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N
anotechnology involves the appli-
cation of nano- or quantum-sized
materials that possess unique

properties as compared to bulk materials

of similar composition. Carbon-based nano-

materials such as fullerenes1 and carbon

nanotubes (CNTs)2,3 are of particular inter-

est due to their strong mechanical and tun-

able electronic properties, resulting in a

wide range of technological applications.4

Consequently, CNT production is growing

exponentially and is an emerging multibil-

lion dollar per year market.5,6 Environmen-

tal carbon-based nanotechnology is a

promising area of growth due to potential

applications in the fields of sensors, water

treatment, and alternative energy.7 How-

ever, the environmental implications of

CNTs in terms of dispersion, fate, and ec-

otoxicological and human health impacts

should be better understood prior to their

widespread application.8

Recent studies have reported that most

carbon-based nanomaterials are cytotoxic

to bacteria,9�11 with single-walled carbon

nanotubes (SWNTs) exhibiting the strongest

antimicrobial activity.12�15 SWNT bacterial

cytoxicity has environmental implications

regarding the impact of SWNT micropollut-

ants on aquatic ecosystems. Results of a re-

cent study16 indicate biofilm formation is

also significantly reduced by SWNT surface

coatings. The effectiveness of SWNTs as an-

timicrobial agents is attributed to their

unique physicochemical properties such as

small diameter (�5 nm) and high aspect ra-

tio. However, the SWNT antimicrobial

mechanism is not completely understood.

Previous studies reported physical mem-

brane perturbation as the most likely SWNT

cytotoxicity mechanism.12�15 A recent CNT

toxicity study utilizing gene expression indi-

cated that an oxidative stress mechanism
may also play a role.17 The mechanism may
be the simultaneous or sequential combina-
tion of membrane stress and oxidative
stress, possibly acting synergistically. Deter-
mining the true mechanism, however, is
not trivial. For example, initial studies sug-
gested that nC60 cytotoxicity was likely due
to reactive oxygen species (ROS)
production.18,19 However, later studies de-
termined that the nC60�dye interactions
were responsible for the positive ROS re-
sults,20 and that ROS-independent oxida-
tion of membrane proteins and lipids was
the more likely mechanism.10,11

Previously, insight on the SWNT bacte-
rial cytotoxicity mechanism resulted from
the relative toxicity as a function of CNT
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ABSTRACT Single-walled carbon nanotubes (SWNTs) have been previously observed to be strong antimicrobial

agents, and SWNT coatings can significantly reduce biofilm formation. However, the SWNT antimicrobial

mechanism is not fully understood. Previous studies on SWNT cytotoxicity have concluded that membrane stress

(i.e., direct SWNT�bacteria contact resulting in membrane perturbation and the release of intracellular contents)

was the primary cause of cell death. Gene expression studies have indicated oxidative stress may be active, as

well. Here, it is demonstrated for the first time how SWNT electronic structure (i.e., metallic versus semiconducting)

is a key factor regulating SWNT antimicrobial activity. Experiments were performed with well-characterized

SWNTs of similar length and diameter but varying fraction of metallic nanotubes. Loss of Escherichia coli viability

was observed to increase with an increasing fraction of metallic SWNTs. Time-dependent cytotoxicity

measurements indicated that in all cases the majority of the SWNT antimicrobial action occurs shortly after (<15

min) bacteria�SWNT contact. The SWNT toxicity mechanism was investigated by in vitro SWNT-mediated

oxidation of glutathione, a common intracellular thiol that serves as an antioxidant and redox state mediator.

The extent of glutathione oxidation was observed to increase with increasing fraction of metallic SWNTs, indicating

an elevated role of oxidative stress. Scanning electron microscopy images of E. coli in contact with the SWNTs

demonstrated electronic structure-dependent morphological changes consistent with cytotoxicity and glutathione

oxidation results. A three-step SWNT antimicrobial mechanism is proposed involving (i) initial SWNT�bacteria

contact, (ii) perturbation of the cell membrane, and (iii) electronic structure-dependent bacterial oxidation.

KEYWORDS: carbon nanotube · bacterial cytotoxicity · oxidative and membrane
stress · SWNT electronic structure · glutathione
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physicochemical properties, including diameter,17 sur-
face functionality,14,21 and dispersion/aggregation
state.9,13 One important SWNT physicochemical prop-
erty affecting reactivity that has not been investigated
in terms of cytotoxicity is electronic structure (i.e., me-
tallic versus semiconducting). There are an infinite num-
ber of carbon nanotube atomic structures, which are
defined by the helical arrangement of the carbon at-
oms and diameter of the nanotubes. Statistically, one-
third of these structures are pseudometallic and the
other two-thirds are semiconducting.22,23 Investigations
into SWNT electronic structure-dependent cytotoxicity
are hindered by the lack of synthetic methods that can
produce a single SWNT atomic structure.24,25 However,
recent advances in ultracentrifugation-based SWNT pu-
rification have resulted in a technology that can sort a
heterogeneous mixture of SWNTs by diameter, band
gap, or electronic structure,26 thereby allowing for
SWNT electronic structure-dependent bacterial cytotox-
icity to be evaluated.

The electronic structure-dependent chemical reac-
tivity of SWNTs has been documented. Metallic SWNTs
were observed to be significantly more reactive than
semiconducting SWNTs of similar diameter.27�31 For ex-
ample, diazonium species,27 OsO4,28 NO2

� formed in
HNO3/H2SO4 mixtures,29 methane plasmas,30 and perflu-
orinated olefins31 were observed to react with metallic
SWNTs at significantly faster rates than semiconducting
SWNTs of a similar diameter. The faster metallic SWNT
reaction rates were due to a greater conductivity and
electron density near the SWNT Fermi level. It is, there-
fore, plausible to hypothesize that the increased metal-
lic SWNT chemical reaction kinetics may also affect
their bacterial cytotoxicity.

Here, how the electronic structure of SWNTs affects
their antimicrobial activity toward the Gram-negative
bacteria, Escherichia coli, is investigated. Specifically, the
cytotoxicity of three purified and well-characterized
SWNTs of similar diameter and length, but varying frac-
tion (�5, �30, �95%) of metallic SWNTs is evaluated.
A SWNT bacterial-cytotoxicity mechanism is proposed
to explain the experimental results.

RESULTS AND DISCUSSION
The high (�95%) and low (�5%) percentage metal-

lic (M) SWNT samples used in this study were separated
by density gradient ultracentrifugation using a sodium
dodecyl sulfate/sodium cholate cosurfactant system
(NanoIntegris).26 Key physicochemical properties of the
three SWNT samplesOsemiconducting (“S”, �5% M),
mixed (“X”, �30% M), and metallic (“M”, �95% M)Oare
summarized in Table 1. The surfactant-dispersed metal-
lic (green-blue) and semiconducting (brown) tubes can
be visually identified (Figure 1A), and the UV�vis spec-
tra (Figure 1C) have characteristic adsorption peaks in
the M11 (600�800 nm) and S22 (900�1100 nm) regions,
respectively. The absorption peaks roughly correspond

to SWNT diameters for both metallic and semiconduct-
ing tubes of 1.4 nm.32 SWNTs were precipitated from
the surfactant solution, collected by filtration, and
washed with copious amounts of water, as recom-
mended by the manufacturer. The filtered SWNTs were
bath sonicated in concentrated HCl to remove metal
catalyst impurities without oxidizing the nanotube
walls.33 The SWNTs were then heated to 350 °C for 6 h
to remove residual amorphous carbon. Representative
TEM images (Figure 1B,D and Figure S3) indicated neg-
ligible SWNT impurities, consistent with SEM images
(Figure S2). TEM image analysis (ImageJ, NIH) yielded
semiconducting SWNT lengths of 1�4 �m, metallic
SWNT lengths of 1�3 �m, and SWNT diameters of 1.4
� 0.3 nm, in agreement with diameter estimations from
UV�vis data. Raman spectra measured using 785 nm
excitation (Figure S1) were used to calculate G-band to
D-band ratios (G/D) of �2 for all SWNTs, indicating the
nanotubes were relatively free of defects and impuri-
ties, as also observed by TEM. Raman RBM peak analy-
sis indicated the median diameter of the metallic tubes
to be 1.42 nm and the semiconducting tubes to be
1.36 nm, in agreement with the UV�vis and TEM diam-
eter calculations.

Escherichia coli K12 was used to evaluate the SWNT
toxicity. Bacteria were grown in Luria�Bertani (LB)
broth and washed twice with isotonic saline (0.9 w/v
% NaCl) solution to eliminate effects of cell culture me-
dia constituents on SWNT cytotoxicity. SWNT toxicity
toward E. coli was evaluated both with suspended cells
and cells deposited on an SWNT-coated filterOtwo
methods that have been previously observed to yield
similar results.12,17 For experiments using suspended
cells, SWNTs (1 �g/mL) and E. coli (107 cells/mL) were in-
cubated in saline solution for 1 h at 37 °C. For the filter
experiments, a SWNT-coated filter was prepared (Milli-
pore, 5 �m, PTFE, 35 mm in filterable diameter) and
�106 cells were gently deposited on the SWNTs by
vacuum filtration. The SWNT-induced viability loss was
determined by fluorescence microscopy as previously
described.12 Briefly, 4=,6-diamidino-2-phenylindole
(DAPI, membrane permeable dye) was used to stain all
cells, and propidium iodide (PI, membrane imperme-
able dye) was used to stain membrane perturbed cells
with reduced viability. Approximately 200�300 total
cells were counted per image, and the viability loss was
taken as the average of 8�10 images. The bacterial vi-

TABLE 1. Physicochemical Properties of SWNTs Evaluated
for E. coli Cytotoxicity

diameter (nm)a length (�m)b G/Dc electronic

SWNT-S 1.4 � 0.3 1�4 2.7 �5% metallic
SWNT-X 1.4 � 0.3 1�4 2.1 �30% metallic
SWNT-M 1.4 � 0.3 1�3 2.1 �95% metallic

aThe diameters of the SWNTs are determined separately by TEM, vis�NIR, Raman.
bLengths are of primary SWNT bundles from TEM. cG/D ratios are determined from
785 nm excitation Raman spectra.A
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ability loss was calculated as the PI stained cells di-

vided by the total (DAPI and PI) stained cells. For experi-

ments using suspended cells, only cells adhered to the

SWNT aggregates were quantified.

Representative fluorescence microscope images of

the semiconducting (�5% M) and the metallic (�95%

M) SWNT suspended toxicity assay are presented in Fig-

ure 2A,C and Figure 2B,D, respectively. Large

SWNT�bacteria aggregates (�100 �m) formed during

incubation in the isotonic saline solution. The bacterial

density is significantly greater on the surface of the ag-

gregates as compared to in solution, indicating the E.

Figure 1. SWNT characterization. (A) Vis�NIR samples of 100 �g/mL surfactant-dispersed SWNTs; metallic (left), semicon-
ducting (right). (B) TEM of metallic SWNTs. (C) Vis�NIR spectra of metallic (blue) and semiconducting (brown) SWNTs. (D)
TEM of semiconducting SWNTs.

Figure 2. Fluorescent staining of E. coli�SWNT aggregates. (A) DAPI (blue, viable) and PI (red, nonviable) staining of bacte-
ria with �5% metallic SWNTs. (B) DAPI and PI staining of bacteria with �95% metallic SWNTs. (C) PI staining of bacteria and
�5% metallic SWNTs. (D) PI staining of bacteria and �95% metallic SWNTs.
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coli preferentially attached to the surface of the SWNTs.
Visual inspection of the combined DAPI and PI fluores-
cence images revealed that the bacteria interacting
with the metallic SWNTs (Figure 2B, predominantly red)
had a significantly greater loss of viability than the bac-
teria interacting with the semiconducting SWNTs (Fig-
ure 2A, predominantly blue). This was confirmed by in-
spection of the PI-only fluorescence images as most of
the bacteria attached to the metallic tubes (Figure 2D)
were stained with PI and only a few bacteria attached to
the semiconducting tubes (Figure 2C) were stained
with PI.

The results of this qualitative visual inspection were
confirmed by the quantitative live�dead analysis from
the aggregate and filter toxicity assay, as shown in Fig-
ure 3A,B, respectively. Notably, the percent loss of vi-
ability of E. coli attached to the SWNT filter was corre-
lated to the fraction of metallic (M) SWNTs in both the
aggregate (40 � 6%, �5% M; 52 � 8%, �30% M; 70 �

11%, �95% M) and filter (25 � 4%, �5% M; 50 � 5%,
�30% M; 78 � 6%, �95% M) toxicity assays. Our results
demonstrated for the first time that SWNT toxicity is
correlated to its electronic structure in bacteria. The
greater toxicity of the metallic nanotubes indicated
that, after SWNT�bacteria contact and physical pertur-
bation of the cell membrane, the metallic tubes may in-
duce oxidative stress that is not present with semicon-
ducting SWNTs. There are a number of possible

SWNT�bacteria oxidative stress pathways. For ex-
ample, similar to the antimicrobial mechanism reported
for nC60,10,11 the metallic SWNTs may directly oxidize
the bacteria via a process similar to Fermi level
equilibration.34,35 Alternatively, due to the micrometer
length and conductive properties, metallic SWNTs
could “short-circuit” the bacteria by acting as a conduc-
tive bridge over the insulating lipid bilayer, releasing
cellular energy into the external environment.

In both the suspended and deposited assays, the
loss of E. coli viability was correlated to the percent of
metallic SWNTs. However, the toxicity of the metallic
sample was reduced (78 to 70%), the toxicity of the
mixed sample remains unchanged (50 to 52%), and
the toxicity of the semiconducting sample was in-
creased (25 to 40%) in the aggregate assay (Figure 3A)
as compared to the filter assay (Figure 3B). A primary
difference between the two assays was the aggregate
state of the SWNTs since the suspended experiments
were completed in 0.9% NaCl, resulting in large SWNT
aggregate structures, whereas the SWNT filters were
prepared with freshly sonicated, well-dispersed SWNTs
in DMSO (rinsed with ethanol and water to remove re-
sidual DMSO). Thus, the variance between the sus-
pended and deposited toxicity experiments was likely
due to the SWNTs being significantly more aggregated
during the suspended experiments. CNT cytotoxicity
has been previously reported to be correlated to aggre-
gation state. Kang et al.21 observed that E. coli toxicity
of MWNT deposit layers increased with increasing aque-
ous dispersivity of MWNTs and suggested this was due
to an increase in the effective nanotube surface area in
contact with bacterial cells. Liu et al.13 observed that
surfactant-dispersed SWNTs were significantly more
toxic than highly aggregated SWNTs in isotonic saline.
The decrease in the toxicity of the �95% metallic
SWNTs in going from the filter assay to the suspended
assay is consistent with the previous studies discussed
above. In contrast, the semiconducting (�5% M) SWNTs
displayed a contradictory trend, with toxicity increas-
ing from the filter assay to the suspended assay. This
contradictory result suggests that the suspended ag-
gregate structure of the semiconducting SWNT sample
may have more effective surface area than the DMSO fil-
tered SWNT mat. It also suggests that the aqueous
SWNT aggregate structure is a function of the fraction
metallic tubes; however, further in-depth investigations
will be required to understand any electronic-structure-
dependent aggregation.

The loss of viability as a function of time for the
three SWNT samples is plotted in Figure 4A. The E. coli
viability loss reached a maximum after 15 min of con-
tact with the semiconducting SWNTs and after 25 min
of contact with the mixed and metallic SWNTs. The vi-
ability loss increased another 15�20% between the 15-
and 25- min time points for the mixed and metallic
SWNTs. The continued increase in toxicity with time

Figure 3. Loss of E. coli viability versus percent metallic
SWNTs. Semiconducting (�5% M, red), mixed (�30% M,
green), and metallic (�95% M, blue) during (A) the aggre-
gate assay experiment and (B) the deposition assay
experiment.
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for the greater fraction metallic SWNTs suggests that

the metallic-specific antimicrobial activity (electronic

structure-based oxidative stress) may occur shortly af-

ter the nonspecific SWNT antimicrobial activity (mem-

brane stress) observed for the semiconducting SWNTs.

This is a logical conclusion considering that intimate

contact between the bacteria and the SWNTs is neces-

sary for SWNT-mediated electron transfer. It is of note

that in all cases, the majority of the antimicrobial action

occurs in less than 15 min, shortly after SWNT�bacteria

contact.

The mechanism of increasing loss of E. coli viability

with increasing fraction metallic SWNT is hypothesized

to be due to the metallic SWNT-mediated cellular oxida-

tive stress. For example, glutathione (GSH), a small,

three-residue thiol-containing polypeptide, is present

at high levels (1�10 mM) in most Gram-negative bacte-

ria.36 Glutathione aids in maintenance of the cell redox

environment and has been suggested to regulate the

biological status of eukaryotic cells (e.g., proliferation,
differentiation, apoptosis) since significant GSH oxida-
tion into its disulfide (GSSG) is correlated with cell
death.37 GSH is also known to protect against oxidative
stress.38,39 Intracellularly, GSH is predominantly found in
its reduced form but will spontaneously oxidize upon
exposure to the extracellular molecular oxygen (O2 �

2R-SH ¡ RSSR � H2O2; �G0 	 �96 kJ/mol).38 Thus, a
conductive metallic SWNT bridge over the lipid bilayer
could electronically expose GSH to external conditions,
resulting in its oxidation. Therefore, in vitro glutathione
oxidation is an indirect measure of ability to induce cel-
lular oxidative stress.

The loss of glutathione using Ellman’s assay40 upon
exposure to SWNTs was investigated under the reac-
tion conditions: [GSH]i 	 0.4 mM, 50 �g/mL SWNTs,
[NaHCO3] 	 50 mM, pH 8.6, and �22�23 °C. Glu-
tathione oxidation without SWNTs was used as a nega-
tive control, and the minimal oxidation observed was
subtracted from all SWNT data (Figure 4B). Glutathione
oxidation was observed to be mediated by all SWNT
samples, similar to thiol oxidation mediated by other
carbon-based materials such as black carbon41 and
natural organic matter.42 In all cases, the extent of GSH
oxidation increased with increasing SWNT exposure
time. Notably, GSH oxidation proceeds more rapidly
with increasing fraction of metallic SWNTs. After 1 h of
SWNT exposure, the extent of GSH oxidation already
showed significant correlation to the fraction metallic
SWNTs (8.4 � 4.5%, �5% M; 17 � 6.9%, �30% M; 48 �

2.0%, �95% M). After 6 h of SWNT exposure, the ex-
tent of GSH oxidation increased in all SWNT samples
(18 � 10%, �5% M; 42 � 18%, �30% M; 98 � 2%,
�95% M). The results for the 6 h SWNT exposure indi-
cate that nearly all of the GSH in the presence of the
metallic (�95% M) SWNTs had been oxidized, whereas
GSH oxidation in the presence of the semiconducting
(�5% M) SWNTs was only slightly greater than the con-
trol. The more rapid oxidation of GSH by SWNTs of in-
creased metallic fraction (Figure 4B) correlates with the
increased toxicity of these SWNTs (Figure 4A). This ob-
servation suggests that the increased E. coli cytotoxic-
ity of metallic SWNTs is due to their enhanced media-
tion of the oxidation of intracellular components such
as thiols. The observation supports the hypothesis that,
due to their micrometer length and conductive proper-
ties, metallic SWNTs act as a conductive bridge over
the insulating lipid bilayer releasing cellular energy (2
GSH ¡ GSSH � 2e� � 2H�) into the external environ-
ment (O2 � 2e� � 2H� ¡ H2O2). The metallic SWNT-
mediated oxidative stress was likely not observed in
previous reports12�15 that stated membrane stress as
the primary mechanism due to the statistically low
(�30%) percent of metallic SWNTs in as-synthesized
SWNT batches.

Scanning electron microscopy (SEM) images of cells
in contact with SWNTs revealed electronic-structure-

Figure 4. Loss of E. coli viability and in vitro loss of glu-
tathione versus time upon exposure to SWNTs of various
fraction metallic tubes. (A) Loss of SWNT filter deposited E.
coli viability versus time (0 to 45 min) and fraction metallic
SWNT (�5% M, red; �30% M, green; �95% M, blue). Dashed
line through data represents negative control of E. coli on
PTFE filter with no SWNTs. (B) In vitro loss of glutathione ver-
sus time (0 to 6 h) and fraction metallic SWNT (�5% M, red;
�30% M, green; �95% M, blue; [GSH]i � 0.4 mM; pH 8.6).
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dependent morphological changes (Figure 5). After 1 h

of incubation with the semiconducting (�5% M) SWNTs

(Figure 5A,D), the majority of the cells were still intact

and maintaining their outer membrane structure, simi-

lar to cells in the control. After 1 h of incubation with the

mixed (�30% M) SWNTs (Figure 5B,E), the majority of

the E. coli cells had lost their cellular integrity and had

become elongated or flattened, indicating irreversible

cell damage or cell death consistent with previous

observations.12,13,18 In contrast, the majority of the E.

coli incubated with the metallic SWNTs (Figure 5C,F)

were not only elongated and flattened, but the cell

membranes also appeared to be damaged and had

lost their normal structure. Moreover, the membranes

of cells in contact with the metallic SWNTs had in-

creased roughness and in some places were seemingly

torn as large gaps in the membrane were observed. The

extensive loss of cell membrane structure suggests

that the �95% metallic SWNTs not only perturbed the

cell membrane but may have also chemically degraded

or oxidized the membrane. This observation is in agree-

ment with the results from Figure 4B, indicating that

metallic SWNTs can mediate the oxidation of glu-

tathione to a significantly greater extent than semicon-

ducting SWNTs. The images in Figure 5 demonstrate

that the number of damaged cells and the extent of

damage to the cells are dependent upon the SWNT

electronic properties, consistent with the results in Fig-

ures 2, 3, and 4.

The results in Figures 2�5 demonstrate that the bac-

terial cytotoxicity of metallic SWNTs is much greater

than semiconducting SWNTs and may be due to reac-

tive SWNT�bacteria interactions resulting in oxidation

of intracellular components. Here, a general SWNT tox-

icity mechanism is proposed that takes into account ob-

servations in this paper and previous reports on SWNT

bacterial cytotoxicity. The first step is bacterial adhesion

or deposition onto SWNTs resulting in direct

bacteria�SWNT contact:

As observed in Figure 2, E. coli density was significantly

greater in the SWNT aggregates as compared to free in

solution, indicating they strongly adhere to the SWNTs.

Figure 5. Representative SEM images of E. coli deposited on SWNT filters. E. coli were deposited on the SWNT filter, incu-
bated for 45 min in isotonic saline, and fixed with glutaraldehyde and osmium tetroxide prior to SEM imaging: (A,D) �5% me-
tallic, (B,E) 30% metallic, and (C,F) �95% metallic. Note the differences in cell membrane hydration, structure, and rough-
ness between the three samples.

Bac + SWNT f Bac···SWNT (1)
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Thus, the extent of bacterial�SWNT contact will be me-
diated by the exposed SWNT surface area, aggregation
state, and solution composition.

The subsequent mechanistic steps follow the ap-
proach previously utilized for describing the toxicity of
various classes of hydrocarbons toward aquatic micro-
organisms.43 The nonspecific or baseline hydrocarbon
toxicity is described as its ability to disrupt the cell
membrane, and the specific or “reactive” toxicity is de-
scribed as how the hydrocarbon affects membrane pro-
ton transport, disrupts specific proteins, or chemically
oxidizes proteins, lipids, and DNA.44 The nonspecific
toxicity is generally related to the compound’s hydro-
phobicity (i.e., tendency to partition into cell membrane
causing stress), and the specific reactive toxicity is of-
ten related to the compound’s “electrophilicity” (i.e.,
tendency to oxidize cellular material causing stress).45

Thus, step 2 in the SWNT antimicrobial mechanism in-
volves cell membrane perturbation:

where the “�” symbol indicates that the SWNT has
made intimate, membrane disruptive contact with the
bacteria. Step 2 has been observed to be active to vari-
ous extents for all previously evaluated CNTs12�15 as
well as the ones evaluated here and is therefore appro-
priately labeled as nonspecific or membrane stress-
related toxicity.

The third step in the SWNT antimicrobial mecha-
nism will involve its ability to disrupt a specific micro-
bial process via disturbing/oxidizing a vital cellular
structure/component:

The “/” symbols indicate that the SWNT reactivity has
disrupted a specific cellular process or structure, result-
ing in increased toxicity. The most common mechanism
for step 3 is oxidation of bacterial lipids, proteins, and
DNA or oxidative stress. The results presented here in-
dicate that metallic SWNTs of similar diameter and
length participate in the reactive events described by
eq 3 to a much greater extent than semiconducting
SWNTs. One such example of the eq 3 events proposed
here for the increased toxicity of metallic SWNTs is
that they act as a conductive bridge over the insulat-

ing lipid bilayer, mediating electron transfer from bac-

terial intracellular components to the external environ-

ment (e.g., O2 � 2 R-SH ¡ RSSR � H2O2). This

hypothesized mechanism is strongly supported by the

observation that glutathione is more rapidly oxidized in

the presence of �95% metallic SWNTs than in the pres-

ence of 30 and �5% metallic SWNTs (Figure 4B). The

mechanism is also supported by SEM images of bacte-

ria in contact with �95% metallic SWNTs (Figure 5C,F),

displaying significant loss of cell membrane structure as

compared to the samples containing primarily semicon-

ducting SWNTs. If thiol oxidation is mediated by metal-

lic SWNTs, the oxidation of the more reducing cellular

energy carriers like NADH and NADPH would also oc-

cur,37 resulting in cell death as observed here.

In conclusion, the results of this study have demon-

strated for the first time that SWNT bacterial (E. coli) cy-

totoxicity is dependent on the SWNT electronic struc-

ture (i.e., metallic versus semiconducting). Loss of E. coli

viability was positively correlated to the fraction of me-

tallic SWNTs in samples of similar diameter, length,

and number of defect sites. The extent of glutathione

oxidation also showed a positive correlation to the frac-

tion of metallic SWNTs, indicating that the increased cy-

totoxicity may be due to increased cellular oxidative

stress (as opposed to membrane stress cited in previ-

ous reports). This result is consistent with SEM images

of E. coli morphological changes that showed an in-

crease in loss of cell membrane integrity with increas-

ing fraction of metallic SWNTs. Our results have strong

implications toward evaluating the environmental im-

pact of SWNTs on aquatic ecosystems and the impor-

tance of characterizing all SWNT physicochemical prop-

erties, including electronic structure, when completing

these evaluations. Even more important are the pos-

sible applications of metallic SWNTs as antimicrobial

agents, for example, as a possible replacement for

chemical disinfectants that produce toxic disinfection

byproducts. SWNT surface coatings are reported to re-

duce biofilm formation and metallic SWNTs, which in-

duce significant membrane and oxidative stress, has

great potential for this purpose. Metallic SWNT antibio-

film coatings have broad applications in numerous

fields, including the medical and environmental sectors.

MATERIALS AND METHODS
Purification and Characterization of Single-Walled Carbon Nanotubes.

The electronically metallic (�95% M), semiconducting (�95%
M), and mixed (�30% M) single-walled carbon nanotubes
(NanoIntegris, Skokie, IL) were separated by ultracentrifuga-
tion. The visible�near-IR absorption spectra of the
surfactant-dispersed SWNTs were completed on an Agilent
8453 UV�vis spectrophotometer to evaluate their electronic
nature. The surfactants (1% SDS and/or sodium cholate) were
removed from the SWNTs by diluting the SWNT�surfactant
solution with an equal volume of methanol. After 2 h, the

SWNTs precipitated. The SWNTs were vacuum filtered using
a 5-�m PVDF membrane (Millipore) and washed with copious
amounts of distilled water. The filtered SWNTs were then
placed into a concentrated HCl solution and bath sonicated
for 1 h to dissolve any remaining metal catalyst. The SWNTs
were then filtered and washed with copious amounts of wa-
ter until the filtrate was at neutral pH. The acid-washed and
filtered SWNTs were then subject to heating at 350 °C for 6 h.
The prepared SWNTs were then dispersed by bath sonica-
tion in an appropriate solvent for the individual characteriza-
tion and toxicity tests.

Bac···SWNT f (Bac < SWNT) (2)

(Bac < SWNT) f (B/a/c < SWNT) (3)
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Transmission electron microscopy (Philips Tecnai F20 TEM)
was used to examine the tubes for purity and defects. TEM im-
age analysis (ImageJ, NIH) was used to determine SWNT diam-
eters and lengths. The nanotube diameter and lengths were the
average of at least 50 measurements. Raman spectra (Jasco NRS-
1300) were recorded at an excitation wavelength of 785 nm.
The SWNT Raman radial breathing mode was used to calculate
average tube diameters,46 and the D- and G-bands were inte-
grated as a measure of tube defects and impurities. Thermo-
gravimetric analysis (SETSYS 16/18) was performed from 200 to
1000 °C at a heating rate of 10 °C/min to determine the purity of
the SWNTs. The concentration of aqueous SWNT solutions was
quantified by measuring the dry weight of 100 �L aliquots with
a microbalance (Mettler Toledo XS3DU). Details of the SWNT
characterization procedures and data analysis methodologies
are in the Supporting Information.

SWNT-Coated Filter. SWNTs were ultrasonically dispersed in
DMSO at a concentration of 0.1�0.2 mg/mL. The SWNT suspen-
sion was then filtered through a 5 �m Omnipore PTFE mem-
brane (Millipore) to form a SWNT-coating filter (35 mm in diam-
eter) on top of the membrane. One hundred milliliters of ethanol
were then filtered through the CNT-coated filter to remove re-
sidual DMSO, followed by filtering of 200 mL of deionized wa-
ter to remove residual ethanol.

Cell Preparation. The bacterial strain (E. coli K12) was grown in
LB medium at 37 °C and harvested at midexponential growth
phase. Cells were washed twice and resuspended in a saline so-
lution (0.9% NaCl) to remove residual macromolecules and other
growth medium constituents.

Viability Assay. After the incubation in SWNT suspension (1 h)
or on the SWNT-coated filter (0�75 min), the cells were stained
with propidium iodide (PI; excitation/emission at 535 nm/617
nm; Molecular Probes, Invitrogen) for 15 min, and then counter-
stained with 4=,6-diamidino-2-phenylindole (DAPI, excitation/
emission at 358 nm/461 nm; Sigma-Aldrich) for 5 min in the dark.
In both cases, fluorescence images were taken under an epifluo-
rescence microscope (Olympus BX40) with a U filter (364 nm/
440 nm) for detecting cells stained with both PI and DAPI, and
with an IB filter (464 nm/604 nm) for detecting cells stained with
PI. Ten representative images were taken at 10
 magnification
at various locations for each specimen. Dead cells and the total
number of cells were determined by direct cell counting on the
CNT-coated filter, and 200�300 cells per image were counted.
The percent of dead cells was determined from the ratio of the
number of cells stained with PI divided by the number of cells
stained with DAPI plus PI.

SEM of SWNT Inactivated Bacteria. Samples were filtered through
a 0.22-�m PVDF membrane (Millipore) and fixed with 2.5% glut-
araldehyde and 1% osmium tetraoxide. The cells were sputter-
coated with gold (30 s, 30 mA) and then viewed under an XL30
scanning electron microscope (FEI, USA)

Thiol Oxidation and Quantification. The SWNT-mediated oxidation
of glutathione (GSH) was completed under the following condi-
tions: 0.4 mM GSH was made in a 50-mM bicarbonate buffer (pH
8.6) at a total volume of 250 �L in microcentrifuge tubes, and
the reaction was initiated by spiking to 50 �g/mL of the various
SWNTs. The tubes were then placed on a rotator (VWR Rotisserie
Assembly) at room temperature (�22�23 °C) and covered with
foil to prevent any photochemical reactions. Thiol concentration
was quantified following Ellman’s assay. Ellman’s reagent, or 5,5=-
dithio-bis-(2-nitrobenzoic acid) (DTNB, Invitrogen), reacts quanti-
tatively with aqueous thiols to yield a yellow product that is ana-
lyzed colormetrically. Specifically, a 90-�L aliquot of the reaction
solution was mixed with 157 �L of Tris-HCl (pH 8.3) and 3 �L of
100 mM DTNB. The assayed aliquots were then filtered through a
0.45-�m polyethersulfone filter (Whatman) to remove SWNTs
to eliminate any background SWNT absorbance and/or scatter-
ing. The filtered 250 �L aliquot was then placed in a 96-well plate
(BD Falcon 35-3915), and its absorbance at 412 nm was mea-
sured by a UV�vis spectrophotometer (SPECTRA max 340PC).
The concentration of thiol was calculated using the absorbance
at 412 nm, a path length of 1 cm, and a molar extinction coeffi-
cient of � 	 14 150 M�1 cm�1. GSH oxidation by H2O2 (1 mM and
10 mM) was used as a positive control. After 1 h of reaction
time, �99% of the GSH had been oxidized, in agreement with
previously reported oxidation kinetics.38
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