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ABSTRACT: Although bactericidal activities of nanomaterials
against environmental bacteria have been extensively studied,
little is known about the sublethal impacts of nanomaterials,
which is a critical gap in our comprehensive understanding of
the impacts of nanomaterials on microbial ecosystems. Using
Pseudomonas aeruginosa as a model organism, we report for the
first time that a sublethal level of single-wall carbon nanotubes
(SWCNTs) (40 or 80 μg/mL) inhibited the production of
pyoverdine, an important metabolite that is involved in
interactive behavior of microbial communities. Transcriptional
assay and quantitative polymerase chain reaction analysis
revealed a decrease (up to 85%) in the level of expression of
genes involved in biosynthesis and transport of pyoverdine in the presence of SWCNTs. Pyoverdine produced by certain bacteria
in environmental microbial communities can be exploited by other bacteria in the local communities and has been implicated as
playing an important role in establishing intercellular interactions. Our results of the inhibition of pyoverdine production in P.
aeruginosa by SWCNTs at sublethal concentrations imply an important sublethal impact of SWCNTs on cell−cell interactions in
microbial communities that often exist and play critical roles in maintaining the health of ecosystems in various natural and
engineered environments.

■ INTRODUCTION

Carbon nanotubes (CNTs) are long, hollow cylindrical
nanostructures wrapped up by graphene sheets.1 On the basis
of the number of graphene sheets present, CNTs can be
catalogued as single-wall CNTs (SWCNTs) and multiwall
CNTs (MWCNTs). CNTs have many potential applications in
various fields because of their unique physical, electrical, and
mechanical properties. For example, CNTs can be used in
environmental applications as sensors, sorbents, and filters for
removing pathogens and viral particles,2−4 in biomedical
applications such as detection, imaging, and drug delivery,5−7

and in high-strength composites and energy storage devices.8

SWCNTs have been demonstrated to exhibit antimicrobial
activities stronger than those of MWCNTs.9−13

The potential use of SWCNTs in commercial and industrial
settings along with their strong antibacterial activities has raised
serious concerns about their impacts on human health and the
environment. Previous studies of the toxicity of SWCNTs
mainly focused on human health, and very recently, some
important work on their environmental impacts has been
conducted.14 The SWCNTs in the environment will potentially
impact organisms at all levels of the food chain. The impacts

exerted on bacteria are of particular interest because these
organisms are at low trophic level and play critical roles in
natural and engineered ecosystems.15 Most studies working on
bacterium−SWCNT interactions focused on the toxicity to
individual bacteria.10,11 However, SWCNTs in the environment
are expected to be present at low concentrations that may not
significantly affect bacterial viability or growth.16 Little is known
about the sublethal impacts of SWCNTs on bacterial functions,
which is a critical gap toward a comprehensive understanding of
the impacts of SWCNTs on ecosystems.
In various natural and engineered environments, micro-

organisms are often present in polymicrobial communities in
which cells actively interact with each other. Microorganisms in
communities are functionally linked to each other, and any
changes in functions of specific bacteria may cause restructuring
of the whole microbial communities and affect the ecosystems.
In microbial communities, certain bacteria excrete metabolites
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that are beneficial not only to themselves but also to other
bacteria in the local community, known as “public goods”,
allowing cell−cell interactions.17,18 Primary examples of such
“public goods” in environmental microbial communities are
siderophores, a group of organic compounds produced by
bacteria to facilitate the uptake of iron, an essential nutrient for
bacterial growth. Siderophores produced by bacteria growing
on plant roots also enhance plant−microbe interactions19 and
drive microbial evolution.20,21 Pseudomonas aeruginosa is a
ubiquitous environmental bacterium that produces side-
rophores,22,23 and pyoverdine (PVD) is one of its most
important siderophores that is involved in intraspecific and/or
interspecific cell−cell interactions and the establishment of
infections.24,25 Any changes in PVD production in P. aeruginosa
may change the interactive behavior of whole microbial
communities.
The objective of this study was to explore sublethal impacts

of SWCNTs on environmental bacteria. Specifically, using P.
aeruginosa as a model environmental bacterium, we examined
the impacts of SWCNTs on the production of PVD, a “public
good” that has been implicated to play a critical role in
environmental microbial communities.

■ MATERIALS AND METHODS
Synthesis of SWCNTs. SWCNTs were synthesized by the

arc-discharge method (AP-SWNT, tube diameter of ∼1.4 nm,
Carbon Solutions, Inc.) and purified by a centrifugation-based
method.26 Surface functional groups were added by refluxing
purified nanotubes in concentrated nitric acid (68%, Merck) for
3 h. The functionalized nanotubes were recovered by filtration
and washed with a 0.2 M sodium hydroxide solution (Merck)
to remove small carbon debris generated during acid treat-
ment.27 The solid was then washed with ∼500 mL of distilled
(DI) water to remove any adsorbed ions and dried in a vacuum
oven overnight. A suspension of 1 mg/mL nanotubes was
prepared by tip sonication performed at 20 W for 1 h in an ice−
water bath (Sonics, VCX-130). The ζ potential of the nanotube
suspension was measured using a ZetaPALS particle size
analyzer (Brooks Instrument). At pH 6.3, the ζ potential was
−39.30 ± 1.02 mV.
Cell Viability Assay. Bacterial viability was tested by the

drop plate method.28−30 P. aeruginosa PAO1 (ATCC 15692)
cultures were grown in the presence of SWCNTs (0, 40, or 80
μg/mL) at 37 °C for 24 h in a shaking incubator (200 rpm,
initial OD600 of ∼0.08). For the viability assay, samples were
withdrawn at regular intervals and diluted 10−108-fold, and 10
μL of each dilution was dropped onto LB agar plates. Eight
replicates for each dilution were used. After being incubated for
24 h, colonies were enumerated as colony-forming units
(CFUs).28

Quantification of PVD in P. aeruginosa Cultures. ABT
minimal medium [15 mM (NH4)2SO4, 40 mM Na2HPO4, 20
mM KH2PO4, 50 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2, and
0.01 mM FeCl3] supplemented with 30 mM glucose and 5 g/L
casamino acids (ABTGC) was used to grow P. aeruginosa at 37
°C31 in the absence or presence of SWCNTs at different
concentrations (0, 40, or 80 μg/mL). The PVD fluorescence
(excitation at 398 nm, emission at 460 nm)32 and optical
density at 600 nm (OD600) were recorded using a TECAN
infinite M200PRO plate reader. The cell density was
determined by a drop plate-based CFU count method.30 All
the fluorescence measurements were taken together with cell-
free controls to rule out the abiotic effects of SWCNTs. In

addition, conditioned media (cell-free supernatant of overnight
cultures) supplemented with SWCNTs (40 or 80 μg/mL) were
used as another set of controls to check for the interference of
SWCNTs on the fluorescence measurements.

Transcriptional Assay for pvdA. To investigate the effect
of SWCNTs on the gene involved in PVD precursor
biosynthesis, a pvdA::gfp reporter strain33,34 was used, where
the expression of gene pvdA can be monitored by GFP
fluorescence. Gene pvdA is a key gene involved in PVD
precursor biosynthesis in cytoplasm. The reporter strain was
cultivated in ABTGC medium at 37 °C with and without
SWCNTs at different concentrations (0, 40, or 80 μg/mL). A
TECAN infinite M200PRO plate reader was used to monitor
GFP fluorescence (excitation at 485 nm, emission at 535 nm)
and OD600.

Flow Cell Biofilms. The influence of SWCNTs on biofilms
was evaluated using multichannel flow cells (BioCentrum-
DTU). The dimensions and assembly of the flow cell systems
have been described elsewhere.35,36 Each channel of the flow
cells was inoculated using 0.4 mL diluted overnight cultures of
GFP-tagged P. aeruginosa PAO1 in M9 minimal medium (48
mM Na2HPO4, 22 mM KH2PO4, 9 mM NaCl, 19 mM NH4Cl,
2 mM MgSO4, and 0.1 mM CaCl2 supplemented with 0.4%
glucose) (OD600 of 0.15). After inoculation, medium flow was
stopped to allow the cells to attach (∼1 h) to the glass
coverslips used in the flow cells. Then air-saturated medium
was continuously supplied with a flow rate of 8 mL/h for
biofilm growth in each channel. After 96 h, SWCNTs were
introduced to the biofilms along with the medium at a
concentration of 20 μg/mL.

Confocal Laser Scanning Microscopy (CLSM) Imaging.
Biofilms grown in the flow cell systems were imaged (20×
magnification) using a confocal laser scanning microscope
(Carl Zeiss Microscopy LSM 780) equipped with detectors and
filter sets. The GFP fluorescence of the cells was observed with
excitation at 488 nm and emission at 509 nm. PVD
fluorescence was observed with excitation and emission at
405 and 461 nm, respectively. IMARIS version 7.6.4 (Bitplane,
Zurich, Switzerland) was used to analyze the confocal
images.36,37

Quantification of Cell Detachment. Detachment of cells
from the biofilms was quantified using a drop plate method.28

Briefly, the effluents from the flow cells were collected in
regular intervals and serially diluted. Then, six replicates of 10
μL from each of selected dilutions were plated on LB agar
medium. Colony-forming units (CFU) were enumerated after
overnight incubation at 37 °C.

Inhibition of PVD Biosynthesis by SWCNTs in
Pseudomonas f luorescence. P. f luorescence strain OE28.338

was grown in ABTGC medium at 30 °C in the presence of
varying concentration of SWCNTs. PVD fluorescence (ex-
citation at 398 nm, emission at 460 nm)32 and optical density at
600 nm (OD600) were recorded using a TECAN infinite
M200PRO plate reader.

Quantitative Polymerase Chain Reaction (qPCR). P.
aeruginosa PAO1 was grown in ABTGC medium at 37 °C in
the absence or presence of SWCNTs (40 μg/mL). After 9 h,
cells were harvested and total RNA was extracted using a
commercially available kit (Qiagen mini RNA prep) following
the instructions from the manufacturer. Method details and the
primers designed and used in this study (Table S1 of the
Supporting Information) are available in the Supporting
Information. Experiments were performed in triplicate for all
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the genes. Genes tsf and rpoD were used as reference genes for
normalization.39 Data analysis was performed using the 2−ΔΔCT

method, where ΔΔCT = ΔCT(treated sample) −
ΔCT(untreated sample), ΔCT = CT(target gene) − CT(tsf),
and CT is the threshold cycle value for the amplified gene.40

Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES). Cells were grown in the presence and
absence of 40 μg/L SWCNTs in ABTGC medium for 24 h and
harvested by centrifugation at 6000g for 15 min. The cell pellets
were lysed at 4 °C in lysis buffer (0.1% SDS, 0.5 M TEAB, and
50 mM protease inhibitor tablet) with intermittent vortexing
and sonication for 15−20 min on an MSE-Soniprep-150
Sonicator (Sanyo Gallenkamp, Leicestershire, U.K.) for 5 s with
a 10 s cooling interval between each pulse. The lysate was
filtered through a 0.2 μm syringe filter. The iron concentration
was quantified using an ICP-OES instrument (PerkinElmer
Optima DV2000). To determine the leaching of iron from
SWCNTs, iron in the suspension of 40 μg/L SWCNTs in the
ABTGC medium was also measured.
Statistical Analysis. The IBM SPSS (www.ibm.com/

software/sg/analytics/spss/) was used for statistical analyses,
including two-way analysis of variance (ANOVA). Details of
the statistical analyses can be found in the respective result
sections.

■ RESULTS AND DISCUSSION
The fluorescence of PVD is often used to reflect PVD
production in P. aeruginosa cultures because PVD is a water-

soluble fluorescent siderophore.31 In the presence of SWCNTs,
the signal of PVD fluorescence (normalized by growth as
indicated by cell density in CFU per milliliter) in P. aeruginosa
cultures was attenuated significantly in a SWCNT concen-
tration-dependent manner (Figure 1). We quantified the PVD
fluorescence of conditioned medium (cell-free culture super-
natant) before and after supplementation with SWCNTs and
found no interference of SWCNTs with PVD fluorescence
measurement. At a concentration of 40 or 80 μg/mL, SWCNTs
caused a 51−70 or 85−96% decrease, respectively, in PVD
production capability of P. aeruginosa cells in exponential (6−
12 h) and stationary (15−24 h) growth stages. A two-way

Figure 1. Influence of SWCNTs on PVD fluorescence (normalized by
cell density) in P. aeruginosa cultures growing in ABTGC medium.
Data shown are means ± the standard deviation (n = 3). A two-way
ANOVA shows that no significant effect from time or the time−
concentration interaction can be found (both p > 0.9995), while the
effect of concentration is significant (p < 0.0005).

Table 1. Densities of Viable Cells in P. aeruginosa Cultures
with or without SWCNTsa

cell density (CFU/mL)

SWCNTs
(μg/mL) 0 h 24 h

ratio (24 h
vs 0 h)

0 (1.30 ± 0.19) × 107 (1.15 ± 0.26) × 1011 8.8 × 103

40 (1.77 ± 0.27) × 107 (1.25 ± 0.33) × 109 71
80 (1.80 ± 0.21) × 107 (1.18 ± 0.24) × 109 65

aData shown are means ± the standard deviation (n = 8).

Figure 2. Influence of SWCNTs on GFP fluorescence in P. aeruginosa
reporter strain PpvdA-gfp growing in ABTGC medium. Data shown are
means ± the standard deviation (n = 3). A two-way ANOVA shows
that no significant effect from time or the time−concentration
interaction can be found (both p > 0.9995), while the effect of
concentration is significant (p < 0.0005).

Figure 3. Influence of SWCNTs (40 μg/mL) on the expression level
of key genes involved in PVD production at 9 h in the midexponential
growth phase. Values were normalized to the housekeeping gene tsf.
The CT values for tsf remained unchanged for the control and the
treated cells (24.68 ± 0.92 and 23.84 ± 0.30, respectively), suggesting
that the expression of tsf is not affected by SWCNTs. Abbreviations:
PvdS, transcriptional regulator; PvdE, export ABC transporter to
transport PVD precursors across the inner membrane; PvdN,
periplasmic enzymes involved in chromophore formation; PvdT,
subunit of the ATP-dependent efflux pump for PVD secretion; FpvA,
outer membrane transporter to import ferri-pyoverdine; pvdA, lysine/
ornithine N-monooxygenase. Data shown are means ± the standard
deviation (n = 3). Statistical significance determined by a paired
Student’s t test (p < 0.001).
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ANOVA was performed to investigate the effect of time and
concentration. No significant effect from time or the time−
concentration interaction was found (both p > 0.9995), while
the effect of concentration is significant (p < 0.0005).
We also observed a reduced rate of rowth of P. aeruginosa in

the presence of SWCNTs (Table 1), which is consistent with
previous reports demonstrating an antibacterial activity of
SWCNTs against P. aeruginosa.3,11 The minimal inhibitory
concentration (MIC) of SWCNTs under our experimental
conditions was ∼200 μg/mL. No cell growth could be observed
at a lethal dose (>200 μg/mL). In the presence of 40 or 80 μg/
mL SWCNTs, cell growth was still observed, resulting in a final
cell density of (1.25 ± 0.33) × 109 or (1.18 ± 0.24) × 109,
respectively. Hence the question of whether there are any
sublethal impacts of SWCNTs on the cells arises. In particular,
in this study, we examined whether SWCNTs affect the PVD
production of viable cells. To address this question, a biomarker
strain that allows the monitoring of the expression of a key gene
involved in PVD biosynthesis was employed.
Gene pvdA encodes an enzyme L-ornithine N5-oxygenase

responsible for the hydroxylation of L-ornithine, which
represents an early step in the biosynthesis of PVD in P.
aeruginosa.41 To monitor PVD biosynthesis in viable cells, a
reporter strain PpvdA-gfp in which a gene encoding green
fluorescent protein (GFP) was under control of the promoter
of gene pvdA was employed, and the GFP fluorescence was

used as an indicator to monitor the biosynthesis of PVD. Figure
2 shows the GFP fluorescence (per CFU per milliliter) of
biomarker strain PpvdA-gfp in planktonic cultures with or
without SWCNTs. From a two-way ANOVA using the factors
time and concentration, no significant effect from time or the
time−concentration interaction was found (both p > 0.9995),
while the effect of concentration is significant (p < 0.0005).
In the presence of SWCNTs, GFP fluorescence was

markedly lower than that of the cultures without SWCNTs,
which suggests that the expression of gene pvdA, and hence,
PVD biosynthesis, was significantly inhibited by SWCNTs. To
confirm this, the expression of several key genes involved in
PVD biosynthesis was quantified by using qPCR. Relative gene
expression levels as impacted by SWCNTs at a concentration of
40 μg/mL are shown in Figure 3.
Genes responsible for the biosynthesis of PVD precursors

(pvdA), transferring PVD precursors from cytoplasm to the
periplasmic space (pvdE), maturation of PVD precursors in the
periplasmic space (pvdN), and exporting mature PVD out of
the cells (pvdT) were found to be downregulated in the cells
treated with SWCNTs (Figure 3). In addition, the level of
expression of two genes encoding a transcriptional regulator
(pvdS) and a siderophore-binding protein ( f pvA) also
decreased in the cells treated with SWCNTs (Figure 3).
In P. aeruginosa, there are three well-characterized quorum-

sensing systems, namely, las, rhl, and pqs,42 that interact with

Figure 4. CLSM images of mature P. aeruginosa biofilms upon exposure to SWCNTs (20 μg/L) for (A) 12, (B) 24, and (C) 48 h. The control
biofilms were grown in parallel with the SWCNT-treated biofilms. Controls in panels A−C were biofilms grown in the absence of SWCNTs for 108
h (96 h + 12 h), 120 h (96 h + 24 h), and 144 h (96 h + 48 h), respectively. (D) Biovolume ratio of PVD-producing biomass to total biofilm
biomass, indicating the amount of PVD in the unit biovolume of the biofilms. CLSM images contain top-down views (x−y planes) and side views
(x−z and y−z planes). The scale bar is 10 μm. Results are representative of three separate experiments.
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each other and coordinate the expression of a number of genes,
including those responsible for PVD production.43−45 To
further examine whether the inhibitory effect of SWCNTs on
PVD production was caused by an influence on bacterial
quorum sensing signaling, we quantified by using qPCR the
expression of the key quorum-sensing genes lasA, rhlA, and
pqsA in the bacterial cultures with and without SWCNTs
treatment. The results show that the presence of SWCNTs did
not inhibit the expression of these quorum-sensing genes
(Figure S1 of the Supporting Information). Compared with the
cultures with no SWCNTs, the quorum-sensing systems in the
treated cultures were slightly enhanced, suggesting that the
influence of SWCNTs on quorum sensing is not the primary
cause of the decreased level of PVD production.
An intriguing question one would ask is how SWCNTs at the

cell exterior affect gene expression inside the cells. In previous
studies, Dimpka et al. reported that CuO nanoparticles
inhibited PVD production in P. chlororaphis O6, where Cu
ion release has been implicated to play a key role.46,47 In this
study, we show that SWCNTs inhibit PVD production at the
gene transcriptional level. Could it be because SWCNTs release
ions, in particular, iron to the growth medium? The iron level in
growth media is known to be a key factor influencing PVD
biosynthesis. A high iron level of inhibits PVD production. In
this study, the synthesis of SWCNTs did not involve iron, and
the absence of iron in the SWCNTs was also confirmed by
elemental mapping using transmission electron microscopy−
energy-dispersive X-ray spectroscopy (TEM−EDX) (data not
shown). We further employed ICP-OES to quantify iron

concentrations in the medium with or without SWCNTs and
found that the presence of SWCNTs slightly decreased the iron
levels in the medium [0.89 ± 0.01 or 1.00 ± 0.02 μM,
respectively (p < 0.05)], which could be due to the adsorption
of iron onto the SWCNTs. Hence, the possibility of an
additional supply of iron from SWCNTs to the cultures can be
ruled out. Interestingly, although SWCNTs inhibit PVD
production, the iron level in the cells grown in the presence
of SWCNTs (350 ± 1 pmol/mg of protein) was found to be
slightly higher than that of the control cells (322 ± 5 pmol/mg
of protein) (p < 0.05). These results suggest that, in addition to
PVD and, hence, the PVD-mediated iron uptake system,
SWCNTs may also affect other iron uptake systems.48,49

In a recent study, we have shown that biogenic tellurium
nanorods could inhibit PVD production by interfering with
flagellar motility.50 On the basis of the data obtained in this
study and previous work, we hypothesize that certain
extracellular appendages of the bacteria such as surface proteins,
exopolysaccharides, pili, and flagella might be interacting with
the SWCNTs and transmit the signals across cell membranes.
However, the exact mechanism for PVD inhibition by
SWCNTs requires further investigation.
In natural environments, microorganisms are often found as

surface- or interface-associated assemblies encased in a self-
produced polymeric matrix known as biofilms.30,51,52 In
addition, it has been shown that PVD is an important factor
influencing biofilm formation of P. aeruginosa.53 Hence, we
further examined the influence of SWCNTs on P. aeruginosa
biofilms using a GFP-tagged strain in flow cell biofilm reactors.
After 96 h, mushroom-shaped multicellular towers, typical
three-dimensional structures of mature P. aeruginosa biofilms,
could be observed (Figure S2 of the Supporting Information).
SWCNTs were then introduced into the pregrown mature
biofilms, and PVD production in the biofilms was evaluated on
the basis of PVD fluorescence obtained from CLSM image
analysis. Quantitative image analysis revealed that the PVD
fluorescence (blue) in the mature biofilms (green) in the
SWCNTs-treated (up to 48 h) and the control biofilms was
comparable (Figure 4), suggesting no significant influence of
SWCNTs on PVD production in mature P. aeruginosa biofilms
(all p > 0.05). Intriguingly, in the presence of SWCNTs, the
rate of detachment of the cell from the biofilms was higher and
PVD fluorescence in the effluents from the SWCNT-treated
biofilms was lower than that of the control (Figure 5). Taken
together, our results show that the exposure to SWCNTs for up
to 48 h did not significantly influence PVD production in cells
encased in mature biofilms; however, it promoted detachment
of the cell from the biofilms and decreased the level of PVD
production of the detached cells.
Production of siderophores is a highly conserved character-

istic in many environmental bacteria, especially Pseudomonas
species.54 For example, P. f luorescence is a plant root colonizer
commonly found in soils, and it protects plant roots from
fungal infection by scavenging iron with the help of
siderophores.55,56 SWCNTs could also inhibit siderophore
production in P. f luorescence in a concentration-dependent
manner (Figure S3 of the Supporting Information), suggesting
that the inhibitory effect of SWCNTs on siderophore
production is not limited to the model organism, i.e., P.
aeruginosa, used in this study and similar effects may be
observed for many other environmental bacteria.

Implications. Environmental bacteria in natural settings
communicate, cooperate, or compete with each other. These

Figure 5. (A) Cell detachment and (B) PVD fluorescence in effluents
from mature P. aeruginosa biofilms in the absence or presence of
SWCNTs (20 μg/L). Experiments were conducted in triplicate.
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interactions are often mediated by extracellular metabolites
such as siderophores. Siderophores are produced by certain
environmental bacteria and can be effectively shared among
closely related species and can give competitive advantage to
some species over others in any ecological niche. This study
reports for the first time that SWCNTs at sublethal
concentrations inhibit siderophore production in an environ-
mental bacterium. Siderophores are secreted by certain
environmental bacteria that can be exploited by local
community members with cognate receptors and implicated
as key components in establishing microbial communities. Our
results reveal an important sublethal impact of SWCNTs on
siderophore-enabled cell−cell interactions in microbial com-
munities, which often exist and play critical roles in maintaining
the health of ecosystems in various natural and engineered
environments.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional information as noted in the text. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*School of Civil and Environmental Engineering, Nanyang
Technological University, 50 Nanyang Ave., N1-01C-69,
Singapore 639798. E-mail: bincao@ntu.edu.sg. Telephone:
(+65) 6790 5277. Fax: (+65) 6791 0676.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the National Research
Foundation and Ministry of Education Singapore under its
Research Centre of Excellence Programme, Singapore Centre
on Environmental Life Sciences Engineering (SCELSE)
(M4330005.C70), a Start-up Grant (M4080847.030) from
the College of Engineering, Nanyang Technological University,
Singapore, and the Ministry of Education, Singapore
(MOE2011-T2-2-062 and 2013-T1-002-132), and the Asian
Office of Aerospace Research and Development of the U.S. Air
Force (FA23861314110).

■ REFERENCES
(1) Iijima, S. Helical microtubules of graphitic carbon. Nature 1991,
354 (6348), 56−58.
(2) Mauter, M. S.; Elimelech, M. Environmental applications of
carbon-based nanomaterials. Environ. Sci. Technol. 2008, 42 (16),
5843−5859.
(3) Brady-Estev́ez, A. S.; Kang, S.; Elimelech, M. A single-walled-
carbon-nanotube filter for removal of viral and bacterial pathogens.
Small 2008, 4 (4), 481−484.
(4) Arias, L. R.; Yang, L. Inactivation of bacterial pathogens by
carbon nanotubes in suspensions. Langmuir 2009, 25 (5), 3003−3012.
(5) Liu, Z.; Tabakman, S.; Welsher, K.; Dai, H. Carbon nanotubes in
biology and medicine: In vitro and in vivo detection, imaging and drug
delivery. Nano Res. 2009, 2 (2), 85−120.
(6) Kam, N. W. S.; O’Connell, M.; Wisdom, J. A.; Dai, H. Carbon
nanotubes as multifunctional biological transporters and near-infrared
agents for selective cancer cell destruction. Proc. Natl. Acad. Sci. U.S.A.
2005, 102 (33), 11600−11605.
(7) Lu, F.; Gu, L.; Meziani, M. J.; Wang, X.; Luo, P. G.; Veca, L. M.;
Cao, L.; Sun, Y.-P. Advances in bioapplications of carbon nanotubes.
Adv. Mater. (Weinheim, Ger.) 2009, 21 (2), 139−152.

(8) Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A. Carbon
nanotubes - The route toward applications. Science 2002, 297 (5582),
787−792.
(9) Kang, S.; Herzberg, M.; Rodrigues, D. F.; Elimelech, M.
Antibacterial effects of carbon nanotubes: Size does matter! Langmuir
2008, 24 (13), 6409−6413.
(10) Liu, S.; Wei, L.; Hao, L.; Fang, N.; Chang, M. W.; Xu, R.; Yang,
Y.; Chen, Y. Sharper and faster “nano darts” kill more bacteria: A study
of antibacterial activity of individually dispersed pristine single-walled
carbon nanotube. ACS Nano 2009, 3 (12), 3891−3902.
(11) Kang, S.; Pinault, M.; Pfefferle, L. D.; Elimelech, M. Single-
walled carbon nanotubes exhibit strong antimicrobial activity.
Langmuir 2007, 23 (17), 8670−8673.
(12) Vecitis, C. D.; Zodrow, K. R.; Kang, S.; Elimelech, M.
Electronic-structure-dependent bacterial cytotoxicity of single-walled
carbon nanotubes. ACS Nano 2010, 4 (9), 5471−5479.
(13) Tiraferri, A.; Vecitis, C. D.; Elimelech, M. Covalent binding of
single-walled carbon nanotubes to polyamide membranes for
antimicrobial surface properties. ACS Appl. Mater. Interfaces 2011, 3
(8), 2869−2877.
(14) Helland, A.; Wick, P.; Koehler, A.; Schmid, K.; Som, C.
Reviewing the environmental and human health knowledge base of
carbon nanotubes. Environ. Health Perspect. 2008, 13 (2), 441−452.
(15) Peralta-Videa, J. R.; Zhao, L. J.; Lopez-Moreno, M. L.; de la
Rosa, G.; Hong, J.; Gardea-Torresdey, J. L. Nanomaterials and the
environment: A review for the biennium 2008−2010. J. Hazard. Mater.
2011, 186 (1), 1−15.
(16) Petersen, E. J.; Zhang, L.; Mattison, N. T.; O’Carroll, D. M.;
Whelton, A. J.; Uddin, N.; Nguyen, T.; Huang, Q.; Henry, T. B.;
Holbrook, R. D. Potential release pathways, environmental fate, and
ecological risks of carbon nanotubes. Environ. Sci. Technol. 2011, 45
(23), 9837−9856.
(17) West, S. A.; Griffin, A. S.; Gardner, A.; Diggle, S. P. Social
evolution theory for microorganisms. Nat. Rev. Microbiol. 2006, 4 (8),
597−607.
(18) Hibbing, M. E.; Fuqua, C.; Parsek, M. R.; Peterson, S. B.
Bacterial competition: Surviving and thriving in the microbial jungle.
Nat. Rev. Microbiol. 2009, 8 (1), 15−25.
(19) Ahmed, E.; Holmström, S. J. M. Siderophores in environmental
research: Roles and applications. Microb. Biotechnol. 2014, 7 (3), 196−
208.
(20) Cordero, O. X.; Ventouras, L.-A.; DeLong, E. F.; Polz, M. F.
Public good dynamics drive evolution of iron acquisition strategies in
natural bacterioplankton populations. Proc. Natl. Acad. Sci. U.S.A.
2012, 109 (49), 20059−20064.
(21) Keller, L.; Surette, M. G. Communication in bacteria: An
ecological and evolutionary perspective. Nat. Rev. Microbiol. 2006, 4
(4), 249−258.
(22) Baltch, A. L.; Smith, R. P. Pseudomonas aeruginosa: Infections and
treatment; Infectious Disease and Therapy Series; Marcel Dekker: New
York, 1994.
(23) Driscoll, J. A.; Brody, S. L.; Kollef, M. H. The epidemiology,
pathogenesis and treatment of Pseudomonas aeruginosa infections.
Drugs 2007, 67 (3), 351−368.
(24) Buckling, A.; Harrison, F.; Vos, M.; Brockhurst, M. A.; Gardner,
A.; West, S. A.; Griffin, A. Siderophore-mediated cooperation and
virulence in Pseudomonas aeruginosa. FEMS Microbiol. Ecol. 2007, 62
(2), 135−141.
(25) Meyer, J. M. Pyoverdines: Pigments, siderophores and potential
taxonomic markers of fluorescent Pseudomonas species. Arch. Microbiol.
2000, 174 (3), 135−142.
(26) Wei, L.; Li, L.-J.; Chan-Park, M. B.; Yang, Y.; Chen, Y.
Aggregation-dependent photoluminescence sidebands in single-walled
carbon nanotube. J. Phys. Chem. C 2010, 114 (14), 6704−6711.
(27) Wang, Z.; Shirley, M. D.; Meikle, S. T.; Whitby, R. L. D.;
Mikhalovsky, S. V. The surface acidity of acid oxidised multi-walled
carbon nanotubes and the influence of in-situ generated fulvic acids on
their stability in aqueous dispersions. Carbon 2009, 47 (1), 73−79.

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.5b00057
Environ. Sci. Technol. Lett. 2015, 2, 105−111

110

http://pubs.acs.org
mailto:bincao@ntu.edu.sg
http://dx.doi.org/10.1021/acs.estlett.5b00057


(28) Chen, C. Y.; Nace, G. W.; Irwin, P. L. A 6 × 6 drop plate
method for simultaneous colony counting and MPN enumeration of
Campylobacter jejuni, Listeria monocytogenes, and Escherichia coli. J.
Microbiol. Methods 2003, 55 (2), 475−479.
(29) Wu, Y.; Ding, Y.; Cohen, Y.; Cao, B. Elevated level of the
second messenger c-di-GMP in Comamonas testosteroni enhances
biofilm formation and biofilm-based biodegradation of 3-chloroaniline.
Appl. Microbiol. Biotechnol. 2014, 99 (4), 1967−1976.
(30) Ding, Y.; Peng, N.; Du, Y.; Ji, L.; Cao, B. Disruption of
putrescine biosynthesis in Shewanella oneidensis enhances biofilm
cohesiveness and performance in Cr(VI) Immobilization. Appl.
Environ. Microbiol. 2014, 80 (4), 1498−1506.
(31) Chua, S. L.; Tan, S. Y.; Rybtke, M. T.; Chen, Y.; Rice, S. A.;
Kjelleberg, S.; Tolker-Nielsen, T.; Yang, L.; Givskov, M. Bis-(3′-5′)-
cyclic dimeric GMP regulates antimicrobial peptide resistance in
Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2013, 57 (5),
2066−2075.
(32) Greenwald, J.; Hoegy, F.; Nader, M.; Journet, L.; Mislin, G. L.;
Graumann, P. L.; Schalk, I. J. Real time fluorescent resonance energy
transfer visualization of ferric pyoverdine uptake in Pseudomonas
aeruginosa. A role for ferrous iron. J. Biol. Chem. 2007, 282 (5), 2987−
2995.
(33) Kaneko, Y.; Thoendel, M.; Olakanmi, O.; Britigan, B. E.; Singh,
P. K. The transition metal gallium disrupts Pseudomonas aeruginosa
iron metabolism and has antimicrobial and antibiofilm activity. J. Clin.
Invest. 2007, 117 (4), 877−888.
(34) Yang, L.; Nilsson, M.; Gjermansen, M.; Givskov, M.; Tolker-
Nielsen, T. Pyoverdine and PQS mediated subpopulation interactions
involved in Pseudomonas aeruginosa biofilm formation. Mol. Microbiol.
2009, 74 (6), 1380−1392.
(35) Crusz, S.; Popat, R.; Rybtke, M.; Camara, M.; Givskov, M.;
Tolker-Nielsen, T.; Diggle, S.; Williams, P. Bursting the bubble on
bacterial biofilms: A flow cell methodology. Biofouling 2012, 28 (8),
835−842.
(36) Zhang, Y.; Ng, C. K.; Cohen, Y.; Cao, B. Cell growth and
protein expression of Shewanella oneidensis in biofilms and hydrogel-
entrapped cultures. Mol. BioSyst. 2014, 10 (5), 1035−1042.
(37) Sivakumar, K.; Wang, V. B.; Chen, X.; Bazan, G. C.; Kjelleberg,
S.; Loo, S. C.; Cao, B. Membrane permeabilization underlies the
enhancement of extracellular bioactivity in Shewanella oneidensis by a
membrane-spanning conjugated oligoelectrolyte. Appl. Microbiol.
Biotechnol. 2014, 98 (21), 9021−9031.
(38) Demot, R.; Vanderleyden, J. Purification of a root-adhesive
outer-membrane protein of root-coloniziing Pseudomonas f luorescens.
FEMS Microbiol. Lett. 1991, 81 (3), 323−328.
(39) Xie, Y. P.; He, Y. P.; Irwin, P. L.; Jin, T.; Shi, X. M. Antibacterial
activity and mechanism of action of zinc oxide nanoparticles against
Campylobacter jejuni. Appl. Environ. Microbiol. 2011, 77 (7), 2325−
2331.
(40) Livak, K. J.; Schmittgen, T. D. Analysis of relative gene
expression data using real-time quantitative PCR and the 2−ΔΔC(T)

Method. Methods (Amsterdam, Neth.) 2001, 25 (4), 402−408.
(41) Visca, P.; Ciervo, A.; Orsi, N. Cloning and nucleotide sequence
of the pvdA gene encoding the pyoverdin biosynthetic enzyme L-
ornithine N5-oxygenase in Pseudomonas aeruginosa. J. Bacteriol. 1994,
176 (4), 1128−1140.
(42) Wilder, C. N.; Diggle, S. P.; Schuster, M. Cooperation and
cheating in Pseudomonas aeruginosa: The roles of the las, rhl and pqs
quorum-sensing systems. ISME J. 2011, 5 (8), 1332−1343.
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