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Besides attracting the attention of scientists and engineers
because of potential applications, carbon nanotubes (NTs)
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are also a subject of concern owing to potential medical and
environmental problems." As the NTs belong to a class of
graphite that is not toxic, the concern resides mainly in the
effect of their nanometer dimensions and the tubular
structure with curved surface and fullerene-like end caps.
There have been conflicting reports on the biological effects
of NTs, some reporting high®'"! and others low toxicity.['>¥
Among the issues that complicate the matter are the catalyst
metal contaminants in NTs, which have so far been impossible
to remove entirely without destroying the structural entity of
NTs. A recent report on the genetic response to NTs indicates
that risk assessment studies of NTs to date may be viewed as a
sum of the effects of NTs and the transition metals,["” some of
which are known to be toxic by themselves.!! Another issue is
the lack of methods to prepare water-soluble NT particles that
are homogeneous enough to ensure validity of the studies on
the alleged nanosize effects. The uncontrollable aggregation
behavior of NTs, for instance, bundle formation, poses an
additional problem that hampers risk assessment studies.*!
Note that the surfactants used widely for solubilization of
NTs!'*!7l are toxic by themselves and must therefore be
avoided. We report here the preparation of a homogenous
aqueous solution of approximately 130-nm-sized structurally
stable aggregates of entirely metal-free single-walled (SW)
NTs, the evidence of persistent uptake into the cytoplasm of
mammalian cells, and the low-level cytotoxicity of these
particles. In the present study, physicochemical properties of
NT samples—size distribution, agglomeration state, shape,
chemical composition, surface area, surface chemistry, surface
charge, and porosity!"®'—have been characterized for the first
time, and the samples conform to the criterial* specified for
nanomaterials samples suitable for toxicological studies.
During the studies, we found that NTs disturb the colorimet-
ric bioassays that have been used for risk assessment tests and
hence may have affected the reported toxicities of NT
materials.

The carbon nanohorn aggregate!'”! (NHA; Scheme 1) is
unique among the NT varieties, and its properties make it
suitable for risk assessment studies. First, it has all of the
properties of NTs except the high aspect ratio of a single
isolated NT. Second, since NHA is a covalently bonded class
of self-aggregated NTs, its local peripheral morphology
represents the terminal region of a single NT, and the global
morphology represents spherically assembled NT bundles
(see Figure 1 f and Supporting Information). For instance, its
bulk morphology resembles a spherical aggregate of metal-
containing NTs previously studied for biological assay.!'”!
Third and most importantly, as NHAs are prepared by laser
ablation of a carbon rod without using a transition-metal
catalyst, they do not contain any metallic impurities. The
NHA as it is prepared forms agglomerates (Scheme 1; cf.
Figure 1c) that cannot be separated physically, and hence
they are essentially insoluble in water.

In the first step of our study, we devised a simple and
effective method to convert the agglomerates into a water-
soluble amino NHAs (a-NHA 2 and its derivatives 3 and 4)
(Scheme 1), which, if necessary, can be chromatographically
fractionated according to their size. The approximate molec-
ular weight of these particles as well as the number of the
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Scheme 1. Chemical transformation of NHA agglomerates into single-
particle amino NHA 2 and subsequent derivatization.

amino groups attached to them has been determined (see
below). We found that, upon treatment with NaNH,, the
NHA agglomerates can be converted, in their entirety, into
water-soluble a-NHA 2 (Scheme 1). Treatment of 1.00 g of
NHA with NaNH, in refluxing liquid NH; (—33°C) for 3 h,
followed by evaporative removal of NH; and washing with aq.
NH,CI afforded 1.03 g of a-NHA 2 as a black power. Though
the reaction did not cause any obvious change of the powder
behavior, the material was now soluble in water. Dilution of 2
in ultrapure water with sonication resulted in a homogeneous
black solution with a concentration of up to 1 mgmL™". This
method for solubilization features low-temperature and basic
conditions in contrast to the previously reported methods that
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Figure 1. Carbon nanohorn aggregate. a) Photographs of solutions of
a-NHA 2 in water at concentrations of 1 mgmL™" (left) and

0.02 mgmL™" (center) and intact NHA (right). b) Size distribution of 2
in water (0.2 mgmL™") determined by DLS analysis (top) and of a
solution of 2 deposited on mica determined by AFM analysis
(bottom). The AFM data was obtained by the height analysis of 117
particles in four images. An average dimensional aspect ratio of the
particles was measured to be 2.5:1. ¢) An AFM image of agglomerate
of NHA 1 deposited on HOPG. The outline of single NHA particles in
the agglomerate can be seen. Scale bar: 500 nm. d) An AFM image of
2 deposited on mica. Scale bar: 500 nm. e) The height profile of an a-
NHA particle measured along the blue line in Figure 1d. f) TEM image
of a-NHA 2 showing that no damage was caused by the NaNH,
treatment. Scale bar: 2 nm.

generally rely on oxidation with nitric acid or hot oxygen gas.
Note that liquid NH; and NaNH, can be readily removed at
room temperature by evaporation and washing with water.

The bulk properties of the aqueous solution of 2 were
characterized by dynamic laser light scattering (DLS), atomic
force microscopy (AFM), and { potential measurement.
Figure 1a shows homogeneous solutions of 2 with concen-
trations of 1 mgmL~" and 0.02 mgmL~', which leave no
insoluble materials upon filtration through a 5-um-pore
membrane filter. The vial on the right contains a suspension
of the insoluble NHA agglomerate at a concentration of
0.2mgmL™". DLS analysis of more dilute solution of 2
(0.2 mgmL™'; Figure 1b) indicates that the solution contains
isolated particles of 134 +5 nm (average diameter). The size
distribution was found to be stable for several months, and the
particles did not show any sign of reagglomerization.

AFM analysis of the solution deposited on mica surface
showed spheroidal particles distributed on the surface as in
Figure 1d. The morphology is entirely different from that of
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the NHA agglomerate (Figure 1¢). The particles have an
average height of 95nm and an aspect ratio of 2.5:1
(Figure 1d). Such particles would be measured as 122-
156nm by DLS” which agrees with the average DLS
value of 134 nm. The data also agree with the size estimated
previously by transmission electron microscopy (TEM).!"!
The average particle size (based on AFM) corresponds to
an approximate volume of 1-3 x 107! m®. This value coupled
with the reported density of 1.25gmL ™™ Jeads to an
estimated molecular weight of 8-20 x 10° Da, which in turn
results in an estimate of 3-7x 10" particles per mL in a
solution of 2 with a concentration of 1 mgmL™. The §
potential of 2 in ultrapure water was found to be —28 mV.
Such negative potentials have been commonly found for
carbonaceous materials such as SWNTs and carbon
black.[321

a-NHA 2 can be separated into fractions according to
particle size. After chromatographic purification of the
solution (0.2 mgmL™") on a polyacrylamide size-exclusion
column 92% of the material was recovered (see the
chromatogram in Figure 2a). As evident in the DLS data
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Figure 2. Fractionation of a-NHA 2 by gel permeation column chroma-
tography. a) Chromatogram of 2 (0.2 mgmL™", 0.5 mL) eluted on
Sephacryl 500HR (bed volume: 17 mL, detection: 260 nm). Fractions
collected at t;=15.5 min (red); ty=16.0 min (orange); t,=16.5 min
(green); t;=18.0 min (blue). b) DLS analysis of the representative
fractions. Mean sizes of particles in fractions are 198 £17, 148 +1,
134+6 and 127 47 nm, respectively. The color code of the fractions
corresponds to the colored fractions in (a). t;=time of retention.

measured for four representative fractions (Figure 2b),
chromatographic separation of a-NHA of various sizes (127,
134, 148, and 198 nm, mean diameter) has been achieved. We
expect that further optimization of the chromatographic
conditions will result in better resolution.

Chemical characterization of the water-soluble NHA
indicated that NaNH, treatment has introduced amino
groups on the surface of the graphitic structure. Careful
TEM observation (Figure 1f and Supporting Information)
showed that there has been no change of the gross SWNT
structure; that is, neither holes nor added materials were
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observed. The UV/Vis spectra of 2 in water show a broad
absorbance due to the tubular graphite (Supporting Informa-
tion). Thermal gravimetric analysis (TGA) and Raman
spectra suggest that the amination reaction under mild
conditions did not cause any significant change of the gross
NHA structure.”*?! The presence and the quantity of the
amino groups on 2 were determined by the Sanger method
used widely for characterization of amino groups in pro-
teins.?! Treatment of 2 with 4-fluoro-1,3-dinitrobenzene
(Scheme 1) gave a water-soluble black powder that exhibits
an absorption at 350 nm (Supporting Information). This is
characteristic of the dinitrophenylamino (DNP) group and is
not observed for the two starting materials. Neither excess
reagent nor longer reaction time led to an increase of the 350-
nm absorption, and we conclude that all available amino
groups have been dinitrophenylated.

On the basis of the known molar absorption coefficient of
the DNP group and the value measured for DNP-a-NHA (3),
we calculate the amount of the amino group to be
0.22 umolmg~'. A density of one amino group per 380
carbon atoms can be thus calculated. It is reasonable to
assume that the amination reaction took place on the exposed
surface, which can be estimated from the surface area
available for N, absorption. The reported surface area of
NHA, 308 m?g~!, " and the calculated amine density gives
an estimated amine density on the surface to be one amino
group per 46 carbon atoms. This ratio suggests that the
reaction occurred on the reactive cap or bent regions rather
than on the smooth surface of the tube.

Similarly, we introduced fluorescent Oregon Green (OG)
dye to the a-NHA. To maintain water-solubility, we exposed
the fluorescent probe to only 8% of the available amino
groups. The presence and the amount of the probe were
determined by quantitative absorption and fluorescence
spectroscopic analysis (Supporting Information).

With the physicochemical data of the soluble NHAs in
hand, we investigated the cell uptake and the toxicity of this
material. The soluble labeled OG-a-NHA 4 (Scheme 1, used
as such without fractionation of particles) was incubated with
growing mammalian cells (3T3 and HeLa cells), and the cell
uptake was monitored by flow cytometry (FCM). As shown in
Figure 3, the amount of 4 in the cells showed dose-
(0.0l mgmL™" vs. 0.05mgmL™') and time-dependent
increase.l'>!>%! Notably, the uptake per cell increased persis-
tently for 22 h.

The location of OG-a-NHA 4 in the cells after an
incubation time of 20h was determined by microscopy
(Figure 3¢ and d). The black spots several um in size seen
in Figure3c are agglomerates of 4 located within the
cytoplasm.?®! Smaller particles of 4 are seen as green
fluorescent particles in Figure 3d. The cell membrane stained
by FM4-64 appears red in Figure 3d, and the yellowish area
represents the overlap of the red and green colors, thus
indicating that 4 is not located in the outer cell membrane but
within the cytoplasm.

Having learned that a-NHA readily enters into mamma-
lian cells, we next examined its cytotoxicity. We used quartz
particles of 5 um in size and TiO, particles of 25-70 nm in size
(primarily anatase) as controls.l! While both are used widely
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Figure 3. FCM and confocal microscopic analysis of OG-a-NHA 4 taken up by cultured
mammalian cells. a) Fluorescence histograms of control cells (black; 3T3 cells) and cells
incubated with 4 at concentrations of 0.01 mgmL™" (green) and 0.05 mgmL™" (red). b) Time-
dependent fluorescent intensity of cells (3T3: red; Hela: blue) incubated with 4

(0.05 mgmL™"). c) Phase contrast image of 3T3 cells after incubation with 4 (0.05 mgmL™") for
20 h. Scale bar: 20 pm. d) Confocal microscope image of the same region as in (c). OG-a-NHA
4 was observed with the fluorescence at 518 nm (green), and the cell membrane was stained

with FM4-64 and observed with the fluorescence at 590 nm (red).

in industry, the former shows a certain level of cytotoxicity!”®!

and the latter is considered nontoxic. We examined the
cytotoxicity for two standard cell lines (3T3 and HeLa cells)
by using quantitative Bradford protein assay,””! where the
protein is freed of the carbon material at the time of analysis
(vide infra). In the quartz control experiments for 3T3 cells,
0.1 mgmL " of the quartz powder dropped the cell activity to
75% and 1 mgmL™" to 28 %, but TiO, showed no cytotoxicity
up to 1 mgmL'. As shown in Figure 4, a-NHA 2 shows no
cytotoxicity up to 0.1 mgmL ™", but at the 1.0-mg dose the cell
activity dropped to 78% (3T3) and 74% (HeLa). The
cytotoxicity of the a-NHA is therefore one-tenth of that of
quartz microparticles by weight.

In conclusion, aminative deagglomerization of NHA
agglomerates resulted, for the first time, in the high-yielding
preparation of well-characterized NHA, which form homo-
geneous aqueous solutions of primary particles of uniform
size distribution. Unlike the NT materials synthesized under
transition-metal catalysis, our samples do not contain any
transition-metal impurities. The preparative method is very
simple and amenable to large-scale syntheses. The primary
particles thus obtained could not be disintegrated further into
individual NTs either physically or chemically. Therefore, the
amino NHA particle may be regarded as a big macromole-
cule. The amination method and subsequent chromatographic
purification provide transition-metal-free SWNT materials
that are available in a variety of sizes ranging from 80 nm to
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as standards for risk assessment of
carbon nanoparticles. In a sense, the
amino NHA is a congener of water-
soluble fullerenes, whose biological
activities have been studied since the
early 1990s.2534

As expected for water-soluble mate-
rials 100 nm in size,* the amino NHA is
taken up by mammalian cells but does
not show significant cytotoxicity; in fact,
the cytotoxicity is much lower than that
of the quartz microparticles widely used
in road-marking paints. Nonetheless,
appropriate care must be taken in han-
dling since it would be persistently taken
up by growing cells. We argue that the
observed level of cytotoxicity may pos-
sibly arise from the removal of necessary
nutrients by absorption on the surface
(see below), chemical effects of the
amino groups attached to the NHA
surface, or certain profound effects of
the nanographitic structure on the cru-
cial mechanism of life. The low toxicity
described above stands in contrast to
some reports reporting that NTs are
much more toxic than quartz micropar-
ticles.* % In addition to the problem of
the metal impurities discussed above,
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Figure 4. Cytotoxicity assessment of a-NHA. a) Viability of 3T3 (red)
and Hela (blue) cells after incubation with particles for 24 h. Viability
was determined by the Bradford assay. b) Photograph of culture dish
of 3T3 cells. Control (left, pink color due to phenol red pH indicator)
and in the presence of a-NHA 2 at the concentrations of 0.1 mgmL™"
(center) and 1 mgmL™" (right).
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another caveat of the bioassays of NT-like compounds that we
discovered in the present study is that such graphitic materials
reduce the coloration of the aromatic dye employed in the
assay and hence result in false data. Thus, dye-based assays of
cell viability such as the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay, the Alamar Blue
test, and the propidium iodide test, which have been used in
the NT bioassays, uniformly gave us incorrect results unless
care was taken to prevent contact of the graphitic materials
with the dye (details in the Supporting Information).
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