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Abstract

The increasing prevalence of carbon nanotubes (CNTs) as components of new
functional materials has the unintended consequence of causing increases in CNT
concentrations in aqueous environments. Aqueous systems are reservoirs for bacteria,
including human and animal pathogens, that can form biofilms. At high concentrations,
CNTs have been shown to display biocidal effects; however, at low concentrations, the
interaction between CNTs and bacteria is more complicated, and antimicrobial action is
highly dependent upon the properties of the CNTs in suspension. Here, impact of low
concentrations of multiwalled CNTs (MWCNTs) on the biofilm-forming opportunistic
human pathogen Pseudomonas aeruginosa is studied. Using phase contrast and confocal
microscopy, flow cytometry, and antibiotic tolerance assays, it is found that sub-lethal
concentrations (2 mg/L) of MWCNTs promote aggregation of P. aeruginosa into
multicellular clusters. However, the antibiotic tolerance of these “young” bacterial-CNT
aggregates is similar to that of CNT-free cultures. Overall, our results indicate that the co-
occurrence of MWCNTs and P. aeruginosa in aqueous systems, which promotes the
increased number and size of bacterial aggregates, could increase the dose to which

humans or animals are exposed.

Introduction

Biofilms are communities of interacting microorganisms that are bound together in
an exopolymeric matrix. Biofilm bacteria often exhibit tolerance or resistance to antibiotics
and to the immune system, and the close association of bacteria within a biofilm can
promote inter-cellular signaling that increases virulence.(1-5) Chronic infections caused

by biofilms account for 17 million new infections and more than 0.5 million deaths in the
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United States each year, thereby increasing the associated healthcare costs by billions of
dollars.(6) Many of these infections can be attributed to biofilm formation on medical
devices, such as catheters and prosthetic heart valves.(7) As such, the formation of anti-
biofilm surfaces is of great interest to scientists and healthcare providers. Carbon
nanotubes (CNTs) incorporated into polymer composites have been shown to kill bacteria
and therefore reduce biofilm growth for several strains of bacteria; in particular, a
concentration of ~3-5% by weight of CNTs in a solid composite material is typically lethal
to 80-90% of the bacteria present.(8, 9) However, when CNTs are at low concentrations
in aqueous suspension, the interaction between CNTs and bacteria becomes more
complex. Some have suggested that low concentrations of suspended SWCNTs might

provide a net benefit to bacterial populations.(8, 10-13)

In addition to their antimicrobial activity, CNTs can enhance the strength and
conductivity of composites and, therefore, are used increasingly to develop new
materials.(10, 14) As the manufacture and application of CNT-containing composites
increase, the release of CNTs to natural and engineered water systems also is likely to
increase; this could be the result of CNT discharge as by-products of the manufacturing
process or CNT release as functionalized materials that are utilized, discarded, and then
environmentally degraded.(15) Models have been used to estimate concentrations of
nanomaterials, including CNTs, in the environment.(15-18) For instance, models
approximated that there were 0.001 ng/L of CNTs in surface water in the United States in
2008. CNT concentrations were expected to increase annually by 46 ng/kg in sediment
and 0.56 ng/kg in soil; comparable values are estimated for Europe, and all of these values

are predicted to grow as the usage of CNTs becomes more widespread.(18)

Although some studies have examined the effects of low-concentration

suspensions of SWCNTs on microbial inactivation, little is known about how sub-lethal



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

concentrations of suspended MWCNTSs impact bacteria.(11, 13, 19, 20) Pseudomonas
aeruginosa is a highly-studied, opportunistic human pathogen that readily forms biofilms
that can cause deadly chronic infections.(21) P. aeruginosa also is widespread in natural

and engineered environments, including waterways and water treatment systems.(22)

Here, we show that sub-lethal concentrations of suspended MWCNTs promote the
formation of large P. aeruginosa aggregates that contain MWCNTSs. Previous work by
others has shown that spontaneously-formed, CNT-free, suspended aggregates of P.
aeruginosa have many characteristics of biofilms, including increased antibiotic resistance
and virulence.(23) Our own earlier work has demonstrated that bacterial aggregates can
be more effective in initiating biofilm growth on surfaces than are single cells.(24) This
raises the question as to whether increasing the environmental load of suspended CNTs
could increase the likelihood that humans and other animals would be exposed to an
infectious dose of bacteria in a concentrated, biofiim-like, antibiotic-resistant state.
However, in partial amelioration of this concern, we find that MWCNT-containing bacterial
aggregates are no more tolerant of antibiotics than are bacterial aggregates that do not

contain CNTs.

Materials and Methods

Bacterial Cultures

The bacterial strain used in this study was P. aeruginosa PAO1 that constitutively
expresses the green fluorescent protein (GFP).(25) GFP was used in flow cytometry and

microscopy analyses.

Acquisition and Functionalization of CNTs
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MWCNTs with outer diameters of 8-15 nm were purchased from CheapTubes
(Cambridgeport, VT) and functionalized using a previously-published procedure.(26) In
brief, to etch oxygenated functional groups (e.g., -OH, -COOH, -COH)(27, 28) on the
MWCNTSs, 1 g of nanotubes was added to a mixture of concentrated nitric and sulfuric
acid in a round-bottomed flask. The mixture was sonicated to disperse MWCNTs and
refluxed at 100 °C for 3 h under continuous stirring. The oxidized MWCNTs were
subsequently filtered until the pH of the filtrate reached >5.5 and then were dried for 48 h

in a desiccator.
Bacterial Media

Davis Minimal Medium (DMM) was used for growing bacteria in liquid suspension.
It consists of a solution in Millipore water containing 1 g/L ammonium sulfate, 7 g/L
dipotassium phosphate, 2 g/L monopotassium phosphate, 0.5 g/L sodium citrate, and 0.1
g/L magnesium sulfate, supplemented with a filter-sterilized solution of dextrose to a final
concentration of 1 g/L (where all materials except water were purchased from Sigma-

Aldrich). DMM is autoclaved and allowed to cool before use.

Bacterial plate counts were performed on lysogeny broth (LB-Miller) agar plates
(10 g tryptone, 5 g yeast extract, 10 g NaCl, and 15 g agar (all from Sigma-Aldrich) in 1 L
of Millipore water). Ten-microliter aliquots of diluted bacterial samples were spot-plated

in duplicate on the agar plates and incubated for 24 h at 37 °C before counting.
Bacterial Culturing

P. aeruginosa PAO1 was cultured overnight (~10 h) in DMM at 37 °C with shaking
to reach the exponential phase. The cells were subcultured, such that 40 pL of the
overnight culture was added to 4 mL of fresh DMM, yielding a final concentration of about

2 x 107 colony-forming units (CFU)/mL. One set of subcultures was supplemented with
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MWCNTs (400 uL of 20 mg/L MWCNTs suspended in DMM was added to each
subculture), and another set of subcultures was maintained as controls (400 pL of sterile
DMM was added to each subculture). These cultures were used for measurements of
growth, dead staining, and antibiotic tolerance and for microscopy of aggregate structure

as described in the following sections.

Growth Measurements

Every 1-2 h, one control subculture (containing no MWCNTSs) and one MWCNT-
containing subculture were sacrificed. Here, cultures were sonicated for 5-10 seconds to
break up aggregates, and aliquots were removed for measurement of optical density at
600 nm (ODsoo) and for plate counts. Aliquots (100-pL) were used for ODgoo measurements
with a Genesys spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Plate counts
were performed as described in an earlier section. Three biological replicates, grown and
interrogated on different days, were used for ODsypo measurements; two biological

replicates, also grown and interrogated on different days, were used for plate counts.

Dead Staining and Image Analysis of Bacterial Aggregates

After the subcultures had been incubated for 5 h in the absence or presence of
MWCNTSs, the ODsoonm Of each sample was measured, and 3 pyL of the DNA-stain
propidium iodide (Pl) was added to 1 mL of culture. When a bacterial cell dies and its

membrane is compromised, the intracellular DNA binds to Pl to identify a dead cell.

A 20-uL aliquot of each Pl-stained sample was imaged via confocal laser scanning
microscopy (CLSM) using an Olympus FV1000 motorized inverted IX81 microscope
(Olympus, Center Valley, PA) with a 100x oil-immersion objective; 488 nm and 543 nm
lasers were used for GFP and PI excitation, respectively. Images were captured using

FV10-ASW version 3.1 software (Olympus, Center Valley, PA). Three to four biological
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replicates were evaluated for the control and MWCNT-containing cultures; for each
replicate, three to four regions were selected at random, and confocal z-stacks of each

region were acquired.

To analyze confocal micrographs of Pl-stained samples, ImageJ was first used to
create a maximume-intensity projection from each z-stack, and then a threshold brightness
value was applied to the resulting two-dimensional images. This produced a binary (bright
or dark) image, and the particle analysis feature was used to measure the sizes of bright
areas (identified by Imaged as “particles” irrespective of size, so an aggregate containing
100 bacteria would count as one particle) in both the GFP and Pl channels. Next, in
Matlab, these sizes were used to sort images into those containing both single bacteria
and aggregates and those containing only aggregates. For each image, a Matlab code
was used to count the number of particles that were bright with GFP fluorescence and the
number of particles that were bright with PI fluorescence; this count included both single
cells and aggregates, when present. The ratio of the number of GFP-bright particles to the
number of Pl-bright particles was measured for each image and comparison of this ratio
among different images was used to estimate differences in the proportion of live and dead

bacteria.

Antibiotic Tolerance Testing with Confocal Laser Scanning Microscopy

To test for antibiotic tolerance in the subcultures, after four hours of subculture
growth in the presence or absence of MWCNTSs, tobramycin was added to each subculture
to a final concentration of 10 or 20 ug/mL and incubated for one hour. Then, ODgoonm Was
measured and 3 pL of Pl was added to 1 mL of each tobramycin-treated subculture.

Imaging and analysis were conducted as described in the previous section.

Microscopy Imaging of Aggregates
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To assess aggregates at different time points during subculture growth, an aliquot
of subculture was removed every 1-2 h and was imaged using phase contrast microscopy
and epifluorescence microscopy on an Olympus IX71 inverted microscope with a 60x
objective and GFP filter cube (Olympus, Center Valley, PA), Qlmaging Exi Blue CCD
camera, and QCapture Pro 6 software (Teledyne Qimaging, Surrey, British Columbia,

Canada).

Flow Cytometry of Bacterial Aggregates

Flow cytometry was used for high-throughput measurements of aggregate
development. To 4 mL fresh DMM, we added one of the following: 40 pL from an overnight
P. aeruginosa culture plus 400 yL of sterile DMM; 40 pL from an overnight culture of P.
aeruginosa plus 400 uL of MWCNTSs suspended in DMM; or 400 uL of DMM. The resulting
samples were incubated for 3 h with shaking at 37 °C. Then, cultures were vortexed for
about 5 seconds to resuspend the material that had settled out, and the ODsgonm Of the
cultures was measured. Samples were placed into Eppendorf tubes for flow cytometry on
a BD Accuri Flow Cytometer (BD Biosciences, San Jose, CA), mixing the contents by
inverting the tubes 10x before each run. For each measurement, the flow cytometer was
run for 2.5 min at a flow rate of 40 yL/min with a threshold for events larger than 80,000
forward scatter height. Two independent biological replicates were tested under each
experimental condition; each biological replicate had three technical replicates for bacteria

cultured without MWCNT and two technical replicates for bacteria cultured with MWCNT.

Fitting and statistical analysis

Data fitting and statistical analyses were performed in Excel (Microsoft, Redmond,
WA, USA). Specifically, we used the built-in one-way analysis of variance (ANOVA) test

with a p-value of 0.05 used as the threshold for significance.
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Results and Discussion

ODsoonm and CFU counts were used to assess how suspended MWCNTSs impacted
bacterial growth (Fig 1A). We fit exponential functions (of the form N(t) = N(0)e*!) to the
exponential-growth region of each growth curve, where t is time and k is the first-order
rate constant (Fig 1B). Eight out of ten of these fits had an R? value greater than 0.9,
indicating that growth is well-described by this expression. It was not unexpected that the
rate constants calculated with ODsoonm @and CFU/mL data were different from one another
because ODsoonm measures the scattering of light, which is affected by particle shape and
size, among other factors. Single-factor ANOVA analysis of both the ODsoonm and CFU/mL
data indicates no statistically significant difference in growth between subcultures with and
without suspended MWCNTSs; p-values are 0.76 for OD measurements and 0.9 for CFU
measurements. Therefore, we conclude that the type and concentration of MWCNTSs used

in these experiments do not impact bacterial growth rate.

Fig 1. At the concentration used in this study, CNTs do not significantly impact the
growth rate of P. aeruginosa. (A) Representative growth measurements over 9 h, using
ODeoo and CFU/mL, with and without MWCNTSs. (B) First-order rate constants calculated
by fitting exponential functions to growth data such as those shown in (A). Three biological
replicates (N=3), grown and interrogated on different days, were used for ODego
measurements, and two biological replicates (N=2), also grown and interrogated on

different days, were used for plate counts. Error bars are the standard error of the mean.

However, to the naked eye, bacterial subcultures grown in the presence of

MWCNTSs look strikingly different from subcultures grown in the absence of MWCNTSs.
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Namely, the MWCNT-containing subcultures contain dark clumps that are not observed
in either the MWCNT-free subcultures or in bacteria-free suspensions of MWCNTs
(Supplementary Fig S1). P. aeruginosa grown in liquid culture is known to spontaneously
form aggregates even in the absence of MWCNTs(23, 24), but such aggregates are not
visible to the naked eye (Supplementary Figure S1A). Phase-contrast micrographs of
bacteria-CNT aggregates show that the bacteria surround a dark core, presumably of
clumped MWCNTSs, but dark cores are not observed in the aggregates that form in CNT-

free cultures (Fig 2).

Fig 2. Phase-contrast micrographs of P. aeruginosa in the presence or absence of
CNTs. Aggregates that form in the presence of MWCNTs (right) have a denser and more-
elongated structure than do bacterial aggregates that form in the absence of MWCNTs
(left). Aggregates formed in the presence of MWCNTs have dark cores that we attribute

to clustered MWCNTs.

To quantify the impact of MWCNTs on the number and size of P. aeruginosa
aggregates, we use flow cytometry. We define a gate in terms of both high scatter area
(SSC-A) and high GFP fluorescence area (FL1-A), which corresponds to objects that are
much larger than single bacteria in two perpendicular directions and that are made up of
GFP-expressing bacteria. We use the same gate for all measurements, and we find that
the fraction of the bacterial sample within that gate is consistently much larger in the
subcultures containing MWCNTSs than in the subcultures that do not contain MWCNTs
(Fig 3). These results indicate that there are approximately 2.5%x more aggregates present

in the samples with MWCNTSs, which is consistent with the idea that MWCNTs promote

10
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aggregate formation. Single-factor ANOVA analysis yields a p-value of 10° when all
sample types (including those without bacteria) are included and a p-value of 0.008 when
only samples containing bacteria grown with and without MWCNTs are compared; these

results indicate statistical significance.

Fig 3. Flow cytometry is used to measure the percentage of each subculture
containing large aggregates. Examples of data from flow cytometry containing (A) P.
aeruginosa only and (B) P. aeruginosa with MWCNTSs. The vertical axes, labeled SSC-A,
give the side-scatter area, and the horizontal axes, labeled FL1-A, give the GFP
fluorescence area. Black lines define a gate with both high side-scatter and high
fluorescence areas. This region is the gate we use to measure the number of very large
fluorescent objects in the sample. (C) For three separate sets of samples and flow
cytometry trials (N=3), we find that bacterial subcultures containing MWCNTs have, on
average, more than twice as many large aggregates than do MWCNT-free bacterial
subcultures. No large aggregates were found in the sterile medium or the sterile medium

containing MWCNTSs. Error bars are the standard error of the mean.

We have previously shown that pre-formed aggregates of bacteria can accelerate
and dominate the growth of biofilms on the surface to which aggregates attach.(24) Others
have reported that bacterial aggregates themselves can have biofilm-like properties, such
as the activation of quorum sensing, antibiotic resistance, and resistance to phagocytic
clearance by the immune system.(23) Therefore, the prospect of inadvertently promoting
the formation of more and larger bacterial aggregates through the presence of MWCNTs

in the natural environment or in water treatment systems is concerning. Of these, antibiotic

11
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resistance might be the biggest concern from a public health standpoint. To evaluate the
degree to which bacteria tolerate antibiotics, we treat cultures with tobramycin, which is
an aminoglycoside antibiotic that is the front-line drug for treating some P. aeruginosa
infections.(29) Using dead staining and quantitative analysis of confocal microscopy
images, we compare MWCNT-containing and MWCNT-free subcultures to assay the
degree to which greater aggregation, promoted by MWCNTSs, is associated with greater
antibiotic tolerance (Fig 4A,B). Contrary to our expectations, we find that there is no
statistically significant difference in antibiotic tolerance between MWCNT-containing and
MWCNT-free cultures, regardless of whether a mixture of single cells and aggregates or
only aggregates are being analyzed (Fig 4C,D). Given that the bacterial-CNT aggregates
were developed only over 4 h, these might be considered “young” biofilms. If the bacterial-
CNT aggregates were allowed to develop over longer periods of time (i.e., becoming
“mature” biofilms), these might show increased antibiotic tolerance as compared to
bacteria-only cultures. This is supported by the work of Hgiby et al., who demonstrated
that the minimum biofilm eradication concentration of an antibiotic increased as biofilm
age increased (i.e., planktonic cells to young biofilm to mature biofilm).(30) Additionally,
suspended bacterial aggregates formed without CNTs were found to have greater
antibiotic tolerance than planktonic bacteria.(23) However, there is some precedent for
similar tolerances to nanomaterial insults between mature biofilm and planktonic
populations; for Escherichia coli and P. aeruginosa, biofilm and planktonic cells were
shown to have similar tolerance to silver nanoparticles.(31) Thus, fundamental studies of
stress in bacteria (both biofilm and planktonic cells) due to nanomaterial exposures are

needed to better understand the impact of nanomaterials on bacteria at the cellular level.
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Fig 4. Results from dead-staining of P. aeruginosa cultures. Microscopy images
show single bacteria and aggregates after exposure to tobramycin at 20 ug/mL in (A) the
GFP fluorescence channel and (B) the Pl fluorescence channel (dead). (C and D) For the
three tobramycin concentrations tested, for both (C) single bacteria and aggregates and
(D) aggregates only, the surviving fraction of the population is slightly less for the MWCNT-
containing sample. However, single-factor ANOVA analysis shows that the differences
between the MWCNT-containing samples and the corresponding MWCNT-free samples
are not statistically significant. For aggregates and single cells imaged together, five
replicate experiments were done for MWCNT-free samples and four for MWCNT-
containing samples; for aggregates imaged without single cells, three replicate

experiments each were conducted. Error bars are the standard error of the mean.

Our results clearly show that suspended MWCNTs can promote the aggregation
of bacteria into multicellular clusters. Clues to mechanisms underlying this aggregation
are found in prior work (32-37). MWCNTs are but one example of carbon allotropes, which
include fullerenes, carbon nanotubes, graphene, and others. These have similar chemical
composition, i.e., all are composed of carbon atoms bonded with each other in sp? or sp®
configurations, but different allotropes have different geometries (38). A fullerene is a
geodesic spheroid; a carbon nanotube is a one-dimensional tube; and graphene is a two-
dimensional sheet (38). When immersed in water, all carbon allotropes can undergo partial
oxidation, which introduces dissociable carboxyl and hydroxyl moieties, mostly at the
edges and some on the surface of the material (34, 37, 39). These moieties control the
surface potential of these materials and thus the possible electrostatic interaction with
cells. These carbon nanostructures interact favorably with bacteria and viruses, often by
non-specific hydrophobic interaction and less often by electrostatic attraction. Filters (40-

42), sensors (43-45), and fuel cells (46-48) modified with carbon nanomaterials have
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shown strong and preferential association with both Gram positive and Gram negative
microorganisms. Furthermore, some studies have shown favorable association of viruses
with carbon allotropes (32, 49). For P. aeruginosa specifically, preferential attachment
onto a surface has been reported to be driven by hydrophobic interaction between
planktonic cells and hydrophobic surfaces (50), including those modified with carbon

allotropes (44).

It is striking that the presence of P. aeruginosa bacteria is associated with the
formation of aggregates that include MWCNTs, even though the concentration of
MWCNTSs in the sample culture is an order of magnitude lower than the concentration of
MWCNTSs in bacteria-free samples that do not aggregate (Supplementary Figure S1).
Acid treatment was used to etch dissociable surface moieties into the surfaces of these
MWCNT - this electrostatically stabilized the MWCNT colloidal suspension in the absence
of bacteria. In a single-particle colloidal system, aggregation is primarily driven by particle
size (i.e., perikinetic diffusion for small particles or differential settling for heterogeneous
particle sizes) and fluid condition (orthokinetic diffusion from changing shear stress) (51,
52). In such a system, higher particle concentrations can lead to an increased number of
collisions and higher propensity for aggregation. However, the system studied here is
more complicated than a single-particle colloidal system because it has two types of
particles: bacterial cells and MWCNTs. In this heterogeneous particle system, the
favorable interaction between the MWCNTs and bacterial cell surfaces, as discussed
above, appears to have facilitated the nucleation and growth of aggregates. The influence
of secondary particles on heterogeneous aggregation of carbon nanomaterials has been

observed previously (36).

Conclusions

14



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

Here, we show that the opportunistic human pathogen P. aeruginosa, when in the
presence of a sub-lethal concentration of suspended MWCNTSs, uses the MWCNTSs as a
scaffold to build more large multicellular aggregates than it could in the absence of
MWCNTs. As MWCNTs unintentionally become more widespread in natural and
engineered water systems, the occurrence of such bacterial-CNT aggregates presents the
possibility that humans and other animals might be exposed to a high-density dose of

bacteria.

However, we find that our “young” bacterial-CNT aggregates (developed over four
hours in MWCNT-containing bacterial cultures) do not have greater antibiotic tolerance
than do CNT-free cultures. Our data suggest that, if caught early, infections that begin as
“young” MWCNT-based aggregates might be amenable to standard antibiotic treatment.
Additional work is needed to determine whether the antibiotic tolerance of mature

bacterial-CNT aggregates exceeds that of single planktonic cells.

Others have shown that SWCNTs and MWCNTSs, in sufficient concentration, are
promising additives to composite materials for creating antimicrobial surfaces.(8, 9, 12,
13) However, the manufacture and use of such composites likely will serve to increase
CNT concentrations in natural and engineered water systems. The work we present here
suggests that the advantages of MWCNT-functionalized materials must be weighed
against the potential disadvantage of inadvertently increasing the number and size of
bacterial aggregates, which could increase the dose to which humans and animals might

be exposed.
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Supporting Information Caption

Supplementary Figure S1. (A) When bacteria are grown in the presence of suspended
MWCNTSs, dark clumps appear in the culture after several hours of growth (right, P.
aeruginosa + MWCNTSs). Such clumps are not observed in a MWCNT-free culture grown
under the same conditions (left, P. aeruginosa). (B) Because MWCNTSs are functionalized
with oxygenated groups (-OH, -COOH, -COH) to prevent aggregation, suspensions of
MWCNTs without bacteria do not contain visible clumps even at high concentrations of

MWCNTSs.
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