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Carbon nanotubes (CNTs) are attracting interest in various fields of science because they possess a high surface area-to-volume
ratio and excellent electronic, mechanical, and thermal properties. Various medical applications of CNTs are expected, and the
properties of CNTs have been greatly improved for use in biomaterials. However, the safety of CNTs remains unclear, which
impedes their medical application. Our group is evaluating the biological responses of multiwall CNTs (MWCNTs) in vivo and
in vitro for the promotion of tissue regeneration as safe scaﬀold materials. We recently showed that intracellular accumulation is
important for the cytotoxicity of CNTs, and we reported the active physiological functions CNTs in cells. In this review, we describe
the eﬀects of CNTs in vivo and in vitro observed by our group from the standpoint of tissue engineering, and we introduce the
findings of other research groups.

1. Introduction
Carbon nanotubes (CNTs) were first reported by Oberlin
et al. [1], and Iijima’s report [2] subsequently generated a
great deal of interest in CNT research. CNTs consist of rolled,
single, or multiple graphene sheets that form singled-walled
CNTs (SWCNTs) and multi-walled CNTs (MWCNTs), with
nanometer diameters and a high aspect ratio (above 100).
CNTs have unique physicochemical properties, diﬀerent
from those of other carbon allotropes, such as graphite, diamond, and fullerenes. Three major production methods
are currently used to manufacture CNTs, including arc discharge, laser ablation, and chemical vapor deposition (CVD).
The CVD method particularly enabled the mass production

of CNTs, and eﬀective purification methods were also improved to prevent structural damage and remove the metals
that are used as catalysts during CNT production [3].
Figure 1 shows highly purified MWCNTs with a mean diameter of 100 nm and a mean length of 10 μm prepared by the
CVD method.
Because of their unique physical, mechanical, and electronic properties, CNTs are valuable as reinforcements or
additives to improve the properties and introduce novel functionalities of various materials in a number of fields, including chemistry, electronics, energy, and materials science [4].
The unique properties of CNTs have also attracted attention
from the medical and biological fields, and the application
of CNTs as biomaterials is expected for biosensors, drug and
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eﬀects depend on the functional groups added to the CNTs.
Therefore, this review describes the potential of plain CNTs
as a biomaterial for tissue engineering.

2. Relationship between CNTs and Cells

10 μm
(a)

500 nm
(b)

Figure 1: Field-emission scanning electron microscope image of
VGCFs at 2 diﬀerent resolutions [3].

vaccine delivery vehicles, and scaﬀold materials [5]. CNTs
have limited solubility in aqueous media, which presents a
drawback for medical and biological applications; however,
this problem is being solved by the addition of chemical functional groups to the side walls and tips of the CNTs.
In addition, CNTs possess asbestos-like features (i.e., a
nanoscale size and a high aspect ratio). Thus, CNTs may be
hazardous to human health and the environment [6, 7]. In
2008, Takagi et al. reported that transgenic mice injected intraperitoneally with MWCNTs exhibited mesothelioma similar to that in mice exposed to asbestos [8]. Subsequently,
other investigators investigated the safety of the inhalation or
intratracheal administration of MWCNTs in vivo, and pleural mesothelioma and lung cancer were not induced [9–13].
In 2010, the National Institute for Occupational Safety and
Health (NIOSH) presented guidelines for occupational exposure and indicated the safety level that did not result in tumorigenesis [14]. NIOSH is recommending an exposure
limit of 7 μg/m3 elemental carbon as an 8-h time-weighted
average respirable mass airborne concentration. We evaluated the safety of MWCNTs, and the clarification of toxic
mechanism is currently underway [15–19]. It appears that
CNTs do not cause acute critical diseases unless the intracellular accumulation of CNTs passes a certain limit.
CNTs do not only present a biological hazard; they have
been shown to have positive eﬀects in the human body. Some
studies have already described favorable medical applications
of functionalized CNTs [21–25], and most of the observed

The relationship between CNTs and cells has been studied
from 2 aspects: eﬃcacy and safety. CNTs have also been
studied in terms of functionalization and mixing with other
materials. The development of CNT-based drug and gene
delivery systems, as well as imaging techniques, is based on
the functionalization of the CNTs [26–28], particularly their
endocytosis. Pantarotto et al. demonstrated that ammonium-functionalized CNTs interacted with the phosphate
groups of plasmid DNA, penetrated cell membranes, and
were taken up into the cells with little cytotoxicity [29]. However, the cytotoxicity was not evaluated after the CNTs were
endocytosed. The cytotoxicity evaluation that was performed
only evaluated the toxicity for 1 or 3 h, and it only evaluated
the penetration risk of the CNTs. To investigate the relationship between the cytotoxicity and intracellular accumulation
of CNTs, we exposed 2 diﬀerent cell lines to MWCNTs for
24 h and assayed the cytotoxicity and volume of the intracellular CNTs [16]. The intracellular accumulation of the CNTs
and the cytotoxicity were correlated; when the accumulation
exceeded a certain level, the CNTs showed cytotoxicity.
Hirano et al. also demonstrated the cytotoxicity of CNT uptake using human bronchial epithelial cells (BEAS-2B) [30].
In contrast, Giannona et al. and Lopo et al. reported that the
CNT films and scaﬀolds were biocompatible with cultured
cells because they were not endocytosed by the cells [31–35].
We found that the endocytosis of CNTs varied according to
the dispersant and the cell line [16, 17]. Cells with phagocytic
activity endocytosed even plain CNTs, which are not functionalized or hydrophilic. These findings suggest 2 critical
points for the medical application of CNTs using the phagocytic activity of cells: (1) the quantity of intracellularly accumulated CNTs must be controlled and (2) the aﬃnity of
functionalized CNTs for the targeted cells is critical. The
aﬃnity to the target cells of the functional groups linked
to the CNT must be higher than the aﬃnity of the cells for
CNT itself, because most cells adhere to CNTs [17]. Liu et al.
conjugated SWCNTs with targeting ligands, including peptides and antibodies for specific cell labeling in vitro or tumor
targeting in vivo. These functionalized SWCNTs were highly
endocytosed by the cells that expressed the receptor for the
ligand [36]. However, their in vitro experiment did determine whether the U87MG cells that they used expressed the
receptor or endocytosed plain SWCNTs, and it is likely that
endocytosis would also occur in other organs or tissues. Furthermore, the potential cytotoxicity of these functionalized
CNTs must be investigated at the concentrations used for
such experiments.

3. Active Effects of CNTs on Cellular Function
Most studies of the potential therapeutic eﬀects of CNTs
have focused on bone. There are some reports on the use of
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Figure 2: MWCNTs showed good bone-tissue compatibility, induced little inflammatory reaction, and had little eﬀect on the adjacent
bone tissue when implanted into the subperiosteum. The histologic appearance of the subperiosteal skull is shown for mice from (a,
b) the sham operation group, where a subperiosteal pocket was made but only vehicle solution was implanted, and (c, d) the MWCNT
group at 1 week and 4 weeks after the operation. (a) The periosteum was essentially restored, and the inflammatory reaction was minimal.
(b) The periosteum was completely restored. (c) The periosteal tissue showed the same degree of restoration as in the sham operation group.
MWCNT particles remained subperiosteal, and the inflammatory reaction was minimal. Macrophages were seen surrounding the MWCNT
particles. (d) The periosteal tissue was restored completely and still contained MWCNT particles and macrophages. The inflammatory
reactions were decreased compared with those after 1 week. The cortical bone beneath the implant was preserved. Hematoxylin and eosin
staining. Scale bars: 20 μm [20].

CNTs for scaﬀolds in bone regeneration [38–40]. However,
these reports evaluated composites containing CNTs, and it
is diﬃcult to determine the eﬀects specifically mediated by
the CNTs. Few reports on the direct influence of CNTs on
bone are available. Zanello et al. reported that osteosarcoma
ROS 17/2.8 cells cultured on CNTs showed suppression of
cell growth, production of plate-shaped crystals, and a dramatic change in cell morphology [41]. Mwenifumbo et al.
investigated the influence of nanoscaled dimensions on human osteosarcoma (Saos-2) cells [42] and found that cells
grown on MWCNT constructs showed higher metabolic activity and a disorganized actin cytoskeleton. Both studies
consider the biological responses to be positive, but the evaluation requires attention. Some crystallization occurs on
CNTs without cells [43, 44], and the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide] assay for
cell metabolic activity is not suitable for the experiments with
CNTs [45, 46].
Our group showed that CNTs are highly biocompatible
and accelerate osteogenesis in vivo [20]. Mice were implanted
with MWCNTs in the subperiosteum of the skull or in tibial
defects that were generated experimentally to evaluate bone

tissue compatibility. At 1 and 4 weeks after implantation,
the MWCNT group showed the same degree of tissue
restoration and inflammation as in the sham operation
group (Figure 2). Moreover, ectopic bone formation was
also demonstrated in response to recombinant human
bone morphogenetic protein-2 (rhBMP-2) delivered using
collagen with or without MWCNTs. The rhBMP-2-collagenMWCNT group showed larger bone shadows with soft X-ray
analysis and a significantly higher bone mineral content. We
initially examined the influence of MWCNTs on osteoclasts
to clarify the mechanism of the acceleration of osteogenesis
by the MWCNTs [37]. We showed that MWCNTs inhibit
osteoclastic bone resorption in vivo and that MWCNTs
inhibit osteoclastic diﬀerentiation and suppress the expression of a transcription factor essential for osteoclastogenesis
in vitro (Figure 3). We are currently evaluating the influence
of MWCNTs on osteoblasts. Our studies suggest that plain
CNTs have a direct influence on osteogenic cells.
The eﬀects of CNTs have also been reported for other
tissue types. The nervous system is also a target for CNTs
used as biomaterials, because CNTs are strong, flexible, and
have high conductivity. The first study in this field was
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Figure 3: MWCNTs incorporated into bone-marrow-derived macrophages (BMMϕ) inhibited the diﬀerentiation of BMMϕ into osteoclasts.
(a) BMMϕ were cultured for 3 days with receptor activator of nuclear factor-κB ligand (RANKL, 100 ng/mL) and macrophage colony
stimulating factor (M-CSF, 25 ng/mL) in the presence or absence of 80n-MWCNTs, 150n-MWCNTs, or carbon black (CB). Cells were
fixed and stained for TRAP. n = 4. (b) BMMϕ were treated with or without 80n-MWCNTs, 150n-MWCNTs, or CB for 24 or 1 h. BMMϕ
were further cultured for 3 days in the presence of RANKL (100 ng/mL) and M-CSF (25 ng/mL), fixed, and stained for TRAP. n = 4. #;
P < 0.001 versus control. (c) Phase-contrast microscopy of BMMϕ treated with 80n-MWCNTs or CB. BMMϕ were incubated for 24 h with
80n-MWCNTs or CB, fixed, and observed under a phase-contrast microscope. (d, e) Neither 80n-MWCNTs nor CB attenuated RANKLinduced signals in BMMϕ. BMMϕ were cultured with or without 80n-MWCNTs or CB under the same conditions as in the experiments in
(b). BMMϕ were then treated for 20 min with RANKL (100 ng/mL) to activate NF-κB and p38 MAPK (d). BMMϕ were treated with RANKL
(100 ng/mL) for 24 h to induce NFATc1 (e). Cell lysates were subjected to SDS-PAGE, followed by immunoblotting with specific antibodies
[37].
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Figure 4: MWCNT treatment induces cellular lipid accumulation in C2C12 cells. Cells were treated with 2% horse serum (HS) (A) and
10% FBS (C) or 10 μg/mL MWCNT (E and G) for 7 days after the cells reached 70–80% confluence. Oil red O staining was performed after
7 days of exposure to the growth medium. The arrows indicate cells positive for lipid droplet content. Cell nuclei (indicated as black arrows)
stained with Hoechst 33342 (blue) were visualized on day 7 by using a fluorescent microscope (B, D, F, and H). (I) Lipid accumulation was
quantitatively assayed with a lipid-staining reagent to evaluate the lipid content [47].

reported by Mattson et al. in 2000 [48]; a lack of eﬀect by
unmodified CNTs was demonstrated where neurons grown
on CNTs coated with 4-hydroxynonenal exhibited multiple neurites and extensive branching. Subsequent studies
also showed beneficial eﬀects of functionalized CNTs, and
although plain CNTs have not been shown to have negative
eﬀects [49–53], no beneficial eﬀect on cellular function has
been reported. We also evaluated the eﬀects of MWCNTs
on IMR-32 human neuroblastoma cells [17], which did not
internalize MWCNTs. The MWCNTs only bound to the cells
without cytotoxicity. Unmodified CNTs seem to have low
cytotoxicity and high biocompatibility but do not seem to
aﬀect the nerve system actively.

Li et al. [55, 56] pressed MWCNTs as compacts and
adsorbed proteins on them before cell culture. Mouse
myoblastic (C2C12) cells cultured on the compacts diﬀerentiated into osteogenic cells, and Saos-2 cells underwent
osteogenic maturation. Li et al. suggest that the adsorption of
specific proteins to CNTs is critical. We also cultured C2C12
cells with MWCNTs without specific pretreatment [47].
The MWCNT treatment induced cellular lipid accumulation
(Figure 4) and the upregulation of specific markers of
adipocyte diﬀerentiation without cytotoxicity in C2C12 cells
(Figure 5). Although we used gelatin as a dispersant, gelatin
did not seem to play a critical role in the diﬀerentiation
[16]. MWCNTs were endocytosed by the cells, but it remains
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Figure 5: Eﬀects of MWCNT on the expression of myogenic or adipose diﬀerentiation markers in C2C12 cells. C2C12 cells were exposed
to MWCNTs (10 μg/mL) for 7 days, and RNA was isolated. mRNA levels for the downregulated (MyoD and Myogenin) and upregulated
(PPARγ2, FABP4, Sox8, KLF15, and Nur-77) gene targets were determined by real-time PCR (a, b, and d). The mRNA levels were normalized
using GAPDH as an internal control (mean ± SEM, n = 3, ∗∗ P < 0.01 based on Student’s t-test). (c and e) Western blotting analysis after
the exposure of C2C12 cells to MWCNT. β-Actin was used as a loading control [47].
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Scaﬀolds for tissue regeneration require properties such as
rigidity to bear external force, biodegradability and absorption, the ability to promote the adhesion and proliferation
of cells, and the ability to be penetrated by blood vessels and
body fluids. To date, CNTs have been used to reinforce the
weak points of existing scaﬀold materials. For example, a
composite between collagen, which is the most commonly
used scaﬀold material, and CNTs showed good mechanical
characteristics because of the favorable properties of CNTs
[57–60]. Lobo et al. also reported favorable biocompatibility
of CNTs in comparative cytocompatibility studies on vertically aligned (VA) superhydrophobic CNT films functionalized by pulsed-direct current oxygen plasma [61–63]. Furthermore, synthetic biocompatible polymers can be combined with CNTs and evaluated as scaﬀolds for tissue regeneration. Zhang et al. reported that a composite of poly(llactide) and MWCNT showed increased direct-current
conductivity, crystallization, plasticization of the polymer
matrix, and growth inhibition of fibroblast cells [64].
McCullen et al. fabricated electrospun nanocomposite scaffolds by encapsulating MWCNTs in poly(lactic acid) (PLA)
nanofibers [65]. The composite showed reduced fiber diameter and increased conductivity compared with PLA alone.
Moreover, adipose-derived human mesenchymal stem cells
(hMSCs) on the composite showed increased cell growth
and were closely packed and longitudinally aligned at 14
days. Although the responses of the hMSCs appear to be a
direct positive eﬀect of the CNTs, it is more likely that these
eﬀects were mediated by the diﬀerence in pore size between
the PLA-CNT composite and PLA alone, which in turn
resulted from a diﬀerence in the fiber diameter. CNTs have
also been used in composites with other biomaterials [66,
67]. Abarrategi et al. fabricated MWCNT-chitosan (CHI)
scaﬀolds composed of MWCNTs (up to 89% by weight)
and CHI and evaluated the biological responses on C2C12
cells [68]. The biocompatibility was high in vitro and in
vivo, and the composite was biodegradable. However, the
MWCNT-CHI scaﬀold absorbed rhBMP-2 was compared
with MWCNT-CHI alone in vitro; no comparison was made
with other scaﬀold materials. Biodegradability was defined
as the biodegradation of the scaﬀold in vivo and not the
biodegradability of the CNT itself.
Scaﬀolds using CNTs have thus been applied to augment
the physical properties of the based biomaterials or to
provide new properties (e.g., conductivity). However, the
biological responses to the added CNTs are similar to those of
the base biomaterials; few actual beneficial eﬀects have been
observed thus far. Rather, it seems that the change in the
physical properties of the composite results in a structural
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100
Cell viability (% of control)

unclear whether the endocytosis of MWCNTs is necessary for
the diﬀerentiation. However, this is the first report that plain
CNTs without any pretreatment actively aﬀected the cellular
function and may thus contribute to tissue regeneration
directly.
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Figure 6: Viability of BEAS-2B cells treated with diﬀerent MWCNTs. The cells were exposed to MWCNTs for 24 h. The graph shows
the cell viability associated with 10 μg/mL of each MWCNT in
the MWCNT-150 and MWCNT-80 series (mean ± SE, n = 6,
∗
P < 0.05, ∗∗ P < 0.01). The table shows the basic properties of the
MWCNTs [54].

change of the scaﬀold and thereby improves biocompatibility. When CNTs are added to the scaﬀold materials, negative
influences have not been reported; however, one unsolved
problem remains: the safety of CNTs remains unclear.
Because CNTs are biopersistent [69–72] and the cytotoxicity
results from the accumulation of CNT in the cells, the
CNTs need to be excreted or biodegraded after absorption
in the body. In scaﬀold biomaterials, biodegradability and
bioabsorbability are required after the safety is confirmed.

5. Conclusion and Perspectives
CNTs can be used for the reinforcement of biomaterials
to substitute hard tissues. The composites of CNTs and
ceramics are mainly used for this purpose [73–75]. Because
these composites do not need to be degraded and contact
with cells directly, it is not necessary to consider the toxicity
[35]. However, CNTs may also be used for biosensors, drug
and vaccine delivery vehicles, and scaﬀold materials. The
influence of CNTs on these target tissues or cells has not
been extensively studied. Toxicologists have focused on the
safety of CNTs in the respiratory system because the shape
of the CNTs resembles that of asbestos. To successfully apply
CNTs in the biomedical field, including tissue engineering,
it is necessary to investigate the biodistribution of CNTs
used as biomaterials [76] and evaluate their influence on
organs or tissues. It seems that the development of CNTs with
almost no hazard to human health is possible, because it has
been reported that the physical properties (length, thickness,
rigidity) of the CNTs greatly contribute to their toxicity [7,
77, 78]. Recently, we indicated that the risk of toxicity could
be decreased by improving the manufacture process without
modifying the CNTs (Figure 6) [54]. Moreover, Liu et al.
reported that single-walled nanotubes with carboxylated
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surfaces are unique in their ability to undergo 90-day degradation in a phagolysosomal stimulant [79]. Further research
on the minimization of the risk and maximization of the
benefit of CNTs is, therefore, necessary.
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