










environments. Table 2 summarizes results from each of the
toxicity assays and relates them to these key physicochemical
characteristics.

The data presented in Table 2 is binned into categories
of yes (checked) or no (blank) to qualitatively reflect individual
sample properties in comparison to the other MWNT
samples. Toxicity classification in the table is a qualitative
representation of bacterial cytotoxicity as observed from the
membrane damage assay or percent of PI-stained cells (Table
1 and SI Figure S5a), metabolic activity test (SI Figure S5b),
and cellular matter efflux assays (Figure 2 and SI Figure S6).
Because this table is intended as a qualitative summary, the
reader is referred to previous tables and figures for quantita-
tive values describing physicochemical properties and toxic-
ity. As a whole, Table 2 supports the conclusion that nanotube
conformations that promote physical contact with the
bacterial cells increase the cytotoxic effects of MWNTs.

The presence of amorphous carbon does not significantly
affect the toxicity of MWNT samples in our study. Comparison
of the DO-MWNT and AP-MWNT samples supports this
conclusion. Furthermore, the SEM and TGA data suggest
that amorphous carbon nanoparticles are at relatively low
concentrations in the AP-MWNT sample.

In contrast to previous studies implicating catalytic metal
residues in the toxicity of unpurified CNTs (21, 22), we
observed no correlation between residual metal content and
toxicity. AN-MWNTs, which have catalytic metal contents of
nearly zero, exhibited slightly higher toxicity than DO-
MWNTs containing moderate levels of Fe. The apparent
inconsistency between our data and previous studies cor-
relating residual catalytic metal in unpurified SWNTs to
elevated toxicity in human epidermal keratinocytes (21) may
stem from the relatively low initial metal content of our
sample (7%, compared to 30% in the Shvedova et al. (21)
study) or an alternate physicochemical modification simul-
taneously induced during acid treatment. Alternatively,
residual catalytic metals may damage eukaryotic cell lines
through pathways not affected in bacterial models.

Comparison between the AN-MWNTs and the AT-MWNTs
suggests that the bulk conformation of the nanotubes may
contribute to sample toxicity. AN-MWNTs adopt a highly
bundled conformation and display lower toxicity rates than
the debundled AT-MWNTs (Figure 1). The debundled
conformation observed in SEM micrographs increases the
frequency of contact opportunities between the nanotubes
and the cells and may contribute to the higher levels of toxicity
observed in DAPI/PI staining.

Short length also corresponds to increased toxicity in our
study. Both of the samples with shorter nanotubes displayed
higher toxicity in the assay measuring the cellular membrane
integrity and efflux of intracellular materials. However, the
s-MWNTs did not display significantly higher toxicity than
longer AN-MWNTs prepared via the same annealing method.
This suggests that though a correlation exists between length
and toxicity, length is not necessarily a determining factor
in cytotoxicity.

Instead, we suggest that short nanotube lengths contribute
to toxicity through the secondary characteristic of dispersion
in solution. SI Figure S2, which qualitatively compares the
dispersion and stability of MWNT samples in an isotonic
solution of 0.9% (0.154 M) NaCl, indicates that s-MWNTs are
somewhat more disperse and more stable in solution than
other nanotubes with longer lengths. The f-MWNTs, which
consistently display the highest rates of cytotoxicity, are well
dispersed and very stable in solution. We hypothesize that
dispersion in solution may be a strong determinant of toxicity
because higher dispersion leads to the formation of MWNT
deposit layers that have increased contact opportunities with
bacterial cells.

Experimental results support a correlation between
cytotoxicity and physicochemical characteristics shared
by nanotubes which are uncapped, debundled, short, and
dispersed in solution. Nevertheless, we acknowledge that
our experimental design cannot explicitly decouple the
effects of surface chemistry (i.e., functionalization) from
physical characteristics such as short length or debundled
conformations.

Implications. The data from this study supports the
hypothesis that physicochemical modifications of MWNTs
alter their cytotoxicity in bacterial systems. This conclusion
underlines the need for careful documentation of physical
and chemical characteristics when reporting the toxicity of
carbon-based nanomaterials. Correlation between bacterial
cytotoxicity and physicochemical properties that enhance
contact opportunities with cells is also consistent with
previous studies indicating that physical contact is a pre-
requisite for bacterial toxicity. The identification of specific
physicochemical properties governing CNT toxicity presents
the opportunity for nanomaterial designs or applications that
reduce human and environmental impacts.
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