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Abstract: This study aimed to investigate the influence of the shape and size of multi-walled
carbon nanotubes (MWCNTSs) and cup-stacked carbon nanotubes (CSCNTSs) on biological
responses in vitro. Three types of MWCNTs — VGCF®-X, VGCF®-S, and VGCF® (vapor
grown carbon fibers; with diameters of 15, 80, and 150 nm, respectively) — and three CSCNTs
of different lengths (CS-L, 20-80 pm; CS-S, 0.5-20 pm; and CS-M, of intermediate length)
were tested. Human bronchial epithelial (BEAS-2B) and malignant pleural mesothelioma cells
were exposed to the CNTs (1-50 pg/mL), and cell viability, permeability, uptake, total reactive
oxygen species/superoxide production, and intracellular acidity were measured. CSCNT's were
less toxic than MWCNTs in both cell types over a 24-hour exposure period. The cytotoxicity
of endocytosed MWCNTs varied according to cell type/size, while that of CSCNTs depended
on tube length irrespective of cell type. CNT diameter and length influenced cell aggregation
and injury extent. Intracellular acidity increased independently of lysosomal activity along with
the number of vacuoles in BEAS-2B cells exposed for 24 hours to either CNT (concentration,
10 pg/mL). However, total reactive oxygen species/superoxide generation did not contribute to
cytotoxicity. The results demonstrate that CSCNTSs could be suitable for biological applications
and that CNT shape and size can have differential effects depending on cell type, which can be
exploited in the development of highly specialized, biocompatible CNTs.

Keywords: multi-walled carbon nanotube, cup-stacked carbon nanotube, cytotoxicity, in vitro,
intracellular acidity

Introduction

Due to their unique physicochemical properties, carbon nanotubes (CNTs) have
applications in a wide variety of industries. One major area of application is in the
manufacture of biomaterials and devices, which include biosensors and drug and vac-
cine delivery vehicles.* CNTs have the advantage of superior mechanical strength,
and carbon materials in general are considered inert and therefore biocompatible.>*
However, before CNTs can be incorporated into new and existing biomedical devices,
their toxicity and biocompatibility need to be thoroughly investigated. Mice injected
intraperitoneally with CNTs exhibited toxicological changes similar to those induced by
exposure to asbestos,>® and CNTs have been linked to the induction of mesotheliomas.”#
Although some in vivo studies have been conducted on the safety of CNT exposure by
inhalation or intratracheal administration, their findings have been indeterminate.®3
Results from in vitro studies have also been ambiguous, with some studies reporting
that CNTs induce cytotoxicity and cytokine production,’*® and others showing that
no significant biological responses are elicited.!*2?
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Many reasons have been proposed for these contradic-
tory findings. First, CNTs can be single-walled, multi-walled
(MWCNTs), as well as cup-stacked (CSCNTs), and can
differ in terms of length and diameter as well as phys-
iochemical properties such as shape, agglomeration, surface
structure, and carbon defects, any of which can influence
the toxicological evaluation.?!?” Moreover, impurities in
CNTs have been shown to induce oxidative stress, resulting
in cellular damage.?®% Other factors besides the CNT itself,
such as experimental conditions, have also been suggested
to contribute to a misleading toxicity evaluation.!*3%3! Two
recent studies by our group examined the possible factors
contributing to the variable cytotoxicity of CNTs in vitro. In
one study, it was found that cytotoxicity differed according
to the dispersant that is used.> CNTs dispersed with gelatin
or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine were endo-
cytosed and induced concentration-dependent cytotoxicity
and cytokine secretion, while the same was not observed
when carboxymethyl cellulose was used instead. Varying
degrees of cytotoxicity were also observed in different cell
lines.** MWCNTs were endocytosed by, and were toxic to,
malignant pleural mesothelioma, bronchial epithelial, and
macrophage-like cells, but not neuroblastoma and mono-
blastic cells. Endocytosed MWCNTSs accumulated in the
lysosome, causing injury to the membrane. However, endo-
cytosed carbon black, a carbon allotrope, had no cytotoxic
effects despite settling in the lysosome. This indicates that
the toxicity associated with CNTs, which are internalized
due to their nanosize, is not an inherent property of the con-
stituent carbon (which is considered inert), but is actually
due to other factors.

In the present study, we investigated whether the
physical dimensions and type of CNTs influence cellular
response. MWCNTs (Showa Denko KK, Tokyo, Japan) and
CSCNTs (GSI Creos, Tokyo, Japan) of various diameters
and lengths were tested in two different epithelial cell lines,
in which responses were evaluated based on several bio-
logical parameters. The findings indicate that the cellular
response to CNTs is dependent on multiple factors, which
should be considered while developing CNTs that have
optimal biocompatibility.

Materials and methods

CNT preparation

The properties of the MWCNTs are listed in Table 1, and
those of the CSCNTs* are listed in Table 2. Three types
of MWCNTs — VGCF®-X, VGCF®-S, and VGCF® (vapor
grown carbon fibers; with diameters of 15, 80, and 150 nm,

Table | Properties of multi-walled carbon nanotubes (MWCNTSs)

MWCNTs VGCF® VGCF®-S VGCF®-X
Length (um) 8 10 3
Diameter (nm) 150 80 15
Agglomeration size (nm) 1,660+38 1,638+98 4,417+401
Iron content (ppm) 34 1,700 12,000

Note: MWCNTSs were provided by Showa Denko KK (Tokyo, Japan).
Abbreviation: VGCF, vapor grown carbon fibers.

respectively) — and three CSCNT's of different lengths (CS-L,
20-80 um; CS-S, 0.5-20 pm; and CS-M, of intermediate
length) were tested. The CNTs were sterilized by autoclav-
ing at 121°C for 15 minutes, then dispersed in 0.1% gelatin
in phosphate-buffered saline (PBS) and sonicated in a water
bath for 30 minutes.

Cell culture

The BEAS-2B human bronchial epithelial cell line was pur-
chased from the American Type Culture Collection (ATCC),
(Manassas, VA, USA). The ACC-MESO-1 human malignant
pleural mesothelioma cell line* was purchased from RIKEN
(Wako, Ibaraki, Japan). BEAS-2B cells were cultured in
Ham’s Nutrient Mixture F-12 (Nacalai Tesque) with 10%
fetal bovine serum ([FBS] Life Technologies, Carlsbad,
CA, USA), and MESO-1 cells were cultured in RPMI1640
supplemented with 10% FBS. Both cell lines were cultured
at 37°C in a 5% CO, humidified incubator and passaged
twice a week. For each study, cells were seeded at a density
of 2x10° or 5x10° cells/mL and adhered for 24 hours.

alamarBlue® (AB) assay

To assess cell viability upon exposure to CNTs, an AB
assay (Life Technologies) was performed according to
the manufacturer’s instructions. Cells were incubated for
24 hours at 37°C in culture medium with 1, 10, or 50 pg/mL
CNTs in 96-well culture plates. Control cells were cultured
in medium containing the dispersant medium (0.001%
gelatin). Viable cells metabolized the dye, resulting
in an increase in fluorescence by excitation/emission
at 550/600 nm, which was recorded by a fluorescence
multiplate reader (PowerScan 4; DS Pharma Biomedical,

Table 2 Properties of cup-stacked carbon nanotubes (CSCNTSs)

CSCNTs CS-L Cs-M* Cs-S
Length (um) 20-80 0.5-20
Diameter (nm) 100 100 100
Agglomeration size (nm) 2,029+79 1,833+201 1,547+15

Notes: CSCNTs were provided by GSI Creos (Tokyo, Japan). *Blank space denotes
that CS-M is between CS-L and CS-S in terms of length.
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