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FIGURE 2. Summary of fluorescence-based toxicity assays fol-
lowing bacterial contact with bare (control), graphite-, aq-nC60-,
MWNT-, or SWNT-coated filters. Cell suspensions were passed
though the filters and incubated in 0.9% NaCl at 37 and 30 °C
(B. subtilis) for 1 h. Error bars represent standard error (n = 10).

increase in the levels of iso- and anteiso-branched fatty acids
and monounsaturated fatty acids in the cell membrane after
aq-nCe60 exposure, a physiological change that may enhance
membrane fluidity. Mohanty et al. (9) conjecture that teichoic
acid in gram positive cell walls improves tolerance toward
CBNs. The robust peptidoglycan layer in gram positive B.
subtilis (33) enhances the structural rigidity and resistance
of the cell wall and may contribute to increased resistance.

Many of the proposed explanations for the enhanced
resistance of B. subtilis are consistent with our hypothesis
that direct cell-CBN contact is required for membrane
perturbation and bacterial cytotoxicity (10, 23). Additional
work to investigate the role of cell wall structure, the protective
effect of outer membrane surface features, or the unique
defense and repair mechanisms of specific bacterial strains
would aid in understanding CBN—cell envelope interactions.

Longer Contact Time Increases Cytotoxicity. To more
thoroughly characterize the resistance of B. subtilis toward
CBNs, we investigated the effect of incubation time on toxicity
rates. Longer incubation time is known to increase the
cytotoxicity of CBNs in E. coli (10). We confirmed similar
time-dependent bactericidal behavior in gram positive B.
subtilis exposed to SWNTs (Figure 3). After one hour of
incubation, cell inactivation on the filter surface was not
statistically different from that of the control sample with no
CBNs present. After four hours of incubation, however, cell
inactivation increased to 55%. The diminishing resistance to
CBNs after long exposure times implies that even robust
bacteria in the natural environment may experience cytotoxic
effects from manufactured nanomaterials.

Endospore formation in B. subtilis is a common physi-
ological response to environmental stressors, and bacterial
endospores are expected to display high resistance to
hypothesized mechanisms of antimicrobial activity, namely
cell membrane perturbation, direct oxidation, or secondary
oxidation of the lipid bilayer by reactive oxygen species
(19, 23, 34). Although the time dependence of SWNT
antimicrobial activity suggests that endospore formation is
not responsible for the increased resistance of B. subtilis,
additional experiments were performed to confirm that
endospore formation is not the primary defense mechanism
of this species (Figure S4 and related information described
in the SI). The susceptibility of B. subtilis to thermal shock
following incubation on the SWNT filter implies that a cellular
attribute other than endospore formation is responsible for
the increased tolerance of B. subtilis. Future work to
investigate CBN cytotoxicity toward endospores will be

FIGURE 3. Effect of incubation time for the inactivation of B.
subtilis cells on SWNT-coated filter. Cells were deposited on
bare PVDF membrane (control) or SWNT-coated filter, and
incubated in 0.9% (0.154 M) NaCl solution at 30 °C in the dark.
Error bars represent one standard deviation.

FIGURE 4. Influence of natural organic matter (SR-NOM) on the
inactivation of E. coli cells and their attachment to SWNT
aggregates. Relative cell number represents the ratio of the
number of cells on the SWNT aggregates when NOM was
present compared to no NOM (the latter represents 100%). Error
bars represent one standard deviation.

important for characterizing potential environmental and
drinking water applications of CBNs.

Natural Organic Matter Does Not Influence Bacterial
Cytotoxicity of SWNTs. NOM is ubiquitous in natural and
engineered aquatic environments. Adsorbed NOM affects
CBN surface charge, aggregation behavior, and mobility in
aquatic environments (12, 13, 15, 16, 28). Surface coatings
on CBNs will also modify interactions with microorganisms
and inorganic solids. Although a number of groups report
dispersion and stabilization of MWNTs and ag-nC60 by NOM
(12, 13, 35), we do not observe SWNT debundling in SR-
NOM concentrations between 10 and 200 mg/L (data not
shown). For cytotoxicity experiments in the presence of NOM,
we used the suspended aggregate method described in our
previous work (10, 23) to mimic interactions among micro-
organisms, NOM, and CBNs in natural aquatic systems.

Despite evidence that NOM modifies the physicochemical
properties of MWNTSs (12, 15), the presence of SR-NOM in
the SWNT-suspended system did not have a statistically
significantimpact on the percentage of inactivated cells when
compared to the control experiment without SR-NOM (Figure
4). Bacterial inactivation by SWNTs increased by 12% in the
presence of SR-NOM, but a comparable increase of 16.5%
in the control sample (SR-NOM without SWNTs) indicates
that the toxicity attributed to interactions with SWNT was
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FIGURE 5. Inactivation of microorganisms in river water and
wastewater treatment plant (WWTP) samples. Each 100 mL
sample was filtered through control or CBN-coated filters and
incubated for 1 h in 0.9% (0.154 M) NaCl solution at 37 °C. The
average of in vitro inactivation rates for the monoculture stu-
dies (summarized in Figure 2) is provided as a visual reference.
Error bars represent one standard deviation.

unaffected. Although cytotoxicity was not mitigated by NOM
adsorption, we did observe a 55% decrease in the number
of bacteria attached to the SWNT aggregates in the presence
of SR-NOM (Figure 4 and SI Figure S5). The observed
reduction in bacterial attachment may be attributed to
increased steric and electrostatic repulsive forces following
NOM adsorption to SWNT aggregates (15, 28). Thus, we
suspect that the toxicity of SWNTs in aquatic environments
will be partially mitigated by NOM coating of SWNTs.

CBN Toxicity in Engineered and Natural Aquatic En-
vironments. Carbon-based nanomaterials will interact with
microbial communities when discharged to natural or
engineered aquatic systems such as river water and waste-
water effluent. The dispersion and ecotoxicity of CBNs will
be influenced by the physicochemical properties of the
manufactured nanomaterial and solution chemistry param-
eters, including pH, ionic strength, and dissolved organic
matter concentration. Existing literature does not report on
the short-term ecotoxicity of CBNs in natural or engineered
aquatic systems. This study compares the relative toxicity
of CBNs toward the heterogeneous microbial communities
of aquatic systems (Figure 5). Averages of inactivation
values from the laboratory monoculture experiments are
also included in Figure 5 for reference, though it is
important to acknowledge the significant differences in
biological and chemical conditions between monocultures
and environmental samples (Table S1).

(a) Wastewater Effluent. Wastewater treatment plants
support bacterial communities rich in genetic and metabolic
diversity. Industrial or household release of CBNs into
receiving wastewaters may perturb the community distribu-
tion, density, or function. Although previous research suggests
the impact of nC60 aggregates on soil microbial communities
is minimal (21), the degree of CBN cytotoxicity has not been
analyzed in aquatic systems.

Wastewater effluent characteristics, including cell con-
centration, pH, conductivity, DOC, UV absorbance at 254
nm, and major cation concentrations, are presented in Table
S1. The higher conductivity and divalent cation concentra-
tions (e.g., Mg?* and Ca?*) in the wastewater effluent sample
make it likely that the nanomaterials are more aggregated
than in river water (15, 28). Elevated concentrations of
suspended and dissolved organic matter in the wastewater
sample could complicate toxicity analysis as we discussed
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earlier with NOM. Fluorescence microscope and SEM images
provided in Figure S6 reveal a thick coating of colloidal organic
particulates on the CBN-coated filter surface. This coating
hindered direct contact between the bacteria and the CBNs
and complicated interpretation of fluorescence-based toxicity
assays. To ensure contact between the cells and the CBN-
coated filter during toxicity experiments, we diluted the
wastewater effluent sample four-fold with wastewater effluent
that was filtered through a 0.22 xum membrane.

Despite macromolecule and particulate matter coatings
on the CBN filters, microbial inactivation paralleled cyto-
toxicity trends from monoculture experiments in isotonic
solution. SWNTs continue to induce the highest rates of
microbial inactivation, while ag-nC60 and graphite showed
more moderate toxicity. MWNTs are less toxic toward
wastewater samples than predicted by monoculture experi-
ments, suggesting that these simplified experiments may not
accurately predict nanomaterial cytotoxicity in heteroge-
neous water samples with diverse microbial communities.

(b) River Water. Microbes are the foundation of ecosystem
productivity in aquatic environments. Significant differences
in microbial composition and solution chemistry between
natural and engineered aquatic systems necessitate the
independent evaluation of CBN toxicity in river water. For
instance, the specific UV absorbance (i.e., UV absorbance at
254 nm normalized to the TOC concentration) of the river
water sample is three times greater than that of the wastewater
effluent sample, indicating a higher concentration of NOM-
like organic matter in river water.

As with previous samples, CBNs induce cytotoxicity in
river water microbial communities a short time after
introduction into the aquatic system. Cell inactivation results
from the river water sample correlate poorly with the average
from the monoculture toxicity experiments, except in the
case of SWNTs (Figure 5). Aq-nC60 induced toxicity in
monoculture experiments at a significantly higher rate than
observed in environmental samples. This variation may be
explained by the strong dependence of nC60 aggregation on
environmental conditions such as ionic strength and dis-
solved organic matter (16, 28). We suggest that indicator tests
for CBNs in the aquatic environment include bacteria native
to impacted waters and experimental conditions that reflect
the aquatic chemistry of the environment.

Environmental Implications. CBNs may enter the aquatic
environment through accidental release or intentional ap-
plication. In river water and wastewater ecosystems, the
physicochemical properties and biological activity of CBNs
will be modified by adsorbed NOM, polysaccharides, or
biomacromolecules. The present study suggests that NOM
coatings reduce the deposition and attachment of bacteria
on the surface of the nanomaterial, but do not mitigate SWNT
toxicity toward attached cells. Although some bacteria appear
resistant to the toxicological effects of CBNs, extended contact
time reduces cell viability and membrane integrity. The strong
dependence of CBN toxicity on physicochemical properties,
aqueous solution chemistry, and microbial species neces-
sitates the standardization of protocols for analyzing the
potential impacts of CBNs in natural and engineered aquatic
environments.
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