens suggested
the existence of particulate Ti. Putting these results
together, it could be said that Ti in those tissues
consisted of metallic Ti particles.
During the first implant surgery,
implant fixture was covered with a cover screw. The
surface of placed implants in this study were
machined but not polished. Therefore, abrasion
between the inner surface of the fixture and the
outer surface of the cover screw appeared to generate
Ti debris. Wear debris generation from metal-on-
metal hip joints in wvivo has been reported”.
Therefore, the origin of Ti particles in these speci-
mens was attributed to abrasion-generated debris
during implant surgery. In the XSAM observation,
Ca distributions were also measured. These images

the dental
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were similar to S distribution images and there were
no relations to Ti distribution images.

In one specimen (No. 2}, Ti existed as anatase.
In a few other specimens (Nos. 3, 4, 7, and 10), mixed
states of metallic Ti and titanium dioxide (anatase or
rutile) were observed. As shown for specimen Nos. 4
and 7 in Fig. 1, the Ti distribution images of these
specimens suggested the existence of particulate Ti.
Moreover, even in the mixed state, metallic Ti debris
constituted a greater portion in these specimens with
the existence of a small amount of anatase. One
speculation for the origin of these oxides was that Ti
eroded and dissolved into the surrounding tissue and
might have oxidized and localized. Alternatively, the
TiO, layer on the implant surface was abraded and
transferred into the tissue.  Anatase is the
low-temperature form of titanium dioxide. As such,
its presence as the oxidized state of dissolved Ti ions
was a reasonable and acceptable one. Moreover,
anatase formation from dissolved Ti can be corrobo-
rated from the many reports on the corrosion behav-
ior of Ti*® However, the existence of rutile was a
curious one because it is a high-temperature form of
titanium dioxide. One possible source was the abra-
gion of Ti oxide film on the implant material. In
this case, the state of Ti would depend on the history
and background of the material before surgery.
Removed cover screws (specimen Nos. 1—9) and
extracted implants (specimen Nos. 10— 15} showed a
metallic surface, whereby no corrosion was observed
in visual inspection. On this note, the relationship
between the chemical state of Ti in the surrounding
tissues and the surface condition of implanted Ti was
not fully clarified and thoroughly determined in this
study. Additional study is thus necessary to confirm
the transfer process of Ti

The implants of six patients, specimen Nos. 1 to
9, were stable despite the transfer of Ti into the
surrounding tissue. As shown in Table 1, the same
chemical states were found for both successful and
failed implants. In other words, implant failure
could not be ascribed to the spread of Ti in the tis-
sue. As for the explanation to this dual success/fail-
ure condition of implants, it could be attributed to
two factors: Ti in the surrounding tissue was in a
chemically stable state (such as metallic Ti and TiOs),
and that it was localized in a narrow area around
the tissue in contact with the implant versus wide-
spread dissemination of Ti debris from the implant.

In contrast to Ti, dissolved Ni spread homogene-
ously in the soft tissue and existed in an aguo
complex as shown in Figs. 6 and 7. In the specimen
shown in Fig. 6, severe inflammatory responses such
as cell necrosis, macrophage migration, and blood
vessel dilation were observed in the area with
dissolved Ni®*. Figure 7 then suggested that the Ni
species present in rat soft tissue was surrounded by

water to form an aquo complex. The Ni aquo
complex would be diffusible and reactive in the soft
tissue. As a result, the toxicity of Ni ions caused
severe inflammatory responses in the tissue. At this
juncture, it is worth highlighting that differences in
the chemical state between Ti and Ni in the soft
tissue would affect the diffusibility and toxicity of
dissolved species in the tissue. Therefore, analysis of
the chemical state of a metal species in soft tissue
was considered to be useful in evaluating its
biocompatibility.

Concentrations of released metal ions and small
debris in the tissues surrounding medical and dental
implants are usually quite low. Therefore, such
tissues require high-intensity incident X-rays (e.g.,
synchrotron radiation) coupled with high sensitivity
(e.g., X-ray fluorescence or XAFS analysis). For
example, Ektessabi et al™ detected metal ions
released from a failed hip replacement system by
synchrotron radiation-excited X-ray fluorescence
spectroscopy; however, their chemical states were still
unknown. In this study, we employed fluorescence
XAFS, which provided higher sensitivity than ordi-
nary transmission XAFS with synchrotron radiation
because of low background in the spectrum™. In this
manner, the chemical states of low concentrations of
metal elements in tissues were successfully analyzed
using fluorescence XAFS method.

CONCLUSIONS

In this study, we successfully estimated the chemical
states of low concentrations of Ti in tissues
surrounding Ti dental implants using fluorescence
XAFS. Ti existed mostly in the metallic state and
was considered to be debris derived from the abra-
sion of implant pieces during implant surgery.
Oxidized Ti forms, such as anatase and rutile, were
also detected in a few specimens—they existed in
either a pure state or mixed state with metallic Ti.
As for Ti that transferred from the dental implants
into the surrounding tissues, it existed in chemically
stable states (such as metallic Ti and titanium diox-
ide) and localized near the implants. The same
chemical states were found for both successful and
failed implants, and always close to the implant
surface. Therefore, failure could not be ascribed to
the spreading of Ti in the tissue. In this work, we
demonstrated the usefulness of using XAFS for the
analysis of the chemical states of rarely contained
metallic elements in tissues surrounding metallic
implants.
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Metal-Encapsulating Carbon Nanocapsules
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Abstract: Rare earth elements (Y, La, Ce, Nd, Gd and Dy) encapsulated by carbon
nanocapsules (CNCs) were synthesized and their purity and air oxidation stability
were estimated. The purity was estimated as the rare carth carbide content. Gd- and
Dy-encapsulating CNCs had higher than 30 wt% and others 15 to 20 wt%. Encapsu-
lated rare earth carbide was oxidized by heating in air at 400°C or higher. This
suggested oxidation damage to the graphene capsules of CNCs.

Keywords: Metal encapsulating carbon nanocapsules, rare earth, carbide, purity,
thermal stability

INTRODUCTION

Metal-encapsulating carbon nanocapsules (MECNCs) are several tens of nan-
ometers in diameter and consist of a graphene sheet structure encapsulating a
metallic carbide. MECNCs have a surface covered by a graphene sheet, so
they have quite high chemical stability (1-10). In the capsule synthesized
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by using a direct current arc-discharge method with a lanthanide-loading
graphite anode, lanthanide is usually encapsulated as a carbide. The
formation of MECNCs was suggested as the segregation of excess carbon
composition from the metal carbide droplets while they are cooling (4). Metal-
lofullerenes have been studied as contrast agents in X-ray or magnetic
resonance imaging (11, 12).

MECNC S also contain metallic elements in the graphite capsule, but the
size of the capsule and the amount of encapsulated metallic elements are a
hundred times larger than metallofullerenes. In addition, the graphene
capsules have high chemical stability and the encapsulated metals are stable
in air, water and concentrated sulfuric acid, and these features will provide
higher imaging and tracing efficiencies as contrast agents or tracers as the
authors have reported the low cytotoxicity of MECNCs (13). In the application
of MECNC:s, their purity and the chemical stability of the graphene capsules
must be estimated.

EXPERIMENTAL PROCEDURES

MECNCs were synthesized by a direct current arc-discharge between a pure
graphite cathode and a metal-loaded graphite anode in a helium atmosphere.
A pure graphite rod (purity 99.9%, Wakomu Denso Co., Japan) and a graphite
rod loaded with Y,0;, La,0;, CeO,, Nd,O; Gd,O; and Dy203 POWdCI'
(99.9%, Wako Pure Chemical Industries, Japan) as the source of rare earth
were used as the cathode and anode, respectively. The arc-discharge was
carried out in helium gas at 500 Torr. A carbonaceous deposit on the
cathode was corrected and the synthesis of the MECNCs was confirmed
with TEM observation (TEM: Hitachi, HF-2000, Japan), energy-dispersive
X-ray spectroscopy analysis (EDXS: NORAN Instruments, VANTAGE,
USA) and X-ray diffraction (XRD: Rigaku, Multiflex, Japan). As-grown
MECNCs, MECNCs heated at 350 to 450°C in air for 30 minutes and
MECNC s heated at 450°C in vacuum (IO"6 torr) were subjected to X-ray dif-
fraction to estimate the crystalline state of encapsulated rare earth. Some
MECNCs were heated at 800°C for 2 hours to burn out the graphene
capsule and the rare earth oxide that remained was weighed. The rare earth
carbide contents in as-grown MECNCs were converted from the final oxide
weight and the chemical formulae of the rare earth carbides and oxides
were assigned.

RESULTS AND DISCUSSION

MECNCSs encapsulating Y, La, Ce, Nd, Gd and Dy were successfully syn-
thesized. Later, those MECNCs are abbreviated as Y-CNCs. Figure 1 shows
the TEM image of Ce-CNCs. We observed many MECNCs as well as
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Figure 1. High magnification TEM image of MECNCs (Ce-CNCs).

non-encapsulating carbon nanocapsules. The single-crystal CeC, compounds
were encapsulated in the multi-walled carbon layers. The fact that the CeC,
interior was single-crystalline was confirmed by electron diffraction (9) and
EDXS. The estimated rare earth carbide contents in various MECNCs are
presented in Table 1. The weights of the MECNCs were mostly obtained
from the rare earth carbide cores. Therefore, the carbide contents were close
to the purity of the MECNCs. The purity levels of Gd- and Dy-containing
CNCs were more than 30 wt% and others were less than 20 wt%.
Therefore, graphite, amorphous carbon and vacant carbon nanocapsules
were contained as impurities.

Figure 2(a) shows the X-ray diffraction spectra of Ce-encapsulating nano-
capsules (Ce-CNCs) as grown and heated at 350 to 450°C. As-grown Ce-
CNCs show diffraction peaks derived from the graphite and CeC,. The
spectrum was not changed after heating at 350°C, but CeO, appeared after
heating at higher than 400°C. Rare earth carbides are instable in air and
easily oxidized. In MECNCs, however, the graphene capsule is airtight:
therefore, the rare earth carbide is isolated from the air. When heated at
higher than 400°C in air, the graphene capsule was damaged by oxidation
and the encapsulated CeC, was oxidized to CeO,. Similarly, Y-CNCs
showed peaks derived from the oxide species (Y,03) after heating at 400°C

Table 1. Rare earth carbide content in raw MECNCs

Chemical formula of Carbide content

MECNCs encapsulated carbide (wt%)
Y-CNCs YC, 16
La-CNCs LaC, 19
Ce-CNCs CeC, 19
Nd-CNCs NdC, 20
Gd-CNCs GdC, 35

Dy-CNCs DyC, 31
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Figure 2. Changes in X-ray diffraction spectra of Ce- and La-CNCs with heat
treatment.

or higher. Figure 2(b) shows the X-ray diffraction spectra of La-CNCs as
grown and heated at 350 to 450°C. As-grown La-CNCs show diffraction
peaks derived from the graphite and LaC,.

After heating at 400°C, peaks of LaC, became weak and peaks of La,03
and La,COs appeared at above 450°C. Nd-CNCs showed Nd,0,CO; after
450 C. These results showed that La- and Nd-CNCs were stable at lower
than 350 C and that carbonate or oxicarbonate species were formed at
450 C. After heating at 450°C in vacuum, Ce-CNCs showed CeO, peaks,
however, La-CNCs were not changed. Also, Y-CNCs and Nd-CNCs were
not changed after heating at 450°C in vacuum. Then, Ce-CNCs would be
less stable for heating.

Figure 3(a) shows the X-ray diffraction spectra of Gd-CNCs as grown and
heated at 350 to 450 C. The peaks derived from GdC, remained after heating
at 400 C. At 450 C, peaks assigned to GdC, disappeared and unclear peaks
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Figure 3. Changes in X-ray diffraction spectra of Dy- and Gd-CNCs with heat
treatment.
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assigned to Gd,0; were slightly increased. Gd-CNCs was not changed after
heated at 450°C in vacuum. As shown in Figure 3(b), the peaks derived
from DyC, remained after heating at 400°C, but the peaks were broadened.
Dy-CNCs after heated at 450°C in vacuum was similar to that after heated
in air. Therefore, Gd-CNCs would have the highest stability for heating in
air and vacuum.

Figure 4 shows the TEM images of Gd- and Dy-CNCs after heated at
450°C. Gd or Dy encapsulating CNCs (points 1 and 3 in Figure 4) were
remained and large granules (points 2 and 4) were generated after heating.
The compositions of each point analyzed by EDXS were tabulated in
Table 2. Points 1 and 3 contain the rare earth (Gd or Dy) and C. Then, the
remaining of Gd-and Dy-CNCs after heated at 450°C could be confirmed.
Point 2 and 4 which were generated large granules showed high oxygen
content. Those granules could be assumed that the most of MECNCs were
oxidized and degraded by heating, and then encapsulated rare earth was
formed oxide particles. In Y-, La-, Ce-and Nd-CNCs that showed no
carbides in XRD spectra after heated at 450°C, the remained MECNCs
could not observed by TEM observation. Therefore, the heating stability
estimated by XRD was confirmed by TEM observation.

Oxidation treatment at around 500°C was useful for the purification of
carbon nanotubes because the impurities, e.g., amorphous carbon or hydro-
carbon, were burned out before nanotube oxidation. In this study, the encap-
sulated rare earth carbides in MECNCs were oxidized by heating at 400 to
450°C in air. Ajayan et al. suggested that both the strain at the tip and the
presence of pentagons might help the initiation of the oxidation at the caps
of carbon nanotubes (14).

MECNCSs have tips that would contain pentagons, thus, heating in air
would promote the oxidation at the tips of the graphene capsules of
MECNCs and airtightness is lost. Then the encapsulated rare earth carbide
is oxidized. The airtightness of the graphene capsule means that the

Figure 4. TEM images of Dy- and Gd-CNCs after heat treatment at 450 C.
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Table 2. EDXS analysis of Gd- and Dy-CNCs after heated 450°C
shown in Figure 4 (at%)

Elements analyzed

point Gd Dy C O

1 7.0 — 924 0.6
2 10.6 — 66.1 233
3 — 76.9 209 2.2
4 - 215 51.9 20.6

encapsulated elements are isolated from the outside. Oxidation of encapsu-
lated rare earth elements indicates damage to the graphene capsules and
loss of their airtightness. Therefore, MECNCs heated at higher than 400°C
in air lose their chemical stability, and the encapsulated elements become
erosive. In other words, MECNCs are stable at lower than 350°C and the
erosion of encapsulated elements is negligible. This feature is important for
biomedical application as the authors have reported the low cytotoxicity of
Ce-CNCs (13). In this study, various rare earth elements were encapsulated
in carbon nanocapsules. Gd-CNCs had the highest purity (35 wt%) among
the synthesized MECNCs and slightly better stability for heating in air up
to 450°C. Concering the Gd-CNCs, paramagnetic properties and magnetic
separation were suggested (15, 16). Thus, Gd-CNCs would be favorable for
biomedical and other applications.
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Abstract Composile materials consisting of TiO; nanopar-
ticles and high-density polyethylene (HDPE), designated
hereafier as TiO-/HDPE, were prepared by a kneading and
forming process. The effect of TiO, content on the mechan-
ical properties and apatite forming ability of these materi-
als was studied. Increased TiO; content resulted in an in-
crease in bending strength, yield strength, Young's modulus
and compressive strength (bending strength = 68 MPa, yield
strength = 54 MPa, Young's modulus = 7 GPa, and com-
pressive strength = 82 MPa) at 50 vol% TiO;. The compos-
ite with 50 vol% Ti0; shows a similar strength and Young's
modulus to human cortical bone. The TiQ»/1IDPE compos-
ites with different Ti0)> contents were soaked a1 36.5 'C for
up 1o 14 days in a simulated body fluid (SBF) whose ion
concentrations were nearly equal 1o those of human blood
plasma. The apatite Torming ability. which is indicative of
bioactivity, increased with TiQ> content. Little apatite for-
mation was observed for the TiO/HDPE composite with 20
vol% content. However, in the case of 40 vol% TiQ; content
and higher, the apanite layers were formed on the surface of
the composites within 7 days, 'The most potent TiO> content
for a bone-repairing material was 50 vol%. judging from the
mechanical and biological resulis. 1'mis kind of bioactive ma-
terial with similar mechanical propertics o human cortical
bone is expected to be useful as a load bearing bone substitute
i areas such as the veriebra and cranium.
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Introduction

It has been reported that some ceramics, such as NaO-
Ca0-5i0,-P,05 glasses [1], sintered hydroxyapatite [2],
and glass-ceramics containing crystalline apatite and wollas-
tonite (A-W) [3], can bond 10 living bone. These ceramics
are already clinically used as imponant bone-repairing ma-
lerials. Recently, it was also reported that even metals such
as litanium and its alloys can bond to living bone when they
have been previously subjected 1o alkali and heat treatment
[4] or alkali, water and heat treatment [5]. However, they have
much higher elastic moduli than does natural bone, This is
a eritical problem, since a high elastic modulus of the ma-
terials may induce bone resorption because of their stress
shielding. On the other hand, polymeric materials generally
possess low elastic moduli. but none bond to living bone ex-
cept for Polyactive ™, which is biodegradable | 6. Therefore.
new types of materials having a high bioactivity as well as
mechanical strengths analogous 1o those of the natural bone
must still be developed for load-beanng bone substitutes.

A composite {HAPEX'™) of hydroxyapatite particles
with high-density polvethylene (HIDPE) was developed in
the carly 19805 as a bone substnute with analogous mechan-
ical propentics 1o those of the bone [7). 1t is already clini-
cally used for antificial incus bones, Some of the mechanical
properties of HAPEX™ such as the tensile strength, have
already been found 1o be desirable for its use in the body
[8-10]. However, the fracture toughness and elastic modulus
Ol HAPEN™ are lower than those of living bone. Addition-
ally, glass - cerumic A-W-reinforced HDPE was developed
n F9UR 11, 12). The broactiviry of this composite is higher
than thatof HAPEX™  butits mechanical strengths are lower
than that of HAPEX'™.

Onthe other hamd. hydroxyapatite-reinforced  poly-
(L-Tactidey (PLLAY [13] has an mitial Dending strength of
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280 MPa. which exceeds the bending strength of the hu-
man cortical bone (50 to 150 MPa), and an elastic modulus
of 12 GPa, which is in the range of the elastic modulus of
the human cortical bone (7 to 30 GPa) [ 14]. These mechan-
ical properties of this composite, however, decrease to 200
MPa after 25 weeks in the phosphate-buffered saline because
of the biodegradability of PLLA. Therefore, this composite
is not useful as a load-bearing bone substitute but only for
fracture-fixation devices such as pins or screws. Therefore,
in order to develop a bone-repairing material with bone-like
mechanical properties, it is necessary to incorporate a bioac-
tive ceramic particulate with a high mechanical strength and
elastic modulus into a nondegradable ductile matrix.

Kokubo et al. reported that titania gels with an amorphous
structure did not induce apatite fonmation on their surfaces
in a simulated body fluid (SBF), which was prepared ro have
an ion concentration nearly equal 1o that of human blood
plasma (Na* 142.0, K* 5.0, Ca’* 2.5, Mg?* 1.5, CI~ 147 8,
HCO;™ 4.2, HPO:* 1.0, and S04%~ 0.5mM) |15], whereas
the gels with an anatase or rutile structure induced apatite
formation on their surfaces [ 16—18]. The deposition of apatite
was more pronounced on the anatase gels than on the rutile
gels. Therefore, a titania with a specific crystal structure,
such as anatase, is effective in inducing apatite nucleation in
a body environment.

Fillers have an important role in modifying the properties
of various polymers. In polymeric materials, inorpanic par-
ticles are used as fillers to improve their strength, toughness
and wear properties | 19]. The effect of fillers on the prop-
ertics of the composites depends on their concentration and
panticle size and shape, as well as their interaction with the
matrix. As yel, there has been no study regarding the effect of
TiO5 on the mechanical strengths of HDPE. TiO2 has high
mechanical strengths. For example, the elastic modulus of
Ti05 (300-320 GPa) is much higher than that of hydroxyap-
atite (86-110 GPa)| 14]). So incorporating TiO; particles into
the polymer malrix is considered 10 be effective to enhance
the mechanical properties of the polymer matrix.

In this study, the effects of TiO2 content on the bending,
yield strengths. Young's modulus, the sirain to failure, and
compressive strength of TiO:/HDPE composite were investi-
gated. In addition, the apatite forming ability of TiO2/HDPE
composite in SBF was studied.

Materials and methods

Materials

Solvents and reagents, all of special reagent grade, were used
without further purification. An anatase-ty pe TiOz nanopow-

der was manufactured by Ishihara Sangyo Kaisha. Lid., Mie.
Japan. The phase of the TiO: powders was analyzed by
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powder X-ray diffraction. The TiO; particles were analyzed
in terms of size using a laser scattering panicle size distri-
bution analyzer (MasterSizer 2000, MALVERN Co., Japan)
and a BET-specific surface area analyzer (NOVA-2000, Yua-
saionics Co., Japan). The surface chemical composition of
the outermost layer of the as-received TiO; was analyzed by
an X-ray photoelectron spectrometer (XPS) with an ESCA
LAB MKII Model (VG Scientific, East Grin stead, England).
An MgKa X-ray was used as the source. The photoeleciron
take—off angle was set at 30°. The measured binding energy
was correcied by referring to that of the Cls as 285.0 V. The
zeta potential of the surface of the as-received TiO; was mea-
sured by laser electrophoresis with a Penmkem 501 Model
in .01 mol/l phosphate buffer saline of pH 7.2 a1 20 *C.

HDPE (Jupan Polyolefins Co., Lid_, Tokyo, Japan) had the
following number-average molecular weight: Mn, weight-
average molecular weight in 1.2 x 10%; Mw in 7.67 x 10*
and z-average molecular weight; Mz in 47.6 x 10*, Mw/Mn
in 6.35 and Mz/Mw in 6.20. The melt flowing rate (MFR) of
this polyethylene is 8,

Preparation of TiO:/HDPE composites

The manufacturing process of the TiO;/HDPE involved
kneading and compression moulding. The filler content was
set at 20, 40, 45, 50, 52, 52.5 and 55.6 vol%. These compos-
ites were denoted as TiOo/HIDPE —20, 40, 45, 50, 52, 52.5
and 55.6, respectively. HDPE was dried a1 80 “C for 8 h and
then kneaded at 210 "C in a batch kneader PBV 0.3 (Irie
Seisaku-sho, Lid., Tokyo, Japan). Ti0; panticies were added
slowly into the melted HDPE with kneading at 210 Cin air.
After adding TiO;, the TiO/HDPE compound was kneaded
with a 25 rpm rotation speed for 30 min,

The obtained compounds were molded at 230 C for | h
and then hot-pressed in air under a pressure of 2.5 MPa,

Characterization of TiO/HDPE composites
Mechanical test

‘Three-point bend testing of TiO2/HDPE composites was per-
formed using ten samples of each type of composite. The
specimens were cut 10 the desired shape and then polished,
using 400 grit silicon carbide paper, 1o a size of 40mm =
10mm = 4mm. A testing machine, Model 5582 (Instron
Co. Lid., L AL USA) was used to apply a load over a
30mm span. Measurements were performed with o cross-
head speed of 1O mm/min il room temperature according
10 JI1S K 7171, The fracture surfaces were examined using
a field cmission scanning electron mcroscope (FE-SEM)
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with aJSM-6330F Model (JEOL DATUM Co. Ltd., Nagoya,
Japan) after coating with a thin layer of Au.

The values for bending strength, Young's modulus, yield
strength and strain to failure were calculated according to the
following equations: [12, 20]

Bending strength o = 3pL/2bd* (n

Young's modulus E = o/(6d4§/L%) (2)

Yield sirength 0, = (3p, L/2bd*X(n + 2)/3) 3)
Strain to failure & = (645/L7)((2n + 1)/n)(1/3), )

where pis the load at elastic limit (N). p, is the load at fracture
(N, L is the sample length (mm), § is the displacement of
the cross head (mm), b is the sample width (mm), d is the
sample height (mm) and n is a strain-hardening exponent
D<n<l)

For compressive mechanical analysis, specimens of the
dimensions 10mm x 10mm x 4 mm were cut from the hot-
pressed composite plates. They were subsequently polished
using 400 grit silicon carbide papers 10 remove defects from
the specimen surfaces. The strength measurement was car-
ried out at a cross-head speed of 1.0 mm/min according to
JIS K 7181. The tests were carried oul at room lemperature
in air,

The compressive strength was calculated from

Compressive strength, o, = F/A, (5)

where Fis fracture load (N) and A is the initial cross sectional
area (mm?).

Density

‘The densitics of the TiO2/TIDPE composites were measured
by the Archimedes method using a pycnometer and a glass
bottle of known volume with a capillary tube at the top as a
container. The liquid medium for all materials was distilled
water.

Bioactivity test

The bicactivity of the TiO;/1IDPE composites was evalu-
ated by examining apatite formation on their surfaces in the
simulated boady fluid (SBF). It has been revealed that mate-
rials that form a bone-like apatite on their surfaces in SBFF
form the apatite even in a living bady and bond to living
hone through the apatite layer [21]. The bicactivity of the
composile was compared with that of TiO; particles or pure
HDPE. The 110, panticles were embedded on the tape stuck
toa plass slide 10mm = [0mm = 2mm n size. For both

HDPE and TiO./HDPE composites, specimens of 10mm x
10mm x 4mm in size were cul, polished with a 400 grit
silicon carbide paper for 5 min, washed with distilled wa-
ter and dried al room temperature. SBF with jon concen-
trations nearly equal to those of human blood plasma was
prepared by dissolving the reagents NaCl, NaHCO,, KCl,
K:HPO;-3H;0, MgCl;.6H,0, CaCl, and Na,SOy (Nacalai
tesque, Inc. Kyoto, Japan) in distilled water and buffered
at pH7.4 and 36.5 °C with (CH;OH);CNH, and 1M HClI
(Nacalai tesque, Inc. Kyoto, Japan). The specimens were
soaked in 30 ml of SBF at 36.5 “C. After various time pe-
riods, the specimens were removed from the fuid, washed
moderately with ion-exchanged distilled water, and dried at
room temperature for | day. Their surfaces were analyzed
by thin-film X-ray diffraction (TF-XRD) with RINT Model
2000 (Rigaku Denki Co. L1d., Tokyo, Japan). The morphol-
ogy of the surface layer of the composites was observed by
FE-SEM after coating them with a thin Au film.

Results
Characterization of TiQ,

The as-received TiO; particles were confirmed 1o be essen-
tially of the anatase phase by powder X-ray diffraction anal-
ysis. They had a broad particle size distribution. with a me-
dian particle size of 535 nm. The BET surface arca of the
as-received TiO; was approximately 8.56 m*g~'. Figure |
shows a TEM pholograph of the as-received TiQ,, TiO; par-
licles possessed a round shape and smooth surface. Figure 2
shows O(1s) spectra of the as-received TiQs. Both TiO; and
Ti-OH peaks were detected. This result indicates that the
as-received TiO; already has Ti-OH groups. which is es-
sential for apatite nucleation. The zeta potential of the sur-
lace of the as-received TiO; was found 1o be highly negative
(=22.5mV).

Fracture surface of composites

Figure 3 shows FE-SEM images of the fracture surfaces of
TiO>/HDPE composites with different TiO» contents after
the bending test. As the FE-SEM image in Fig. 3a shows. al
20 vol% filler content there was a large degree of polymer
deformation: this was indicated by the presence of clonpated
strands of polyethylene. However, with greater than 40 vol %
of TiO; (Figs, 3b.c and d). there was a small degree of poly-
mer deformation. Aleng with the formation of polymer fib-
rils, the panicles of T1O» were siill clearly seen within the
polycthylene matrix. It was easy to detect the Ti0), agglom-
crates in the TiO2/HDPE-52 (Fig. 3¢) and TiO./HIDPE-56
(Fig. Xd).
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Fig, I Transmission clectron micrograph of the as-received TiO; par
ticles
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Fig. 2 Otls) peak i the XPS spectrum of as receinved NO;

Mechanical properties of composites

I'he values for bending strength, vicld strength, Young's
modulus, fracture strain and compressive strength of the
TiO-HDPE composites and HDPE are shown in “Table |1,
The bending strength, yield strength and Young's modulus
increased with increasing TiOs content up to 50 vol% and
decreased with increasing content above 52 vol%%. The vield
strength and Young's medulus were, respectively, 28 MPa
and L4 GPator HDPE, 49 MPaand 7.6 GPator LOs/HDPE-
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40, 54 MPa and 7.1GPa for TiO,/HDPE-50, and 29 MPa and
6.8 GPa for TiO-/HDPE-55.6. The strain to failure decreased
as the TiO; content increased up 1o 40 vol%. However. the
values obtained for the strain to failure increased for the com-
posites with a TiO; content higher than 45 vol%.

The increase in the TiO: volume fraction resulted in an
increase in compressive strength. The following compressive
strengiths were obtained: 22 MPa for HDPE, 61 MPa for
TiO,/HDPE-¥), 75 MPa for TiO,/HDPE-50, and 87 MPa
for TiO:/HDPE-55.6.

The representative load-displacement curves of three-
point bend testing were demonstrated for TiO;/11DPE com-
posites in Fig. 4. Figure 4 shows that HDPE did not fracture
within the limits of the three-point bending apparatus. This
behavior resulted in mechanical properties, in that they had
a low bending strength, yield strength and Young's mod-
ulus, and a large strain to failure. For TiO2/HDPE-20 and
Ti03/HDPE-40, this ductile behavior was no longer a dom-
inant feature. As the TiO; content increased from 40 vol%.
the fracture strain also increased.

Density of composites

Figure 5 shows the densities of TiO:/HDPE composites.
Compared 10 the theoretical density, which was calculated
by the rule of mixture, the density of TiO2/HDPE composites
with a low TiOs content (20 vol% ) almost matched the theo-
retical value. However, as the amount of Ti(); was increased
up to 55.6 vol%. the discrepancy between the measured and
theoretical densities increased.

Bioactivity of composites

Figure 6 shows TF-XRD patterns of TiO; particle (a) and
HDPE (b) which were soaked in SBF for 3 and 14 days,
respectively, Apatite was able Lo form on the ThiOs paricles
afler 3 days of soaking: however, it was not formed on the
HDPE even after 14 days of soaking in SBE,

Figure 7 shows TF-XRD patterns of TiO3/HDPE compos-
ites that were soaked in SBF for 14 days. Apatite peaks were
detecred onallof the TiO,/HDPE composites except forthose
with 0 and 20 vol% of TiOx. This result indicates that the ap
atite forms on TiO>/HIDPE composites with a Ti0) ;content
greater than 40 vol% in SBF and tha apatite-formning abil-
ity increases with increasing TiO» content. Figure 8 shows
I'F-XRD patierms of a l'i(!;,’HDPH u-:rlpuxih.‘ with 30 vol©t
ol TYO: that was soaked in SBF for various periods up to 14
days. Small apatite peaks were detected ar 7 days of soak-
g, With 14 days of soaking. these apatite peaks increased.
This resultindicates that the apatite formed on a T0O/HDPE
composite with 50 vols of 1O increased with increasing

soaking fime



