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Single-Walled Carbon Nanotubes Exhibit Strong Antimicrobial

Activity
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We provide the first direct evidence that highly purified single-walled carbon nanotubes (SWNTSs) exhibit strong
antimicrobial activity. By using a pristine SWNT with a narrow diameter distribution, we demonstrate that cell
membrane damage resulting from direct contact with SWNT aggregates is the likely mechanism leading to bacterial
cell death. This finding may be useful in the application of SWNTs as building blocks for antimicrobial materials.

Carbon-based nanomaterials, such as fullerene and carbon
nanotubes (CNTs), exhibit unique size- and structure-dependent
optical, electronic, magnetic, thermal, chemical, and mechanical
properties. As aresult, itis not surprising that these nanomaterials
have been considered for use in numerous applications, including
the fabrication of superconductors, optical devices, sensors, energy
storage devices, fuel cells, and catalystslowever, such
extraordinary physical and chemical properties are accompanied
by concerns about possible adverse effects of these materials on
biological systems. In particular, applications that use single-
walled carbon nanotubes (SWNTs) for biosensodsyg and
vaccine delivery transportef$and novel biomateriaféncrease
the potential for encounters between SWNTs and humans and
the ecosystem. Future commercial development of nanotech-
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nology may also lead to the discharge of SWNTs into the
environment.
Information concerning the potential toxicity from exposure

to SWNTs and their environmental impact is scarce, often

debated,and focused on human cefis!! The toxicity of SWNTs
to human cells has been observed to vary with SWNT

functionalization and the concentration of the solubilizing agent

(i.e., surfactants}?13as well as with SWNT physicochemical

properties such as structure, diameter, cleanliness (e.g., % metal),
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Figure 1. Characterization of SWNTs. (a) Raman spectroscopy
(785 nm) of SWNTSs before and after purification. (b) TEM image
of purified SWNTSs.
and defect level?In these studies, however, commercial SWNTs
were used, and characterization was not well defined. Further-
more, for these SWNTSs, factors such as mean diameter, diameter
distribution, metal content, and defect level cannot be indepen-
dently varied because of limitations of the SWNT synthesis,
cleaning, and separation processes. Commercial SWNTs have
generally been treated with strong acids and contain on average
4.5—-15% metal and other impuritié8 Only a handful of groups
can produce SWNTs with a narrow diameter distribufidn.

The above studies with human cells may suggest that SWNTs
can also interact with microbes and exhibit antimicrobial
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Figure 2. Cell viability measurements after exposure to SWNTgdAnL) in an isotonic solution (0.9% NaCl, pH 5460.1). (a) Microscopic

image of SWNT aggregates. (b) Fluorescence microscope image of total cells (cells stained with propidium iodide and DAPI). (c) Fluorescence
microscope image of dead cells (stained with propidium iodide only). (d) Fluorescence-based assay showing the antimicrobial activity of
SWNTs as the percent of cells stained with PI or the percent of loss of viability (with error bars representing 1 SD). Data are shown for

suspended SWNT aggregates and for SWNTs deposited layer.

properties. Surprisingly, however, no published studies exist on E. colion the exposed surface of the SWNT aggregates (Figure
the direct interaction of SWNTSs with microbes. In this work, we 2b) rendered cell counting techniques, such as the use of a cell-
investigate the interaction of well-characterized, low metal counting chamber and flow cytometry, impractical. Hence, we
content, narrowly distributed, pristine SWNTs with model bacteria applied an area-based determination of microbial viability (details
Escherichia coliK12. Our experiments provide the first direct in Supporting Information) for these experiments involving the
evidence that highly purified SWNTs exhibit strong antimicrobial interaction ofE. coli cells with suspended SWNTSs in the saline
activity and indicate that severe cell membrane damage by directsolution.
contact with SWNTSs is the likely mechanism responsible forthe  Because SWNTSs are capable of interacting with widely used
toxicity to the model bacteria. These observations point to the tetrazolium salts (e.g., MTT) and luminescing intrinsically near
potential use of SWNTs as building blocks for antimicrobial 520 nm?18we selected propidium iodide (PI) andétdiamidino-
materials. 2-phenylindole (DAPI) to assess the cytotoxicity of SWNTSs.

To assess the biotoxicity of SWNTs &n coli K12, we first These fluorescent dyes did not significantly interact or overlap
prepared SWNTs, which had more than 90% selectivity to raw with the SWNT emission spectra. Our fluorescence-based assays
SWNTs, by CO disproportionation over highly dispersed cobalt- showed that cells incubated with pristine SWNTs for 60 min
substituted MCM-41 and an amorphous silica catalyston- exhibited a substantial loss in viability (Figure 2c). The percentage
sequently, purification was very mild. Multiwavelength excitation of inactivated or compromisef. coli cells (i.e., Pl-stained) on
Raman spectra demonstrated that the whole purification procedureSWNT aggregates averaged 72.9.8%, which was significantly
did not produce many defects in the SWNTSs (the G/D band ratio higher than the average of the control (Z8.1% without SWNT)
is essentially unchanged) and that the SWNT structure is well under similar conditions (Figure 2d). Notably, the free-swimming
preserved (as evidenced by the Raman breathing mode) (Figuresells in the sample with SWNTs exhibited no significant difference
1la). TEM analysis of the SWNTs shows that the tube diametersin viability (7.2 + 2.4%) compared to that of the control.
ranged from 0.75 to 1.2 nm, with a mean diameter of around 0.9  Additional experiments with doses of SWNT ranging from 1
nm. Using mild acid cleaning, we achieved nearly complete to 50ug/mL confirmed that the viability of the free-swimming
removal of cobalt (less than 0.8 wt % based on elemental analysis)cells was independent of the SWNT dose whereas cellson SWNT
and amorphous carbon (by thermogravimetric analysis, data notaggregates always exhibited a substantial loss of viability. The
shown) for the SWNTs used. SWNTSs prepared in this manner above results imply that direct contact between cells and SWNT
are not highly bundled as shown in Figure 1b. aggregates was essential for the inactivatioB.afoli cells. We

We then tested the viability d. coli K12 following their also found that the biotoxicity was dependent on the bacterial
interaction with SWNTs in aqueous solution. Large SWNT incubation time with SWNTs. The average percentages of loss
aggregates were formed during the incubation period (Figure of viability (i.e., Pl-stained) for cells on SWNT aggregates were
2a). The favorable attachment and almost complete coverage o0f73.1+ 5.4%, 79.9- 9.8%, and 87.6- 4.7% for 30, 60, and 120
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Figure 3. Scanning electron microscopy (SEM) imagegotoli.
(a) Cells incubated without SWNTs for 60 min. Cells were filtered
and observed via SEM on the filter. (b) Cells incubated with SWNTs
for 60 min.

min incubation times, respectively. No significant change was
observed for the control cells under the same conditions.

To further verify the antimicrobial activity of SWNTs and the
validity of the area-based determination of microbial viability,
we prepared a SWNT-coated filter (details in Supporting
Information).E. colicells were gently filtered so that they would

Letters

membrane damage that likely resulted in compromised membrane
permeability. The apparent cell damage should have led to an
efflux of cytoplasmic materials into the solution. We proved the
efflux of cytoplasmic materials by two independent measure-
ments, namely, the concentrations of DNA and RNA in solutions
of E. colicells incubated with and without SWNTs. Even without
taking into account the adsorption of plasmid DNA and RNA
to SWNTs, we measured more than a 5-fold increase of plasmid
DNA and a 2-fold increase of RNA in solutions in contact with
SWNTs. The significant increase in the concentration of plasmid
DNA and RNA in the presence of SWNTs confirms the severe
damage to cell membrane integrity.

Although our results show that the coli undergoes severe
membrane damage and subsequentloss of viability due to SWNTS,
very little information is currently available with regard to the
cytotoxic mechanisms of SWNTs. Previous studies, mainly
focusing on mammalian cells, have proposed three principal
cytotoxic mechanisms: oxidative stréssetal toxicity2? and
physical piercindg.Of these, our results showed that metal toxicity
was not an important mechanism of SWNT toxicity because we
were effectively able to purify the SWNTSs, resulting in residual
metal catalyst (mainly Co) measuring less than 0.8 wt % (which
is equivalentto 40 ppb). Several studies have proposed oxidative
stress as a direct cause of membrane damage with carbon-based
nanomaterials, which is caused by lipid peroxidation within the
mammalian celf.>12 However, these studies centered around
the presence of residual metals within CNTs, which may lead
to oxidative stresdt In fact, recent studies suggest that the phys-
ical interaction of carbon-based nanomaterials (fullerene) with
cells, rather than oxidative stress, is the primary killing
mechanisni2:23

Several recent studies suggest that peptide or lipid nanotubes
can penetrate through cell membranes because of their cylindrical
shape and high aspect ratio and lead to cell d&=HOwing to
similarities in geometry, functionalized SWNTs were also able
to penetrate cell membran&s.Interestingly, results from
molecular dynamics simulations can be used to explain the higher

accumulate on the top of the SWNT-coated filter and could be antimicrobial activity of smaller-diameter nanotubes such as

enumerated as individual cells. Results showed that86.8%

of the cells (number-based) on the SWNT-coated filter were
stained with PI after the 60 min incubation (Figure 2d). This
finding is in agreement with the previously described results of

SWNTSs in comparison to that of larger-diameter nanotubés.

In this study, we postulate that SWNT aggregates caused
irrecoverable damage to tle coli bacteria by physical damage

to the outer membrane of the cells, causing the release of

cellsinteracting with the suspended SWNT aggregates. The result§ntracellular content.

also confirm that direct contact betweBncoliand SWNTSs is
necessary for the inactivation of the model bacteria.

To further confirm the antimicrobial activity of SWNTs based
on Pl staining (indicative of cells with damaged or compromised

In summary, our study provides the first direct confirmation
that pristine SWNTs can exhibit strong antimicrobial activity.
By using highly purified, pristine SWNTs with a narrow diameter
distribution, we demonstrate that direct cell contact with SWNTs

membranes), we assessed the metabolic activity of cells exposedan cause severe membrane damage and subsequent cell

to SWNTs with 5-cyano-2,3-ditolyl-tetrazolium chloride (CTE).
We found that only 6.6 4.7% of cells were stained with CTC
(i.e., metabolically active) whereas the majority of cells (74.0
+ 7.3%) on the PVDF membrane with no SWNTSs (serving as
a control) were metabolically active.

We then determined changes in the morphologyotoli

cells exposed to SWNTs. The scanning electron microscopy ﬁ?OS

(SEM) images showed that the cells in the control (without

inactivation. Our finding suggests that SWNTs can be useful as
building blocks for antimicrobial materials.
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