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Fig. 3. Adhesion of hBMSC, 30 min. 1, 4, and 24 h after seeding. a. c, e. g (/eft row) mineralised
collagen membrane, b, d, f. h (vight row) demineralised collagen membrane. a, b 30 min. ¢, d:
| h.e, I: 4 h, g, h: 24 h after seeding. Fluorescence micrographs: samples were fixed and stained
with Alexa Fluor488 phalloidin for cvioskeleton and DAPI for nuclei; scale bars = 50 ym

Fig. 4. Hisiological image of a porous 3D
scaffold made of mineralised collagen, 2
weeks after implantation in a bone cavity of
rat femur. HE stain, x100. § scaffold, M newly
deposited bone matrix. OB osteoblasts, OC

osteocytes, OL osteoclast, BV blood vessel
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surface of the scaffold. In the newly deposited matrix some osteocytes are
embedded. Remaining scaffold material is resorbed by osteoclasts (proven by TRAP
staining; images not shown). In the pores already blood capillaries can be found-—
showing that the interconnecting pore system is suitable for fast vascularisation,

Combining the mineralised collagen in the liquid (suspended) state with a (non-
mineralised) collagen hyaluronic acid composite, followed by joint freeze—drying
and chemical crosslinking, biphasic, but monolithic scaffolds for the therapy of
osteochondral defects could be achieved [7].

Calcium phosphate bone cements, functionalised with
mineralised collagen

Addition of mineralised collagen fibrils to the solid precursor phase of a hydraulic
calcium phosphate bone cement leads to a cement paste with better cohesion and
an improved performance in vitro [8, 9] and in vivo [11]). Collagen acts as a fibre
reinforcement of the brittle cement phase and improves the fracture toughness after
hardening of the material. Presently, the cement is tested in a critical size defect
model in the lower jaw bone of mini pig.

4 Discussion

Applying different methods for scaffold fabrication, we were able to develop
several biomaterials out of mineralised collagen fibrils—a material which mimics
ECM of healthy bone tissue. A review on other materials based on collagen HAP
composites was recently given by Wahl et al. [12]. The scaffolds were proven to
be biocompatible and showed good results in cell culture as well as in animal
experiments. By co-culturing osteoblasts and osteoclasts on artificial ECM of bone
in vitro models for bone remodelling can be established [10].
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Biochemical and Pathological Responses of
Cells and Tissue to Micro- and Nanoparticles
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Abstract

Biocompatible titanium (Ti) causes inflammation when in the form of abraded
fine particles. whereas asbestos, which is a type of clay mineral, induces mesothe-
lioma after long-term, high-level exposure. In addition to these materials’ proper-
ties, such as toxicity or biocompatibility, these phenomena may be seen to occur
as a result of the “particle effect”. The cytotoxicity of fine particles of Ti, Fe, Ni
and TiO; was investigated in ritro using human neutrophils as probe cells, and
also with the tissue reaction in-vivo implantation test. Biochemical functional
analyses of cell survival rate, lactate dehydrogenase (LDH) activities, superoxide
anion. cytokines and the microscopic observation of cellular morphology showed
that the stimulatory effects on neutrophils and inflammation in soft tissue be-
came more prominent as the particle size became smaller (<100 pm). Moreover,
such effects were especially pronounced for particles <10 pm (about cell size),
when phagocytosis was induced. Inductively coupled plasma elemental analysis
showed dissolution from Ti particles to be negligible. Results with Fe were quan-
titatively similar to those with Ti. despite Fe being soluble. Taken together. these
results indicated that the stimulus produced is based. non-specifically, on the
physical size and shape effect of particles, and is more pronounced on the
micro/nano scale. This is different from the material-dependent, chemical tox-
icity effects that are caused by ionic dissolution and normally dominant in bulk
malterials.

Key words: nanotoxicology. biocompatibility, titanium,. superoxide. cytokine,
neutrophil, macrophage, phagocytosis.
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2.1
Introduction

Metallic titanium (Ti) is highly corrosion-resistant due to the presence of a thin
and stable protective oxide layer which forms on its surface. Moreover, it is one
of the most biocompatible metals known to mankind (1, 2|, and hence is re-
garded as the near-ideal material for implantation, being used widely in orthope-
dics and dentistry. Unfortunately, Ti has a weak point in that it has a low abrasion
resistance |3, 4], whereby abraded fine particles produced from the sliding parts
of artificial joints often cause inflammation in the surrounding tissues.

The reason why this material behaves in different ways depending on its parti-
cle size is unclear. By comparison, asbestos - a silicaceous clay-type mineral -
induces mesothelioma after long-term, high-level exposure. These phenomena
may originate not only from the material's biological properties. such as toxicity
or biocompatibility, but also from particulate effects, including physical size and
morphology.

Recently, significant advances have been made in the development of a drug
delivery system (DDS) to administer anticancer agents and to conduct gene
transfections. In this regard, it is essential to establish an understanding of the
principles involved. and of the biological reactivity of micro/nanoparticles when
developing these biomedical applications.

In this chapter we present details of studies aimed at determining the effects of
fine particles, in terms of their size, on cytotoxicity in vitro and biocompaltibility in
vivo. These investigations included biochemical functional analyses with human
neutrophils as probe cells, as well as histological observations in animal implan-
tation tests [5-7]. In this way. the effects of Ti. Fe, Ni and TiO, particles could be
compared directly.

Human neutrophils, which play a central. non-specific role in the initial stages
of inflammation resulting from contact with a foreign bodyfies), were used as
probes. Particles that were either smaller (0.5 to 3 pm) or larger (10, 50, and
150 um) than neutrophils were used to determine the relationship between cell
or particle size and cytotoxicity.

9.2
Materials and Methods

9.2.1
Specimens

Ti. Fe, Ni and TiO; particles of 99.9% purity and of various sizes (from 300 nm to
150 pm) were used in these experiments. In order to equate experimental condi-
tions between materials of the particle group, particles of 0.5, 3 and 10 pym were
extracted by sedimentation. while those < 300 nm in size were extracted by ultra-
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filtration. Fullerene (Cg), multiwalled carbon nanotubes (CNT) and hat-stacked
carbon nanofibers (CNF) — a derivative of CNTs - were used for some additional
experiments.

922
Dissolution Testing of Ti Particles

After immersion of Ti particles in Hank’s balanced salt solution (HBSS) at 37 °C
for one month, the suspension was filtered through a 0.45-ym pore membrane
to remove Ti particles. The supernatant was then analyzed using inductively
coupled plasma-atomic emission spectrometry (ICP-AES) elemental analysis
(ICPS-8100; Shimazu, Tokyo, Japan).

9.2.3
Probe Cells

Neutrophils were separated from human peripheral blood obtained from healthy
volunteers, using 6% isotonic sodium chloride containing hydroxyethyl starch
and lymphocyte isolation solution (Ficoll-Hypaque™; Amersham Pharmacia
Biotech AB, Sweden). After mixing with HBSS, the particles were maintained at
37 °C, the neutrophils added. and the whele mixture was used for a variety of cell
toxicity tests. A human acute monocytic leukemia cell line (THP-1) was also used
for additional experiments.

9.24
Biochemical Analyses of Cellular Reactions to Materials

Cell survival rates, LDH activities and superoxide anion (O?") production per 10°
neutrophils were measured. Cytokines of tumor necrosis factor alpha (TNF-x)
and interleukin 177 (IL-1ff) were measured using ELISA kits (Endogen, Inc.,
USA). Morphological changes of neutrophils mixed with HBSS and contain-
ing various particles were observed using optical microscopy (OM) (Zeiss Axio-
skop: Germany) and scanning electron microscopy (SEM) (Hitachi 5-4300; Tokyo,
Japan). .

9.25
Animal Experiments

Particles were inserted into the subcutancous connective tissue of the abdominal
region of Wistar rats {aged 11-12 weeks: body weight 350-380 g). Specimens
were prepared through the usual process of fixation, embedding, sectioning, and
staining with hematoxylin and cosin, and then observed histopathologically. A
compulsory exposure test was also performed using 30nm TiO; particles. The
observation of internal diffusion of nanoparticles was conducted by elemental
mapping in air using X-ray scanning analytical microscopy (XSAM) (Horiba
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XGT-2000V; Tokyo, Japan) without the pretreatments of fixation, dehydration and
slaining after sectioning.

9.3
Results

9.3.1
Dependence of Tissue Reaction In Vivo on Material Macroscopic Size

A comparison of lissue reaction with macroscopic size (1 mm x 10 mm) of Ni,
Ti. Fe and Ag afier one week of implantation in the dorsal thoracic region of rats
is shown in Figure 9.1. In each case, the implant was originally situated in the
upper space. With Ni, there was an expansion of capillary vessels. and the tissues
in the distant regions became necrotic and degenerated. Fibrous connective tissue
surrounding the implant was already formed for Ti and Fe from the earlier stage,
and was still in the course of formation for Ag at this stage. Such a comparison
highlights the different sensitivities of biocompatibility of these metals [S].

Fig. 9.1 Histological image of rat soft tissue after one-week
implantation with {a) Ni, (b) Ti, {c) Fe and (d) Ag particles of
macreoscopic size (1 mm x 10 mm).

933
Effect of Particle Size on Biocompatibility

9.3.2.1 Size Distribution of the Abraded Particles

A typical example of size distribution of abraded particles from Ti. produced by
grinding with a dental air turbine, is shown in Figure 9.2. The largest proportion
of particles were approximately 5 pm in size, followed by 0.8 pm, 0.2 pm, and
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Fig. 9.2 Typical size distribution of abraded panticles of Ti produced by
grinding with a dental air turbine,

0.07 pm. These more sensitive particle sizes, based on biological reaction, were
further investigated in the following sections,

9.3.2.2 Particle Size Dependence In Vitro
The survival rate of human neutrophils in HBSS containing Ti particles is shown
graphically in Figure 9.3. with HBSS solution used as the control. The average

Cell Survival Rote
TI0.5um
Tt 3um
Ti 10um
Ti SOum
Ti 1SOum

control

B0 85 920 95 100
(%)

Fig. 9.3 Dependence of cell survival rate on Ti particle size [6].
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Fig. 9.4 Dependence of interleukin {IL)-1f8 release from neutrophils on Ti particle size (6],

survival rate was seen to decrease in line with decreases in particle size, with sig-
nificant differences from control being observed for the 0.5 and 3 pm particles,
ICP elemental analysis showed that the dissolution from Ti particles was neg-
ligible (i.e.. below detection limits) [6].

LDH activities in cach particle solution were related inversely to the cell sur-
vival rate, with significant differences from control being observed for the 0.5
and 3 pm particles. Superoxide production also tended to increase with decreas-
ing particle size, and became prominent as the particle size reached <10 pm.

Interleukin-1f release from neutrophils in HBSS containing Ti particles is
shown in Figure 9.4, and tended to increase as the particle sizes decreased. The
most pronounced increases were for the 0.5 and 3 pm particles. The release of
cytokine TNF-z showed a similar behavior to that for IL-1/.

Scanning electron microscopy and OM images of human neutrophils exposed
to Ti. TiO; and Ni particles in HBSS solution are shown in Figure 9.5. The mor-
phology of the neutrophil in HBSS as a control (see Fig. 9.5a) changes, depend-
ing on the degree of stimulus. When stimulated by 0.5 or 3 ym Ti particles, the
neutrophil surface was changed to become cither knobbly or smooth, by transfor-
mation of the cell membrane. In addition, a neutrophil may extend its pseudopo-
dia in order to phagocytose a TiO; or Ti particle (Fig. 9.5¢.d): the particles already
phagocytosed can be observed inside the cell (Fig. 9.5d). The morphology of neu-
trophils exposed to Ni particles was generally either transformed or destroyed
(Fig. 9.5b). In the case of Ti particles larger than 10 pm, phagocytosis was not
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10pum

Fig. 9.5 (a,b.d) Scanning electron microscopy and (c) optical micro-
scopy images of human neutrophils. (a) Control neutrophil in HBSS;
{b) after exposure to particles of Ni (500 nm): (¢} after exposure to
TiO; particles (300 nm); (d) after exposure to Ti particles (500 nm) [6].

observed and the form of the neutrophils was changed only minimally. The
pronounced phenomena of biochemical cell reactions observed for particle sizes
below 10 pm (see Figs. 9.3 and 9.4) were closely related to the phagocytosis (Fig.
9.5).

9.3.2.3 Panicle Size Dependence In Vivo

A series of in-viro tests showed that Th particles larger than 100 pm were sur-
rounded by a fibrous connective tissue layer, which is the usual reaction for bio-
compatible materials such as the bulk size of a Ti implant. As the particle sizes
became smaller, inflammation was seen to occur; however, the presence of
particles < 10 pm (about cell size) caused phagocytosis by macrophages to be in-
duced. Numerous inflammatory cells were observed in the surroundings of the Ti
particles, and both macrophages and neutrophils showed degenerative changes in
their morphology [7].

The histological images of rat soft tissues into which 3 pm and 10 pm Ti par-
ticles had been inserted for 5 days are shown in Figure 9.6. In the case of the 3
pm particles, macrophage-based phapocytosis had occurred and the Ti particles
were observed inside the cells, such that the cytoplasm of an inflammatory cell
contained numerous small black particles, In conitrast. the 10 um Ti particles
were seen to locate outside the cells, with phagocytosis rarely being observed
and the tissue showing a much lesser degree of inflammation.
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Fig. 9.6 Tissue reaction to (a) 3 pm and (b) 0.5 pm Ti particles after S-day implantation.
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Fig. 9.7 Dependence of TNF-x release from neutrophils on particle size for Ti, Fe, and Nu.
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9.3.2.4 Material Dependence of the Particle Size Effect In Vitro
The comparative release of TNF.x by Ti, Fe and Ni particles is illustrated graphi-
cally in Figure 9.7. Both, Ti and Fe particles, showed a tendency towards in-
creased TNF-x release as the particle size decreased (and to similar degrees).
whereas Ni demonstrated a particle size-dependent release, with relatively lower
values. Of note, the behavior of Fe was almost equal to that of Ti in a quantitative
sense, despite clear differences in the chemical propertics of these two materials,
Interleukin-1ff. superoxide anion and LDH production showed, likewise, a similar
tendency to increase compared to a decrease in particle size for both Ti and Fe.
Ni also demonstrated a particle size-dependency in the cell functional tests, al-
though the quantitative values obtained differed from those obtained with Ti and
Fe. Typically, the cell survival rate was significantly lower than in controls, but
LDH activity was higher. However, the degree of superoxide anion and 1L-1ff
production was less with Ni than with Ti and Fe.

9.3.2.5 Material Dependency of Tissue Reaction to Particles In Vive
Comparative histopathological observations of the soft tissues of rats into which
3 pm particles of Ti, Fe and Ni were inserted for 5 days are shown in Figure 9.8

Fig. 9.8 Histopathological observation of in-vivo reaction to 3 ym
particles. (a) Ti; (b) Fe: (¢) Ni.
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Macrophage-based phagocytosis was effected for both Ti and Fe particles, while
necrosis occurred in the case of Ni particles.

9.33
Shape Effect

Scanning clectron microscopy images of 2 set of massive and acicular TiO, par-
ticles, of equivalent diametric size and longitudinal length (ca. 10 pym), are shown
in Figure 9.9. The subsequent particle size-dependence of IL-1f release from neu-
trophils for these TiO; particles is illustrated graphically in Figure 9.10. TNF-x

Ofm

Fig. 9.9 Scanning clectron microscopy images of massive and acicular
TiQ; particles with equivalent diametric size and longitudinal length,

respectively.
Massive @ Acicular e=
400
e =
N E
= 200 E

500nm 3um 10um

Fig. 9.10 Particle size dependence of IL-1f release from neutrophils for
massive and acicular TiO; particles.
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release, which is related to phagocytosis, showed very similar size-dependencies
for both massive and acicular particles, but for IL-15 the massive particle shape
showed a dependency similar to that for TNF-2, where cytokine production was
enhanced below a particle size of 10 pm, but reduced for particles > 10 ym (Fig.
9.10). In contrast, production levels ol 1L-1f remained high for 10 pm acicular
particles, indicating that this type of particle has a more stimulatory role than
do massive particles. Of note. IL-1f7 represents a different type of stimulus and
inflammation compared to TNF-x. despite both cytokines being indicators of
inflammation.

9.3.4
The Origin of the Particle Size Effect

For the same material, it is clear that cell and tissue reactions differ between the
bulk state and fine particles. The resulis of both in-vitro biochemical cell func.
tional tests and in-vivo animal tests were in accordance with the finding that.
when in bulk, even biocompatible materials such as Ti and TiQ; become stimula-
tory as their particle size is decreased, and that this is especially pronounced
below a size of 10 pym. when phagocytosis is induced. The relationship between
celltissue and particle size is shown schematically in Figure 9.11. The cell-
stimulatory and tissue-inflammatory natures of particles, as described above, orig-
inate from the relative size relationship between the panticle and the cell/tissue.
Previously, these phenomena were characterized as non-specific cytotoxicily aris-

Cell reaction in conjunclion with fine particles

Particle Cell Reaclion _ Intlammation

100 ym | iy £ SRR | minor

10 ym

1m severe

100 nm

Fig. 9.11 The relationship between celljtissue and particle size.
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ing from physical size effects; these differ from chemical toxicity effects, which
are based on ionic dissolution and usually are dominant in bulk materials.

9.3.5
Toxicity Level of Particle Size Effect for Bioactive and Bioinert Materials

The comparative production of TNF-x in THP-1 cells (a human acute monocytic
leukemia cell line) following treatment with fullerene {(Cgo), carbon nanofibers
(CNFs) and lipopeptide, is shown graphically in Figure 9.12. Clear differences
were apparent in TNF-z production among CNFs, depending on the treatment
conditions utilized {whether acid- or CHAPS-treated) |8]. CNFs, which are deriva-
tives of CNTSs, have a crystal structure in which a graphene sheet forms a circular
cone, with several cones being stacked towards the needle-axis. Cg. CNFs and
CNTs [9-17] are bioinert materials that show similar behavior to Ti or TiO; in
terms of both cell functional tests and size-dependence, leading to inflammation
in the tissues in vivo [18-22].

The diacylated lipopeptide FSL-1 was used as a positive control, as it is known
to induce macrophages to produce TNF-x. The concentration of Cgp and CNFs
was 0.1 to 10 yg mL™", and that of the lipopeptide 10 ng mL-'. Although the
dose of lipopeptide was much lower, the level of activation of THP-1 cells was
far beyond that of Cgy and CNFs. This implied that the stimulatory level by bio-
active and bioinert materials was far lower (perhaps 1/1000th to 1/10000th) com-
pared to the toxicity level of microbial lipopeptide, which is a type of bacterial
endotoxin. It should be recognized, however, that micro/nanoparticles still induce
phagocytosis and inflammation.

g

10 pgémi
1 pg/mi
0.1 pugimi

TNF-c (pg/ml)
EC@E

i
20 J
_..ﬁ_sl-.l_i_‘.-.hﬁl: J
® RICZ R NGC3 RRITD fullerene Lipopeptide

{10 ng/m1)

Fig. 9.12 Comparison of TNF-x release for carbon nanofibers and endotoxin (lipopeptide) (8].
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Fig. 9.13 Dependence of TNF-x release from neutrophils on particle
size down to nanometer size.

9.3.6
Nanotoxicology

9.3.6.1 Size-Dependent Stimulus Down to Nanometer Size

The dependence on particle size (down to nanometer) of TNF-x release from neu.
trophils is shown graphically in Figure 9.13. Below a particle size of 0.5 ym, me-
tallic Ti is difficult 1o treat as il is casily oxidized in air, and consequently TiO,
was used to create a smaller particle size. Metallic Ti and TiO; showed similar
dependencies, in both qualitative and quantitative manner, which reflected the
non-specific properties of a stimulus induced by a particle size effect. The
stimulus - in this case the amount of TNF.x released — was pronounced below a
particle size of 10 um, exhibited a maximum from a size of about 1 pm down to
0.5 ym, and decreased with sizes < 0.2 ym, Although the level of TNF-z release
was low at the 50 nm particle size, this might be preferred for the biological use
of nanoparticles. as the stimulus was decreased. In this situation, however, the
biophylactic system would no longer function adequately to combat any invasion
by nanoparticles.

9.3.6.2 Internal Diffusion of Nanoparicles
Nanoparticles (especially those <50 nm in size) may invade the internal body
through cither the respiratery or digestive systems. Figure 9.14 illustrates internal
whole-body Ti mapping of rats, using X-ray analytical microscopy (XSAM), to
show the distribution of 30-nm TiO;, particles inside the body. following compul-
sory inhalational exposure. Condensation of the particles occurred from the respi-
ratory system to the urinary bladder by diffusion in the whole body through the
cardiovascular system. following direct uptake into blood vessels from the lungs,
It is likely that the existence of nanoparticles is not recognized by the body's
defense system, and consequently an understanding of their behavior within the
body is essential if they are to be used as cflective drug delivery systems. Thus, it
is important that the internal dynamics of particles be determined if nanopar-
ticles are to be used in this way.
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Fig. 214 X-ray scanning analytical microscopy Ti mapping of internal
distribution of 30 nm TiO; particles after compulsory exposure test.

9.3.6.3 Toxicity-Enhancing Effects of Biostimulatory Materials by Nanosizing
Following a one-year implantation of 0.5 ym Ni particles, tumors were seen to oc-
cur in the subcutancous tissues of rats {Fig. 9.15). Although Ni is known to be
toxic when in macroscopic form (see Fig. 9.1). its toxicity is enhanced remarkably
when in a fine-particle state. Such a specific surface effect increases reciprocally
with particle size. and may lead to the enhancement of adverse chemical and
toxic effects.

Fig. 9.15 Tumor induced after one-year implantation of 0.5 um Ni particles.

9.4 )
Discussion

9.4.1
Particle Size-Dependence of Cytotoxicity

The results of these biochemical functional analyses and microscopic morpholog:
ical observations showed cell survival to have decreased (sce Fig. 9.3) and. corre-
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spondingly, the activity of LDH (an indicator of cell disruption) to have been in-
creased, as the Ti particle size was reduced from 150 pm to 0.5 ym. Both, super-
oxide anion and cytokine (IL-1f, TNF.x) production also tended to increase as par-
ticle sizes decreased, notably for those of 0.5 and 3 pm. Whilst superoxide anions
are released from intracellular organs and cell membranes when stimulated, 11.-
18 is released when neutrophils are stimulated by forcign bodies, leading to the
inflammation reaction cascade. TNF-z release is closely related to phagocytosis.
Both, OM and SEM observalions (see Fig. 9.2) indicated that only Ti particles of
0.5 and 3 ym were phagocytosed by neutrophils (which themselves were 5-10 pm
in diameter), whereas phagocytosis proved to be difficult for the 10-, 50, 150-uym
Ti particles.

The results of cell survival (Fig. 9.3), LDH activily increase, superoxide produc-
tion and release of IL-14 (Fig. 9.4) and TNF-z (Fig. 9.5) were shown to be particle
size-dependent, with effects becoming more apparent as the particle size was re-
duced. This was especially pronounced when the size was less than that of the
cell. ICP elemental analysis confirmed that disselution from Ti particles was be-
low the limits of detection, and effectively negligible; thus, the biofunctional
changes demonstrated in the present studies were not caused by any chemical ef:
fects of the Ti ions but rather were due to physical size effects of the Ti particles,

9.4.2
Particle Size-Dependence in Soft Tissues

The in-vivo implantation of a variety of Ti particle sizes in the soft tissue of rats
showed that particles > 100 pm were surrounded by a fibrous connective tissue
layer, this being the normal reaction for biocompatible materials such as a Ti im-
plant. Particles < 100 pm in size tended to cause inflammation, but this was even
more pronounced for smaller particles. Particles of <10 pm - about cell size -
caused numerous inflammatory cells to appear around the particle agglomerates
and for macrophage-based phagocytosis to be induced. Long-term inflammatory
reactions were stimulated by 0.5- and 3-pm Ti particles. As dissolution from par-
ticles was undetected in rvitro, the main effects caused by Ti in rats appeared to be
caused by the particles themselves rather than by ions. These results in vire can
be explained by assuming an increased release of superoxide, TNF-z and 1L-14,
and subsequent cytotoxic stimulation in the soft tissue around the inserted Ti
particles.

9.43
Comparison of Ti, Fe, and Ni Particles

In order to verify whether the cytotoxicity of fine particles originated from dis-
solved ions or from the particles per se. ICP clemental analyses were carried with
HBSS containing Ti particles. Dissolution from Ti particles was below the limits
of detection and negligible, which inferred that Ti was chemically stable and in-
soluble, whereas Fe was easily dissolved [23-26]. By contrast, Ni was seen to dis-
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solve to some extent and hence to be highly toxic. Data acquired with regards
to TNF-x release (see Fig. 9.7) indicated that Ti and Fe - both of which are bio-
compatible or are minimally cytotoxic when in macroscopic form (see Fig. 9.1) -
demonstrated quantitatively similar size dependencies, despite Ti being insoluble
and Fe soluble in HBSS. This lack of cytotoxicity by Ti and Fe, coupled with a lack
of Ti dissolution. strongly suggested that any cytotoxicity related to the Ti and Fe
particles was due to their physical size and not to the presence of dissolved ions.
Ni showed a similar size-dependency, although the values of cell survival rate,
superoxide anion and cytokine release were lowered. Significantly lower cell sur-
vival rates and higher LDH activities suggested that cell destruction occurred with
a higher probability following exposure to Ni particles, and this might surpass the
stimulatory effect of Ni and lower superoxide anion and IL-1ff production. Previ-
ous results obtained with macroscopic Ni inserted into the soft tissue showed that
necrosis and inflammation occurred which was dependent upon the distance
from the Ni surface, though is also the function of concentration of dissolved Ni
ions, as analyzed by XSAM [23-26). The extreme toxicity of Ni was shown to orig-
inate from its dissolved ions.

9.4.4
The Effect of Micro-/Nanosizing on Biological Reactions

In general, the biocompatibility of a material depends on the chemical solubility
of its ions, followed by its absorption into the cells and tissues. Corrosion resis-
tance [27] is. therefore, a prerequisite for biomaterials, and this holds truc for
most materials of macroscopic size.

The effects of micro-/ nanosizing are often explained in terms of their specific
surface arca, which increases in reciprocally proportional manner to particle size.
The enhancement of chemical reactivity based on ionic dissolution can be more
casily understood by this effect, an example of which is the accelerated toxicity of
Ni (see Fig. 9.15), with tumor being generated after the long-term implantation of
0.5-um particles. compared to necrosis in the short term. Other effects of changes
in material properties when nanosizing include the increasing effect of the ratio
of surface conslituent atoms, and the quantum effect. All of these effects may be
classified as the cffects of the material itself.

The effects of micro/nanosizing also depend upon the size relationship be-
tween cells/tissues and particles. Physical particle size and shape cffects occur
non-specifically in many materials. and are unaffected by surface area effects.
Such effects also seem to occur more casily in bicactive and bioinert materials,
which are minimally influenced by chemical dissolution and show good biecom-
patibility on the macroscopic scale (as is the case for Ti and Fe: see Fig. 9.1).
Thus, toxicity levels may be 10°- to 10*-fold lower than with endotoxins. Although
this may not cause serious problems in the short term and in small quantities, it
still causes inflammation in vivo, despite in-ritro toxicity being low. This situation
would be serious when numbers of fine particles increase in quantity with time,
and remain present over the long term; an example would be an artificial joint,
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the lifetime of which is limited by the inflammation induced by abraded particles.
A similar effect is seen with asbestos. where the long-term phagocytosis of acicu.
lar particles leads to chronic inflammation, together with superoxide production,
defect formation in DNA, and carcinogenesis.

9.4.5
Terminology on ““Nanctoxicology”

The term “Nanotoxicology™ does not necessarily accurately reflect the effects
caused by the particles described above. In biology, the size of the fundamental
unit ~ the cell - is approximately 10 pm, and particle effects are pronounced
in the range of 3 pm to 0.5 pm. However. particles < 50 nm in size may invade
the body directly. via either the respiratory or digestive system, without stimulat.
ing the biophylactic system. Changes in function occurring over this size range
are seen with hydroxyapatite, which is not only osteoconductive but also non-
absorbable on a macroscopic scale, and is thus suited to biostructural implanta-
tion. Consequently. as apatite nanoparticles can form composites with collagen,
apatite may function as a bone substilute, inducing absorption of the composite
by osteoclasts and new bone formation by osteoblasts |28, 29]. Thus, particle ef
fects on biological reactions may indeed be termed “micro/nanotoxicology™.
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