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Figure 11. continued

observed in the spleen of 1 of the 10 mice in the MWCNT group that survived for 26 weeks; this was identified as an inflammatory pseudotumor,
not a neoplasm. (B) A neoplasm developed in a lung of 1 mouse in the carbon black group that survived for 26 weeks; this was diagnosed as a benign
adenoma. (C) All 10 mice in the MNU group had tumors. Proventricular tumors developed in all 10 animals, with abnormal squamous epithelial
growth observed (upper left panel). Skin tumors developed in 6 of the 10 animals, which occurred as malignant skin tumors in the thigh (upper right
panel). Genital tumors developed in 4 animals (lower left panel). A thymic tumor developed in 1 animal (lower right panel). Hematoxylin-eosin
staining. Scale bars = 10 ym. (c) Histological images of subcutaneous implantation sites taken at 26 weeks. (A) In the MWCNT group, no neoplasm
developed, with macrophages found to have accumulated while phagocytosing MWCNT particles. No inflammatory cells such as neutrophils and
lymphocytes were observed around the implantation sites. (B) In the carbon black group, like in the MWCNT group, macrophages phagocytosed
MWCNT particles, with no neoplasm observed. Arrow, MWCNTS; arrowhead, carbon black. Hematoxylin-eosin staining. Scale bars = 10 pm.
Reprinted with permission from ref 98. Copyright 2012 Nature Publishing Group.

Table 3. Neoplastic Changes in rasH2 Mice Implanted with
CNT, Carbon Black, Solvent, or N-Methyl-N-nitrosourea
(MNU) Solution®

total number

carbon
control  black CNT MNU

organ diagnosis 10 10 10 10

skin (back area) papilloma 0 0 0 2
keratoacanthoma 0 0 0 0

skin (face) papilloma 0 0 0 3
keratoacanthoma 0 0 0 0

skin (thigh) papilloma 0 0 0 1
keratoacanthoma 0 0 0 0

spleen inflammatory 0 0 1 0

pseudotumor
hemangioma 0 1 0 0
hematopoietic malignant 0 0 0 2
system lymphoma

epithelial thymoma 0 0 0 0

kidneys hemangioma 0 0 0 0
pancreas hemangioma 0 0 0 0
lungs adenocarcinoma 0 0 0 0
adenoma 0 1 0 1

hemangjoma 0 0 0 0

forestomach papilloma 0 0 0 10”
basal cell tumor 0 0 0 0

squamous cell 0 0 0 0

carcinoma
perineal papilloma 0 0 0 5F

“Adapted with permission from ref 98. Copyright 2012 Nature
Publishing Group. Significant differences at p = 0.0000054125
(Fisher’s direct method). “Significant differences at p = 0.016254
(Fisher's direct method).

entering the bloodstream. MWCNTs above a certain size are
thought to rarely enter the bloodstream.>'® Even if they enter
from a local site, the concentration is exgected to be too low to
have a major impact on the body.”"'3%191:310

In conclusion, on the basis of available in vivo data, it can be
concluded that MWCNTs are likely to be useful topical
biomaterials."s* Of course, sites of intensive inflammatory
reaction to MWCNTSs and likely sites of MWCNTSs entry into
the bloodstream appear to depend on the organ and tissue
where the biomaterials are implanted.*®* For this reason,
investigations should be conducted for each site separately to
determine the hazard to each organ and each tissue.

6.1.2. In Vitro Studies. The results from in vitro toxicity
studies are difficult to interpret. Scientific international
standards, typically ISO standards, have been established to
assess the toxicity of bulk biomaterials,**” but not nanoparticles
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like CNTs, which have distinct properties. In most recent
studies, CNTs (adequately dispersed in solution) are regarded
as chemical substances. This assumption seems to be
reasonable for purposes of assessing the safety of particulate
substances. In 2012, the Organization for Economic Co-
operation and Development (OECD) announced, “Although
most testing/assessing methods for conventional chemical
substances are also suitable for nanomaterials, corrections
according to the characteristics of nanomaterials may be needed
in some cases.”*”

It should be noted that it is difficult to determine which of
the many factors relevant to CNTs is being assessed in an
assessment of in vitro CNTs toxicity. These factors include
thickness, length, shape, surface reactivity, and aggregability as
well as the influence of residual metals, dispersants, and assay
reagents.'! 725333 Because these factors are inter-related, their
influences are difficult to determine separately.*****> Variation
in the thickness and length of CNTs may be associated with
their cytotoxicity. SWCNTs and MWCNTs differ in toxicity
profiles; for example, SWCNTSs are more likely than MWCNT's
to induce oxidative stress. Length is also important; long CNTs
are likely to induce oxidative stress because they are not
completely phagocytosed by macrophages. The toxicity of
inhaled CNTs increases with increase in length above 10-20
pm, although this observation has not been confirmed.*'>
While the maximum acceptable length of CNT particles used as
biomaterials is unknown, long CNTs are not considered to
pose a problem (such as an inhalation problem), as stated in
section 6.2. Surface reactivity also differs depending on the type
of CNTs; furthermore, the toxicity of chemically modified
CNTs should be thoroughly examined for each modification.
Although the influence of residual metals is not negligible,
many studies have found that CNTs with a quite high purity
pose no major problem,’>365400-402407.4084%6 (3, the other
hand, the influence of aggregability of CNTs and the choice of
dispersant on toxicity do pose problems.**®> Many published
studies are thought to have established the total toxicity of
CNTs and clispers:-).nt.:‘m’373‘385’497 Furthermore, because the
aggregability of CNTs and the choice of dispersant vary widely
among different studies, the range of CNT concentrations used
in respective toxicity studies is wide (from 1 ng/mL to 10 pg/
mL), making assessment more difficult.3****7 Brom now on, in
vitro studies should be conducted under a standard set of
conditions (dispersant selected to not affect the test cells, and
range of concentrations selected to avoid CNTs aggregation)
whenever possible.

6.1.3. Correlations between in Vivo and in Vitro Data.
For CNTs, unlike drugs and other chemical substances, little is
known about correlations between in vivo and in vitro data.**®
One reason is that no in vivo data are available; nanoparticles
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have not yet been used as biomaterials, and this issue cannot be
resolved until clinical application is realized. Another reason is
that there are no standard ways for dealing with a wide variety
of factors that can influence the results of correlation studies,
such as the animal species, method of administration used in
the in vivo studies, and the choice of cell and culture broth used
in the in vitro studies.”’ In the future, it will be necessary to
ensure these factors are consistent for all studies, to collect and
analyze data from international sources, and to determine the
correlations between in vivo and in vitro toxicity assessments of
CNTs, at least in small animals such as mice.'”*

6.2. Appropriate References for Safety Evaluation of CNTs

6.2.1. Requirements for References. Only a few articles
on the safety of CNTs biomaterials were published before
2010, and these reported many conflicting results. However, as
the number of articles increased, the number of safety
evaluations increased, and the conclusion drawn from these
results is that CNTs are safe to use as biomaterials.?¥%"9%!%!
Nevertheless, clinical application has been frustrated because
researchers have been unable to rule out CNTs toxicity. This
situation is due primarily to the lack of a best reference material
for the evaluation of CNTs safety. The finding of such a
reference would facilitate evaluation of CNTSs safety.® CNTs
biomaterials, like all other biomaterials, are foreign to living
organisms irrespective of their biocompatibility. At concen-
trations exceeding a certain level, CNTs exhibit toxicity in vitro
and in vivo. The absence of a reference with established safety
makes it difficult to determine the in vivo safety of CNTs. For
example, when test cells lose activity in the presence of CNTs
at concentrations exceeding a certain level, it is wrong to
conclude that the CNTs are cytotoxic. However, it is right to
conclude that CNTs are not cytotoxic when test cells lose
activity in the presence of a reference with established safety.
Biological safety cannot be assessed without comparison to a
reference that has been proven to be safe in living organisms as
described above. However, unfortunately, no such reference has
been found to evaluate the safety of CNTs biomaterials.
Inevitably, CNT toxicity studies have yielded inconsistent
results so that no safety evaluation has been regarded as
reliable. The lack of a reference with confirmed biological safety
is attributed to the traditional view that nanoparticulates are not
biomaterials.

6.2.2. Carbon Black. We found a reference material
(carbon black) and proposed its use as a reference in our
research articles published in 2011 and 2012.°”%® Carbon black
is the primary component of black tattoo ink, and tattooing of
the human body has a long history dating back before ancient
times, and is currently commonly performed.*”* Some
researchers may dispute the use of carbon black as a reference
for CNTs because CNTs particles are fibrous and carbon black
particles are spherical. It is reasonable to attach importance to
this difference if the research focus is on inhalation toxicity.
Cells are unable to completely absorb long fibrous nano-
particles. It has been hypothesized that oxidative stress
“frustrates” ghagoc;?'tosis, and prolongs inflammation and
other events.?8#9#11412 However, this merely accounts for
prolonged inflammatory reactions to CNTs in the thoracic
cavity, where inhalation exposure to CNTs occurs, and in the
abdominal cavity (a surrogate for the thoracic cavity), where
exposure to CNTs is experimentally mimicked. Many
researchers have found that even when a considerable amount
of CNTs is implanted subcutaneously and elsewhere, only
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transient, very mild inflammation develops and resolves
quickly.*¥3%773% This fact suggests that no frustrated
phagocytosis occurs at least in subcutaneous tissue. Hence,
because no in vivo implantation study found that CNTs cause
frustrated phagocytosis at sites of transient inflammation, it can
be concluded that fibrous nanoparticles pose no risk. Generally,
animal experiments have shown the improbability that sites of
prolonged CNT-induced inflammation contain CNTs particles.
Therefore, provided that appropriately designed in vivo
implantation studies produce no evidence of prolonged
inflammation, then fibrous CNTs can be used as biomaterials
without safety concerns.

Essentially, sharing all of the characteristics of the test
material is not the only requirement for a substance to be used
as a reference. This is also true for bulk biomaterials; even with
different characteristics, they have been used as references with
satisfactory results for desired effects.*” Importantly, both
CNTs and carbon black belong to a new category of
biomaterials known as nanoparticulate substances. Logically,
as with bulk biomaterials, no problem arises from the use of
carbon black as a reference material for CNTs. Carbon black
(like CNTs) is a nanosized particulate substance, even though
other characteristics may be different. Another advantage of
carbon black as reference is that mass can be used as an index
because both CNTs and carbon black are pure carbon
particulates.””®® Mass is by far an easier index to use in toxicity
studies than particle count and volume. In view of these facts,
we propose the use of highly pure carbon black as a good
reference material for CNTs.

Many articles are available on the use of carbon black as a
reference for assessment of biological reactions to
CNT;s.29%365:381499-506 Hiwever, no clear evidence has been
presented supporting the claim that carbon black is safe to use
in living organisms. According to many researchers who have
used carbon black as a reference for CNTs, carbon black is
intuitively the best reference. We have verified the scientific
intuition of many researchers by providing them with a
rationale (i.e,, carbon black is safe because it is a component of
black tattoo ink). Because there are a large number of such
articles, we believe that many researchers will agree with the
conclusion of this Review that carbon black is suitable as a
reference material for safety evaluation of CNTs.

6.2.3. International Standards. What should happen soon
after a consensus is reached that carbon black is suitable for use
as a reference material for CNTs? The safety of CNTs should
be evaluated both in vivo and in vitro using the new reference
material. As stated above, it is easy to say, “Risk may exist”, but
it is difficult to say, “No risk exists”. It is necessary for as many
researchers as possible to conduct as many studies as possible.
All studies then need to use standardized carbon black as a
reference to allow the results to be assessed collectively and
comprehensively compared.

There are many types of carbon black with somewhat
variable biological safety. Above all, highly pure carbon black (a
suspension of nanoparticles, which is equivalent to the carbon
black used in tattoo ink) can be used as a reference for
CNTs.*”® At present, we think that carbon black particles
(diameter of about SO nm and a purity of 99.5% or more) are
suitable, but we would like to suggest here that many experts
discuss extensively, choose, and designate the best carbon black
powder as the international standard.

Special attention should be paid to the carbon black
dispersant (usually a surfactant) because CNTs particles in
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Table 4. Stages of Clinical Application of CNT-Based Biomaterials®

nature of the degree of in vivo
atage biomaterial site of use exposure
stage 1 composite topical none/low
stage 2 particulate topical intermediate
stage 3 particulate topical intermediate
stage 4° particulate systemic high

risk example of use
none/low artificial joints and interbody fusion materials
low/intermediate DDSs and imaging for cancer treatment
low/intermediate  regenerative medicine scaffolds and DDS for topical treatments

high

DDSs and imaging that circulate via bloodstream

“Clinical application of CNTSs to biomaterials should progress demonstrating the safety at each stage. “The decision of proceeding to stage 4 requires

extremely careful consideration.

the test solution are less dispersible than carbon black
particles.>**™37! The same dispersant should be used in both
the CNTs and the reference solutions, provided the dispersant
(when used at concentrations that fully disperse the CNTs and
reference particles) has no major impact on living organisms
and cells. In vitro, in particular, particles precipitate over time,
which can alter the cellular reactions depending on the
precipitation rate. To ensure a valid comparison with the
reference, it is desirable to use a dispersant that minimizes
precipitation of particles. At present, we think polyvinyl alcohol
is the best dispersant.”” However, there may be better
dispersants with higher dispersion efficacy, lower toxicity,
greater ease of handling, and other superior characteristics;
therefore, an internationally acceptable dispersant should be
chosen after much discussion on the basis of a consensus of
expert opinions.

6.2.4. Method of Safety Evaluation. CNTs with equal or
less toxicity than that of the reference carbon black should be
considered “safe”. This judgment can be made without further
research. If the toxicity of CNTs is found to be greater than that
of carbon black, the decision should be deferred. Strictly
speaking, further assessment is impossible because carbon black
is the only currently available reference. Particular attention
should be paid if toxicity is far greater than that of carbon black
(e.g., toxic concentrations one-tenth of the reference
concentration). On the other hand, if neither CNTs nor
carbon black is toxic, CNTs should be considered nontoxic, or
the study conditions should be considered inappropriate. We
propose to collect safety data through various evaluations of
CNTs using carbon black as a common reference, while paying
attention to these facts.

Unfortunately, carbon black cannot be used as a reference
material in the assessment of in vivo kinetics because particle
shape affects localized nanoparticle accumulation and nano-
particle migration from tissue to bloodstream.*?” As compared
to CNTs particles (that are fibrous), carbon black particles
(that are spherical) migrate more readily between tissues and
the bloodstream. However, a reference is not needed to track
the in vivo migration of CNTs. If CNTs accumulate in a certain
organ, a study of CNT implantation may be conducted to
assess the biological reactions at the site using carbon black as a
reference.

6.3. Decision To Start Clinical Application of CNT-Based
Biomaterials

As stated above, many researchers have shown that pristine
(very pure) MWCNTSs with few failures as biomaterials are very
safe to use as biomaterials. MWCNTS are safe to use topically
but not at special sites such as the lung and abdominal
cavity.” 19130539 The safety of using MWCNTS as DDSs or
the like and involving access to the bloodstream has not yet
been verified. Furthermore, using tattoo carbon black as a

6064

reference, we showed that pristine MWCNTs are at least as safe
as carbon black.””%®

Because the above-described remarkable advances in research
into the application of CNTs as biomaterials have led to the
judgment that CNTs biomaterials are probably very safe
(provided the method and site of use are appropriate), now is a
time to start using CNTs clinically. We are planning to
clinically apply MWCNTs (carbon purity, of 99.5% or more;
mean diameter, about 60 nm [40—90 nm]; mean length, about
10 pum; and specific surface area, 25—30 m?/g; produced using
the chemical vapor deposition technique [MWNT-7, Hodogaya
Chemical, Tokyo, Japan]). Of course, a composite material
containing S wt % or less of MWCNTs (the safest form of
CNTs) will be used.

6.4. Path to Clinical Application of CNT-Based Biomaterials

Importantly, we will begin with the safest clinical application of
CNTs and proceed in steps according to the magnitude of risk
involved. We divided the time course into four stages differing
in degree of risk estimated on the basis of the nature of the
biomaterial (composite versus particulate), the site of use
(topical versus systemic), and the degree of in vivo exposure to
the particles (high versus low) (Table 4).

The first stage is characterized by the use of a CNTs
composite material for implantation (stage 1). Generally, the
CNT content in a composite material is not more than 10 wt
%, and the likelihood of in vivo exposure to CNTs particles is
zero or minimal. Therefore, problems due to CNTs in the
human body are unlikely to occur. As the first biological
application of CNTs, we are planning to use composites of
MWCNTs with existing biomaterials in artificial joints or spine
interbody fusion materials.

In application to artificial joints, we are developing an
MWCNT /polyethylene composite material and an MWCNT/
ceramics composite material. Although the polyethylene used in
sliding parts of artificial joints is ultrahigh molecular weight
polyethylene (UHMWPE), it wears during long-term use and

. 22 <
can necessitate resurgery.24 45397 For this reason, Cross-
linked UHMWPE has become commonly used, although its

8—512

excessive hardness and easy breakability are problematic.
Having favorable characteristics that are absent in conventional
materials, that is, high wear resistance and low breakability,
MWCNT-conjugated UHMWPE is suitable as a sliding parts
material for artificial joints (Figure 12). On the other hand,
ceramics are also used in the sliding parts of artificial joints.
Although ceramics wear very sli§htly, they are breakable so that
resurgery is sometimes needed.”>~>!® Combining CNTs with
ceramics increases fracture toughness and can transform
ceramics into an ideal, wear-free, antifracture, sliding parts
material for artificial joints.

To improve the quality of interbody fusion material, we are
now engaged in developing an MWCNT/PEEK composite.
PEEK is a highly biocompatible material possessing excellent
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Figure 12. For application to sliding parts of artificial joints, an
ultrahigh molecular weight polyethylene (UHMWPE) conjugated with
MWCNTs has been developed. (a) A UHMWPE socket (left panel)
and an MWCNT-conjugated UHMWP socket (right panel) for use in
sliding parts of artificial joints. (b) A prototype artificial joint with a
socket made of CNTs. Having favorable characteristics that have not
been achieved with conventional materials, that is, high wear resistance
and low breakability, MWCNT-conjugated UHMWPE is suitable as a
sliding parts material for artificial joints.

biological safety and mechanical characteristics.>'***° Because

of its low compatibility for bone tissue, however, PEEK has
been associated with the problem of insufficient bone union
when used in implants that are directly exposed to bone, such
as interbody fusion cages.®*'~>** MWCNTs have been reported
by many research teams, including ours, to possess bone
induction potential $¥6%6367:213215.216218,525526 1 ¢oniygation
with MWCNTs further improves the mechanical characteristics
of PEEK and also induces osteogenesis, then MWCNT/PEEK
composite will become an ideal interbody fusion material
(Figure 13).

In 2012, the European Commission (EC) announced a draft
regulation as amended to oblige manufacturers of medical
equipment used to make nanomaterial-containing products, to
properly label medical devices containing nanomaterials
categorized under Class III (most dangerous substances).
This rule shall apply only in cases where such medical devices
are used for the intended purposes and in the absence of
measures (such as encapsulation and coupling) to prevent
nanomaterials from entering the patient’s body and the user’s
body.*?” Hence, use of CNTs composites as biomaterials may
not be subject to legal regulations because they are bound to
the base material. For this reason, we believe that stage 1 poses
only a minimal safety risk and can be safely implemented,
provided the appropriate legal procedures of each country are
followed.

In stage 2, CNTs particles are used within the body. This
stage represents the first high barrier to clinical application of
CNTs because nanoparticulate substances come into direct
contact with the body. This usage is subject to legal regulations
according to the definition of the EC, and is thought to require
international approval from an ethical viewpoint as well. Hence,
research activities cannot proceed to this stage until an
extensive assessment is performed following the establishment
of international standards for evaluation of biosafety. Initially,
the use of CNTs must be limited to localized sites.
Furthermore, top priority should be given to the use of
CNTs in situations where the benefits from their use by far
outweigh the risks involved. Specifically, the most likely field
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Figure 13. For application to spine interbody fusion material, a
polyetheretherketone (PEEK) composite with MWCNTSs has been
developed. (a) A conceptual diagram showing that PEEK, when
conjugated with MWCNTS, will become an innovative spine interbody
fusion material possessing excellent mechanical characteristics and
bone compatibility. (A) The MWCNTs on the surface confer bone
compatibility. (B) The internally conjugated MWCNTSs control the
elastic modulus. (b) (A) A PEEK spine interbody fusion cage (left
panel) and an MWCNT-conjugated PEEK cage (right panel). (B) A
prototype interbody fusion cage made of CNTs.

appears to be cancer treatment, where no other treatment is
available or treatment with CNTs is highly advantageous over
other treatments. This is currently the most hopeful field of
clinical application of CNTs. It is evident that if CNTs become
applicable to DDSs and imaging for cancer treatment, dramatic
advances in the treatment and diagnosis of cancer will be
achieved, which is expected to contribute substantially to the
health and welfare of many patients.

Stage 3 also concerns the topical use of CNTs particles as in
stage 2, but the coverage is expanded to include the treatment
of diseases requiring higher safety than in stage 2. CNTs are
used clinically in topical treatments (including regenerative
medicine scaffolds) and for the treatment and diagnosis of
diseases that are less life-threatening than cancer, such as
diabetes mellitus. In this stage, coverage of target diseases and
use sites is much wider, and application of CNTs biomaterials
more common. Stages 2 and 3 involve the same level of risk but
have different benefits.

Finally, we will proceed to stage 4 aimed at the treatment of
diseases involving the injection of CNTs and their systemic

dx.doi.org/10.1021/cr400341h | Chem. Rev. 2014, 114, 6040-6079



Chemical Reviews

Review

circulation via the bloodstream for the purpose of drug delivery
and whole-body imaging. However, this decision requires
extremely careful consideration.®?” As of 2012, the EC had
approved 20 nanopharmaceuticals (of course, other than
CNTs).*" Although drug delivery and whole-body imaging
using CNTs are highly effective procedures, major risk arises
from their systemic circulation via the bloodstream. No clinical
application should be started until the disposition of CNT
particles and their effects on the heart, lung, liver, spleen,
kidney, and other organs are extensively investigated and
sufficient data are available to obtain an international
consensus. At present, it remains unknown whether research
activities will advance to stage 4.

It is important to make steady progress through these stages
of clinical application and exercise discretion to demonstrate
the safety of CNTs at each stage. This biological application
and technical improvements in the biological application of
CNTs would help accelerate the development of groundbreak-
ing new therapeutic methods.

6.5. Establishing International Standards for Biological
Safety Evaluation

To date, studies evaluating CNT's biomaterials safety have been
conducted all over the world; however, interpretation of the
collective results has been problematic because different
methods of assessment were used by different researchers.
Hence, it has been impossible to build a centralized toxicity
database, which is essential for the assessment of CNTs safety
and efficiency in biological systems.”® International standards
for biological safety evaluation need to be established as soon as
possible, to conduct toxicity studies using one method of
assessment and one set of standards, and to provide access to
all results internationally. By doing so, many reliable results
from all over the world can be analyzed by many experts,
allowing them to make the right consensus decision. There are
a great many types of CNTs and numerous derivatives
produced by chemical modification. To achieve safe clinical
application of these CNTSs as soon as possible, there is an
urgent need to establish international standards for the
evaluation of biosafety.”>'?!

In the biological application of CNTs, it is critical to evaluate
the safety of functionalized CNTs (f-CNTs), which are likely to
find application as DDSs, for in vivo imaging, and in
regenerative medicine scaffolds. Chemical modification is also
important to increase the dispersion efficacy of CNTs, a key to
successful biological application.®*' Of course, f-CNTs must be
examined for safety individually. Furthermore, some researchers
are working to functionalize CNTs to make them safer to living
organisms.**733%528 T facilitate the application of numerous f-
CNTs as biomaterials, it is of paramount importance to
establish international standards for safety evaluation.

Provided that criteria are logically formulated on the basis of
the published results from studies evaluating the safety of
CNTSs biomaterials, international standardization of the CNTs
safety evaluation methodology would not be difficult. The first
task is to establish standards for the topical use of CNTs.
Specifically, in vivo and in vitro studies should first be
conducted in the same manner as with ISO-standardized
ordinary bulk biomaterials to assess the toxicity resulting from
the dissolution of impurities contained in CNTs and some or
all of the molecules bound to the CNTs. In vivo studies then
should be conducted to assess the CNTs toxicity intrinsic to
their identity as nanoparticles. This involves implantation of
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CNTs at the sites of their potential use to determine
biocompatibility with a particular organ or tissue. The in vitro
studies involve the dispersion of CNTs with a standard
dispersant and use of ISO-compliant test methods similar to
those used for ordinary chemical substances.*’” The in vivo and
in vitro studies for determination of the intrinsic toxicity of
CNTs involve comparison with a nanoparticulate reference
material, carbon black as described above. With a standard
reference, international standards for the evaluation of the
biological safety of topically used CNTs particles can be
established without delay.

Subsequently, efforts will be made to establish international
standards for the evaluation of CNTs safety in applications
involving passage through the bloodstream. Basically, in vivo
studies on CNTs well dispersed in solution will be conducted
using the same criteria as those used for ordinary chemical
substances. However, it is unknown which substance (possibly
an existing nanoparticulate material already used clinically in
DDSs and possibly transported through the bloodstream, with
confirmed safety and properties similar to those of CNTs) will
be the appropriate reference material. Selection of a reference
for this application of CNTs, which circulate in the blood-
stream, is a major challenge to be tackled in the future.

In all cases, international standards for the evaluation of
CNTs biosafety need to be established as soon as possible
because ultimately CNTs will revolutionize cancer treatment
and regenerative medicine, which are top priorities in today’s
medicine. Now is the time to translate research on safe CNT
composite implants into clinical applications. International
standards for evaluation of CNT's biosafety must be established
to enable the topical use of CNTs particles. Research into any
important medical issue should always proceed without
interruption.

7. CONCLUSION

The study of the application of CNTs as biomaterials has been
increasing dramatically because CNTs have been shown to be
extremely effective and very safe biomaterials. Biomaterials that
have doubtful biosafety are unlikely to find clinical application
in the future. Although it is logically impossible to say that
CNTs are completely safe to use in living organisms, CNT's can
be judged to be extremely safe if no evidence of biological risk
has been obtained by a vast number of studies investigating
their biological application. Most researchers in this field think
CNTs are safe to use in living organisms, provided that the
appropriate method and site of delivery are used.

CNTs biomaterials if fully utilized could lead to many
revolutionary and important medical technologies. Because of
the extremely advantageous characteristics unique to CNTs, the
biological safety evaluation issue making us reluctant to start
their clinical application must be solved as soon as possible.

Thanks to the painstaking efforts of a great many researchers,
much evidence supports the claim that CNTs are generally safe
as biomaterials. Accordingly, now is the time to start clinical
application of CNT composite implants, the biologically safest
form of CNTs, because there is little possibility that CNT's will
be directly exposed to the living organism. To quickly proceed
topical use of CNTs particles, it is necessary for researchers to
establish international standards for biosafety evaluation as
soon as possible. In this process, the carbon black reference will
play an important role. When taking the next and most risky
step toward clinical application (that involves the entry of
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CNTs into the circulation), the utmost caution must be
exercised to ensure safe use.

Because many researchers can now evaluate the biosafety of
CNTs using the power of the latest science and technology, we
should now embark on a journey toward the clinical use of
CNT-based biomaterials in an ethical and courageous manner.
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AFP a-fetoprotein

AIST National Institute of Advanced Industrial Science
and Technology

ALP alkaline phosphatase

APC antigen-presenting cell

bmDC bone marrow-derived dendritic cell

CA19-9 carbohydrate antigen 19-9

CEA carcinoembryonic antigen

CNS central nervous system

CNT carbon nanotube

CvD chemical vapor deposition

DDS drug delivery system

DTPA diethylenetriaminepentaacetic acid

DTPA diethylenetriaminepentaacetic acid

EDS energy dispersive X-ray spectroscopy

ELISA enzyme-linked immunosorbent assay

ES cell embryonic stem cell

f-CNT functionalized-CNT

GEM gemcitabine

ICs half maximal inhibitory concentration
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IL interleukin

iPS cell induced pluripotent stem cell

ISO International Standards Organization

LPS lipopolysaccharide

MNU N-methyl-N-nitrosourea

MWCNT multiwalled CNT

NIOSH  National Institute for Occupational Safety and
Health

NIST National Institute of Standards and Technology

OECD Organization for Economic Co-operation and
Development

PEEK polyether ether ketone

PEG polyethylene glycol

PSA prostate specific antigen

rthBMP-2  recombinant bone morphogenetic protein-2

ROS reactive oxygen species

SEM scanning electron microscopy

siRNA short interference RNA

SWCNT  one layer is known as single-walled CNT

TCB-1 Tattoo carbon black-1

TCB-2 Tattoo carbon black-2

TEM transmission electron microscopy

TNF tumor necrosis factor

UHMWPE ultrahigh molecular weight polyethylene

ZDBC zinc dibutyldithiocarbamate
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