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ABSTRACT: In many environmental scenarios, the fate and impact
of polymer nanocomposites (PNCs) that contain carbon nanotubes
(CNT/PNCs) will be influenced by their interactions with
microorganisms, with implications for antimicrobial properties and
the long-term persistence of PNCs. Using oxidized single-wall (O-
SWCNTs) and multi-wall CNTs (O-MWCNTSs), we explored the
influence that CNT loading (mass fraction <0.1%—10%) and type
have on the initial interactions of Pseudomonas aeruginosa with O-
CNT/poly(vinyl alcohol) (PVOH) nanocomposites containing well-
dispersed O-CNTs. LIVE/DEAD staining revealed that, despite
oxidation, the inclusion of O-SWCNTs or O-MWCNTs caused
PNC surfaces to exhibit antimicrobial properties. The fraction of
living cells deposited on both O-SWCNT and O-MWCNT/PNC
surfaces decreased exponentially with increasing CNT loading, with
O-SWCNTs being approximately three times more cytotoxic on a % w/w basis. Although not every contact event between
attached microorganisms and CNTs led to cell death, the cytotoxicity of the CNT/PNC surfaces scaled with the total contact
area that existed between the microorganisms and CNTs. However, because the antimicrobial properties of CNT/PNC surfaces
require direct CNT-microbe contact, dead cells were able to shield living cells from the cytotoxic effects of CNTs, allowing
biofilm formation to occur on CNT/PNCs exposed to Pseudomonas aeruginosa for longer time periods.

Nanocol urfaces DEAD
R o=
500.om : 500 nr]

M)

B INTRODUCTION boats, antistatic parts for fuel filter lines, and packaging

. . .. . 23.2
materials used in the electronics industries.>> >’

One of the most important projected commercial applications
As the use of CNTs embedded in polymer matrices

of engineered nanomaterials (ENMs) such as carbon nanotubes

(CNTs), nanosilver, and nanoscale metal oxides involves their increases, it is inevitable that a significant fraction of
use as fillers in polymer matrices at low concentrations, commercially produced CNTs will first enter the environment
typically at a mass fraction of less than 5% w/w, to produce embedded in plastic materials.”* > Thus, it is important to
polymer nanocomposites.' ® The advantage of incorporating understand the behavior of CNT/PNCs in the environ-
ENMs into polymers derives from their ability to greatly ment.”**'7* One of the situations that will determine the
expand the material’s value and utility by enhancing numerous fate of CNT/PNCs occurs at the end of their life cycle where

polymer properties.*”® Carbon nanotubes are becoming one of
the most widely studied fillers in view of their large aspect ratio
and excellent thermal, chemical, and mechanical properties.
This collection of desirable attributes makes them ideal
candidates to improve tensile strength, elastic modulus, thermal

disposal follows consumer use. Under these conditions, the
impact and persistence of a CNT/PNC will depend on its
interactions with microbial populations present in landfills.
Other CNT/PNCs will be improperly disposed of on land (ie.,

conductivity, and current carrying capacities of polymers.’ 22 litter) and in surface waters where they can also encounter and
For example, multiwall CNT (MWCNT) - polystyrene interact with a wide variety of microorganisms.
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The first step in the interaction of microbes with solid
substrates is the attachment of planktonic cells to the surface
followed by growth and colonization. If the microorganisms
survive upon surface attachment, they colonize through
proliferation and produce extracellular polymeric substances
(EPS) to form biofilms.>**° In contrast, if the surface exhibits
antimicrobial properties, cell proliferation can be retarded or
even inhibited.>®*” If biofilm formation occurs, the metabolic
activity of the attached microorganisms can initiate biode-
gradation through the release of extracellular enzymes.**”*!
Thus, the initial interactions of microorganisms with CNT/
PNCs will play an important role in determining the
nanomaterial’s long-term fate and persistence.

In the majority of studies involving CNTs and micro-
organisms, antimicrobial properties have been observed
regardless of whether the CNTs were dispersed or aggregated
in the aqueous phase or collected on a membrane or
surface.”®**™* For example, surfaces coated with pristine
SWCNTs markedly reduced the amount of Escherichia coli that
could form a biofilm due to the antimicrobial nature of the
surface.*” Three of the main mechanistic hypotheses for CN'T
cytotoxicity include puncturing of the cell membrane,
membrane disruption, and oxidative stress.****7>3A smaller
number of studies, however, have claimed that CNTs exhibit
weak or no observable cytotoxic response toward mi-
crobes.>*™>° Thus, Pantanella et al. found that SWCNT-coated
surfaces do not affect adhesion or biofilm formation and
attributed this to a lack of antimicrobial properties for selected
bacterial species.*® Therefore, the cytotoxicity of CNT's remains
controversial.>”>*

In the case of CNT/PNCs, a few studies have evaluated the
influence of pristine CNTs exposed at the surface of PNCs on
cell death. For example, polyvinyl-N-carbazole (PVK) nano-
composites containing only 3% w/w SWCNTSs caused
significant cell death (>80%) of Escherichia coli and Bacillus
subtilis relative to pure PVK. MWCNTSs embedded in the same
polymer also led to significant cytotoxicity.*”*® Similarly,
Schiffman et al. found that the inclusion of pristine SWNTSs
in electrospun polysulfone fibers caused an increase in cell
death as the SWNT concentration increased from 0—1% w/
w.% Consequently, it has been suggested that CNT-modified
materials can serve as antimicrobial coatings to resist biofouling
or biofilm formation in applications ranging from medical
devices to membranes, piping, and boat hulls.””**¢>%>

In nanocomposite products, cycles of weathering and
biodegradation can eventually cause CNTs to reach the surface
and to potentially even accumulate, regardless of whether or
not the CNTs are initially exposed at the PNC surface or
buried under a thin polymer layer or surface coating.>***~%
Under these conditions, the interactions of microorganisms
with CNT/PNC surfaces will be important during the life cycle
of the material. To date, studies on the interactions of microbes
with CNTs embedded in polymeric matrices or in membranes
have focused on pristine CNTs. In contrast, we have focused on
the antimicrobial properties of oxidized single- and multi-wall
CNTs embedded in CNT/PNCs. This decision was motivated
by the likelihood that many pristine CNTs initially introduced
into PNCs will have their surfaces oxidized by weathering in
landfills and other environments prior to their interactions with
microorganisms.éé’é7

To explore the initial interactions of microorganisms with
CNT/PNCs, oxidized CNTs (O-CNTs) were well-dispersed in
poly(vinyl alcohol) (PVOH), which was chosen as the polymer

5485

matrix due to its lack of antimicrobial properties, allowing the
effect of CNT inclusion to be clearly delineated.*®* CNT/
PVOH nanocomposites were exposed to the Gram-negative
microorganism Pseudomonas aeruginosa, a model aquatic and
soil bacterium that can readily proliferate to form biofilms.
Indeed, Pseudomonas species are ubiquitous in the environment
where they are likely to encounter plastic waste and are
frequently responsible for biodegradation of organic matter and
organic contaminants.”® The interaction of P. aeruginosa with
CNT/PNCs containing O-CNTs of different type (O-
MWCNT vs O-SWCNT) and CNT loading (0—10% w/w)
was assessed using SYTO 9 and propidium iodide fluorescent
stains to differentiate living and dead bacteria, as measured by
the integrity of the cell membrane. This study was motivated by
the desire to provide insights into the initial interaction of
microorganisms with CNT/PNC surfaces having different
CNT concentrations, representative of nanocomposite surfaces
that may be present following weathering and/or other
environmental degradation processes.

B EXPERIMENTAL SECTION

O-CNT/PVOH Nanocomposite Preparation. A 2 mg/mL
stock solution of poly(vinyl alcohol) (PVOH) was prepared by
dissolving PVOH (Sigma-Aldrich, M,, = 31,000—50,000, 98%—
99% hydrolyzed) into deionized water while stirring at 105 °C
for 4 h. The solution was filter-sterilized using a 0.2 ym acetate
filter. A 0.05 mg/mL O-MWCNT stock suspension (NanoLab
Inc, PD15LS5-20-COOH, Lot. # 06-6-10, outer diameter 15 +
S nm, length 5—20 um from the manufacturer) was prepared
by sonicating 10 mg of O-MWCNTs into 200 mL of deionized
water for ~20 h using a Branson 1510 ultrasonic bath operating
at 70 W. The stock suspension was then centrifuged (S min,
3000 rpm, Powerspin LX, Unico) to remove glass etched
during sonication and some larger CNT bundles for a final
concentration of slightly less than or equal to 0.05 mg/mL; the
same stock solution was used throughout this study. The same
procedure was followed for O-SWCNTs (Carbon Solutions,
P3-SWNT, Lot # 03-A014, outer diameter of individual or
bundles 1—S nm, length 1 + 0.5 ym).

Immediately prior to spray-coating, the stock PVOH solution
and stock O-CNT suspensions (O-MWCNTs and O-
SWCNTs) were combined aseptically in different volume
ratios to prepare casting solutions containing 0, 0.1, 1, 5, and
10% w/w O-CNT/PVOH. Each casting solution was shaken
vigorously, sonicated for 5 min, and added to a spray bottle
capable of nebulizing the solution. Autoclaved glass slides (1 X
25 X 75 mm) were placed onto a hot plate at 150 °C and
sprayed from a consistent distance (approximately 25 cm) in 10
s intervals to flash dry the casting solution upon contact (Figure
S1). This helped to minimize CNT aggregation during the
drying process. Casting solutions were sprayed 30 times (1.07
mL/spray + 0.05 mL/spray) to fully cover the glass slides with
CNT/PNC. The uniformity and average thickness of the
coating was determined by measuring the decrease in the
Si(2p) signal from the underlying glass substrate using X-ray
photoelectron spectroscopy (XPS) on different, randomly
selected regions of a PVOH and 10% w/w O-MWCNT/
PVOH nanocomposite.”””*> This analysis revealed that
regardless of CNT/PNC type, the average thickness of the
overlayer was ~8 nm; further information on how film
thicknesses were determined can be found in the SI. All
spray-coating was carried out inside a sterile biosafety cabinet
(Labconco Purifier Class I Biosafety Cabinet). To verify
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consistency in the preparation and properties of the nano-
composites, replicate samples (at least in duplicate) of each
nanocomposite type (0—10% w/w) were prepared separately
and studied in terms of their initial interactions with
microorganisms.

CNT/PVOH Nanocomposite Characterization. Scan-
ning Electron Microscopy (SEM) and X-ray Photoelectron
Spectroscopy (XPS). Procedures for XPS and SEM imaging of
PVOH and O-CNT/PVOH samples are outlined in the SL
Replicate SEM images of different nanocomposite areas and
separately sprayed slides are shown for each nanocomposite
type in Figure S2. Spectra of O-SWCNT/PVOH nano-
composites are shown in Figure S3.

Dissolution Controls. To ensure PVOH dissolution did
not have an effect on this study, high M, PVOH (M, =
31,000—50,000) was used since it is less susceptible to
dissolution compared to lower M, analogues. Nevertheless,
qualitative SEM control experiments were run to verify that
CNT/PNCs did not change in surface composition, specifically
in terms of the relative concentration of CNTs, over the short
time course of our immersion experiments (1—6 h, Figures S4
and SS). Further information can be found in the SL

The upper limits of metal ion (from residual metal catalyst
impurities in CNTs) and CNT release that could occur during
1 h of nanocomposite immersion were assessed in separate
experiments using ICP-MS. In both cases, the experiments
involved exposing the highest loading of O-SWCNTSs in PVOH
(10% w/w) to sterile milli-Q water (BMM) for 1 h. To
determine the concentration of metal ions released, the
supernatant that was generated after 1 h was filtered through
a 0.02 um glass fiber membrane to remove all particulate
matter, and the metal ion concentration in the filtrate was
measured with ICP-MS. This analysis revealed that the yttrium
ion concentration in the supernatant was at or below the
detection limit of the ICP-MS (<1 ppt). In contrast, the
concentration of released CNTs was determined by analyzing
the supernatant (no filtration) for the presence of yttrium
nanoparticles as a proxy for CNTs, as described in our previous
publication, using ICP-MS in single particle mode (sp-ICP-
MS).”® Using this method we determined that the upper limit
of the released CNT concentration from the nanocomposites
was approximately 90 ppb after 1 h immersion time in sterile
milli-Q water. Further information can be found in the SIL

Microbial Growth and O-CNT/PVOH Nanocomposite
Inoculation (1 and 6 h). To assess the effect of CNT loading
on the antimicrobial properties of O-CNT/PVOH nano-
composites, the initial cytotoxicity of P. aeruginosa (ATC
27853) on CNT/PNC surfaces was determined. Each O-CNT/
PVOH slide was submerged in a Petri dish containing 15 mL of
exponential phase P. aeruginosa in BMM under ambient
conditions. The nanocomposite slides were then removed
from the inoculum after 1 or 6 h, washed with depleted media,
and immediately transferred into fresh sterile Petri dishes for
subsequent LIVE/DEAD staining. Each CNT/PNC sample of
a particular CNT loading was exposed to three separately
grown P. aeruginosa cultures to ensure consistency in the
number of attached cells between cultures. Examples of the
reproducibility of the data acquired from these replicates are
shown for PVOH, 10% w/w O-MWCNT/PVOH, and 10% w/
w O-SWCNT/PVOH in Figure S6. Similarly, we verified that
for each nanocomposite type (0—10% w/w), the number of
attached cells was statistically the same for samples that were
spray-coated on different occasions. Media composition,
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growth conditions, and 6 h LIVE/DEAD images are described
in the SI (Figures S7—S9).

To assess the possibility that released CNT's could affect the
microorganisms in solution, two separate growth curves were
conducted in the presence of 90 ppb O-MWCNTs and 90 ppb
O-SWCNTs. These CNT concentrations were selected because
they represent the upper limit of released CNTs observed
during the course of our release control experiments using sp-
ICP-MS. Results from these growth curves revealed that there
was no effect at these low (ppb) CNT concentrations relative
to a growth curve without CNTs. Indeed, previous studies have
shown that CNT concentrations in the ppm range are typically
needed to inhibit cell growth.*® Results of this analysis can be
found in the Supporting Information (Figure S8 and related
text).

LIVE/DEAD Staining. A FilmTracer LIVE/DEAD Biofilm
Viability Kit (Molecular Probes, Invitrogen) containing SYTO
9 and propidium iodide (PI) stains was used.”* At least 15
images per CNT loading prepared at different times (at least
two different occasions) and exposed to three different cultures
were analyzed to determine the average percentage and
standard deviation of living P. aeruginosa cells on a given
CNT/PNC slide. Positive and negative controls for cytotoxicity
were run: these included staining microbes attached to PVOH
(0% w/w O-CNTs) and microbes purposely lysed with ethanol
on PVOH (Figure S10), respectively. Further details, as well as
a significant number of experimental controls, can be found in
the SI (Figures S11-S15). A FilmTracer SYPRO Ruby Red
Biofilm Viability Kit (Invitrogen, Life Technologies) was used
to stain the EPS on PVOH, 10% w/w O-MWCNT/PVOH,
and 10% w/w O-SWCNT/PVOH samples after 1 h of
microbial exposure (Figure S16). Background fluorescent
controls were run for this stain as well (Figure $17).”°

Confocal Laser Scanning Microscopy (CLSM). Microbes
on CNT/PNC surfaces stained with SYTO 9 and PI were
imaged using a Zeiss LSM 510 Multiphoton Confocor 3 CLSM
with a 40X water immersion objective (N.A. 1.2) to generate
dual channel 3D images for each sample. Further information
can be found in the SL

B RESULTS AND DISCUSSION

CNT/PNC Characterization. While the SEM images of
pure PVOH exhibited surfaces devoid of any cylindrical, CNT-
like structures (Figure 1), the presence of CNTs at the surface
of O-CNT/PVOH nanocomposites became increasingly
apparent as a function of increasing CNT loading. SEM images
also show O-SWCNTs and O-MWCNTSs randomly distributed
across the surface with minimal signs of aggregation across the
range of CNT loadings studied (0—10% w/w). The uniformity
of the surface is demonstrated by the consistency of SEM
images acquired in different, randomly selected regions (Figure
S2a-i).

To complement SEM data, XPS analysis was performed for
PVOH nanocomposites with varied O-MWCNT loadings
(>5% w/w), with the goal of evaluating the CNT
concentration at the O-CNT/PVOH surfaces (Figure 2). For
O-MWCNT/PVOH nanocomposites, the C(1ls) spectral
envelope could be well fit by contributions from the PVOH
and the CNT components, along with a small (<7.5%)
contribution from amorphous carbon contamination. The
ability to determine the O-MWCNT surface concentration
from the C(1s) fitting protocol can be attributed to the
differential charging behavior of PVOH and the O-MWCNTs,
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Figure 1. SEM images of well-dispersed, spray-dried O-MWCNT/
PVOH and O-SWCNT/PVOH nanocomposites as a fraction of CNT
loading ranging from 0 to 10% w/w.

which effectively separates their spectral envelopes.**”® In

contrast to the behavior of O-MWCNT/PVOH nano-
composites, O-SWCNT/PVOH nanocomposites did not
differentially charge to an extent that permitted spectral
deconvolution of the individual components (Figure S3).

XPS analysis of the C(ls) region indicates that the O-
MWCNT concentration at the surface in the % w/w region
under investigation (<10% w/w) should be directly propor-
tional to the composition of the casting solution (R* = 0.92)
(Figure 2). We attribute this proportionality in large part to a
consequence of the flash drying method used to prepare the
CNT/PNCs, which greatly restricts CNT aggregation and
essentially “locks” their structure and composition within the
polymer into a close representation of the O-CNT/PVOH
distribution in the casting solution.

Antimicrobial Properties of CNT/PNCs. Figures 3 and 4
show representative results of LIVE/DEAD staining used in
conjunction with CLSM to assess the cytotoxicity of P.
aeruginosa attached to O-MWCNT and O-SWCNT/PVOH
surfaces after 1 h of inoculation. This time period was selected
because it was sufficient for >1500 microbes to attach directly
onto the CNT/PNC surfaces and therefore provide a
statistically significant measure of the surface’s initial anti-
microbial properties. Cells that were considered attached were
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those that remained on the nanocomposite surfaces during the
staining procedure. Living and dead cells were counted using
image analysis software, and results are shown in Figure S. For
PVOH, the CLSM image is dominated by green fluorescent
cells, indicating that PVOH is benign to P. aeruginosa. In
contrast, the antimicrobial properties of the CNT/PNC
surfaces increased systematically with both O-MWCNT and
O-SWCNT loading as evidenced by the increasing number of
red fluorescent cells (Figures 3 and 4). Consequently, the
antimicrobial properties exhibited by the O-CNT/PVOH
nanocomposite surfaces are due to the inclusion of O-CNTs
(Figures 3 and 4).

At the highest O-MWCNT and O-SWCNT loadings of 10%
w/w, virtually all (>90%) of the P. aeruginosa fluoresced red,
indicating that the majority of cells had died. However, longer
term (6 h) experiments conducted on 10% w/w O-MWCNTs
(Figure 3) showed evidence of healthy (green) biofilm
formation for microorganisms located on top of dead cells
(red). Similarly, careful analysis of the CLSM images acquired
after 1 h of contact time between the P. aeruginosa and the
CNT/PNC surfaces revealed that some of the living micro-
organisms are actually deposited on top of dead micro-
organisms. CLSM analysis of these “live on top of dead”
structures exhibited heights in the range of ~4—7 um. In
contrast, individual microorganisms attached to the surfaces
had apparent heights of ~4—5 pym. It should be noted that in
CLSM, the height of the microbes appears stretched and taller
than their actual height (0.5—1 pm) due to the limited vertical
resolution of the CLSM (>1 gm) compounded by fluorescence
scattering between optical slices (Figures S18 and $19).”° Thus,
“live on top of dead” structures were consistent with about two
microbial layers, with living cells located on top of dead cells,
the latter in direct contact with the CNT/PNC surfaces.
Examples of this phenomenon are circled in white for 1% w/w
O-CNT/PVOH samples (Figures S18 and S19). The nature of
these structures supports the idea that CNT contact is
necessary to cause cell death.

Additional insights into the antimicrobial properties of CNT's
observed during the initial stages of microbial attachment can
be attained by considering the distribution and concentration of
CNTs at the interface in relationship to the two-dimensional
footprint of an attached P. aeruginosa microorganism, which is
rod-shaped and approximately 1 gm in length by >0.5 ym wide,
as revealed by SEM (Figure $20).”® By superimposing this two-
dimensional microbe footprint onto an SEM image of a PNC
surface, we can gauge the degree of direct interaction/contact
between attached P. aeruginosa microorganisms and CNTs at a
particular CNT loading (Figures S18 and S19). As shown in
Figure S19, this analysis reveals that the 1% w/w O-SWCNT/
PVOH nanocomposite surface consists of a relatively dense O-
SWCNT mesh, which is a reflection of the extremely high
aspect ratio of CNTs (microsized lengths and nanometer-scaled
widths). Consequently, most microorganisms that attach to the
CNT/PNC surface must make contact with multiple CNTs
(>5 CNTs). However, the corresponding CLSM image for 1%
w/w O-SWCNTs shown in Figure 4 reveals that more than
20% of the attached microorganisms are still alive despite many
appearing to be in direct contact with the underlying surface.
Moreover, the distribution of living and dead microorganisms
on the surface is entirely random with no evidence of any
patchiness that would indicate a lack of CNT dispersion in
localized areas. Thus, our experimental observations indicate
that a single contact event or interaction between a CNT and
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Figure 2. X-ray photoelectron spectroscopy (XPS) characterization of O-CNT/PVOH nanocomposites. a) C(1s) region of O-MWCNT/PVOH
nanocomposites with increasing O-MWCNT loading. The fitted PVOH components (dashed lines) and the O-MWCNT component (solid line) are
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Figure 3. CLSM images of LIVE/DEAD stained P. aeruginosa grown
statically for 1 h on O-MWCNT/PVOH slides with increasing O-
MWCNT loading from 0—10% w/w and at 6 h on a 10% w/w
nanocomposite.
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an attached microorganism does not guarantee that the
microorganism will die; otherwise, all of the attached P.
aeruginosa on the 1% w/w O-SWCNT/PVOH nanocomposites
surface would be dead, which is not the case.

We note that it is possible that not every CNT contact event
with an adsorbed microorganism is disposed to cause
membrane disruption. This would be the case, for example, if
a specific interaction were required, such as the puncturing of
the membrane by the exposed ends of a CNT. The amount of
EPS excretion, a common defense used in biofilms to protect
cells from environmental stressors,** was tested as it could
serve to diminish the antimicrobial nature of the CNT/PNCs
by effectively shielding attached bacteria from the CNTs. The
level of EPS was shown to be minimal on the CNT/PNC
surfaces after 1 h using a biofilm matrix stain (SYPRO Ruby
Biofilm Matrix Stain), indicating that EPS excretion is not an
important factor in the present study (Figure S16). Regardless
of the detailed explanation of this phenomenon, once the O-
SWCNT loading was increased to 10% w/w, almost all P.
aeruginosa (97%) attached to the PNC surface experienced >$
CNT contact events. Under these circumstances, the number of
CNT contact events and greater contact area between adsorbed
microorganisms and surface-bound CNTs was apparently
sufficient to cause almost all of the attached microorganisms
to die (Figures 3 and $). An analogous argument can be made
for O-MWCNTs on the basis of the data shown in Figures 4
and S. The present study is uniquely well-positioned to assess
the role that contact area plays in determining the antimicrobial
properties of CNT's because the distribution and concentration
of CNTs at the surface has been well-defined through the use
of SEM and XPS across a range of CNT loadings.

Our experimental data also clearly demonstrates that the
antimicrobial properties of CNTs are not eliminated when they
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Figure 4. CLSM images of LIVE/DEAD stained P. aeruginosa grown
statically for 1 h on O-SWCNT/PVOH slides with increasing O-
SWCNT loading from 0 to 10% w/w.

are oxidized, regardless of type (SWCNT or MWCNT) or
manufacturer (Carbon Solutions and NanoLab Inc., respec-
tively). Figure S21 demonstrates that as a function of increasing
CNT loading, the fraction of living cells deposited on both O-
SWCNT and O-MWCNT/PVOH surfaces can be reasonably
well fit with a first order exponential decay profile. On the basis
of this analysis, the O-SWCNTs are approximately three times
more cytotoxic than O-MWCNTs on a % w/w basis. We
ascribe this enhancement of O-SWCNT/PVOH antimicrobial
properties in part to a number density effect, since at the same
CNT loading there is a greater number of O-SWCNTs than O-
MWCNTs at the PNC surface. As a result, the number of
contact events and total contact area between attached
microbes and CNTs will always be greater for O-SWCNTs as
compared to O-MWCNTs (Figure S22). Regardless, the
antimicrobial properties of O-SWCNTs and O-MWCNTs do
not differ markedly from one another as a function of CNT
loading. We ascribe this similarity to be a consequence, at least
in part, of the high oxygen levels on the CNTs used (8.6% O
for O-MWCNTs, 92% O for O-SWCNTs as measured by
XPS). This level of surface oxidation is expected to significantly
disrupt the graphenic sidewall structure and cause the surfaces
of O-SWNCNTs and O-MWCNTs to appear somewhat
structurally and chemically similar, containing graphenic
sidewalls, interspersed with defect regions (and ends) where
oxygen-functional groups are localized.

Results from the present investigation can be compared with
other related studies. For example, Schiffman et al. evaluated
the cytotoxicity of pristine SWCNTSs toward E. coli, another
Gram-negative bacterium, as a function of SWCNT loading in
electrospun polymer mats. As the loading of pristine SWCNT's
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Figure S. Live and dead cell counting of P. aeruginosa confocal images
using image analysis software. The average percentage + one standard
deviation of attached living cells from >1S images of each O-MWCNT
and O-SWCNT/PVOH nanocomposite loading (0—10% w/w) is
shown.

increased from 0.1 to 1% w/w, cell death increased from 18%
to 76%, respectively.%’ In the present study, the cytotoxicity we
observed for P. aeruginosa increased from 27% to 73% cell
death as the O-SWCNT loading increased from 0.1% to 1%,
respectively. In another study, Rodrigues et al. saw 90% cell
death of E. coli on MWCNT/poly(N-vinylcarbazole) nano-
composites with 6% w/w MWCNT, while in our studies on O-
CNT/PVOH nanocomposites, we observed 86% cell death of
P. aeruginosa for 5% w/w O-MWCNT.>® Although the
microorganisms and type of CNTs differed among these
CNT/PNC studies, the similarities in the results are striking
and suggest that the antimicrobial properties of CNT/PNCs
toward Gram-negative bacteria may be broadly similar across a
range of CNT types. Interestingly, in studies where pristine
SWCNTs and MWCNTs were simply deposited onto surfaces,
only 85% and 30% cell death occurred for E. coli,
respectively.*>**”” Similar or even greater levels of cytotoxicity
were observed in the present study for surfaces that contained
<10% w/w CNTs. This suggests that the CNT dispersion state
may also be important in determining antimicrobial proper-
ties 43:4447,59,77

Although our experimental data does not provide a means to
definitively prove which mechanism(s) are responsible for the
cytotoxicity of oxidized CNTs, a mechanism that we can rule
out in this study is one being caused by the release of metal
ions from metal nanoparticles that are often present in CNTs
(Figure S23). This was evaluated explicitly in the present study
by using ICP-MS to measure the yttrium ion concentration
released from O-SWCNT/PVOH nanocomposites (~0.2 ppt)
after an hour of immersion in sterilized milli-Q water. Results
showed that the metal ion concentration was at or below the
detection limit of the ICP-MS (~0.1-1 ppt) (Figure S23),
much lower than the typical concentrations within the parts per
billion to parts per million range that can lead to an inhibitory
effect on microbial growth.””® Moreover, a cytotoxicity
mechanism governed by the release of metal ions would be
unlikely to require direct contact to exist between CNTs and
the microorganisms. Cell death simply caused by an increase in
hydrophobicity from an increase in CNT content was also ruled
out by showing that a hydrophobic surface (poly-¢-
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caprolactone) does not exhibit antimicrobial properties toward
P. aeruginosa after 1 h of bacterial deposition (Figure S24). We
note that most of the commonly proposed mechanisms that are
used to explain CNT cytotoxicity could reasonably be expected
to scale with the total contact area between attached
microorganisms and polymer-surface bound CNTs. For
example, the probability that the end of a CNT would align
correctly so as to puncture the cell membrane of an attached
microorganism should increase with the CNT-microorganism
contact area.”*** A cytotoxicity mechanism that scaled with
the number of contact events and/or the CNT-microorganism
contact area would also be anticipated should membrane ligid
disruption or protein binding contribute to cell death.>>*
Similarly, the magnitude of oxidative stress generated by CNT's
would also increase with CNT loading.***°~>*

In terms of broader environmental implications, this
investigation reveals that the cytotoxicity of CNTs will be
preserved for both SWNCTs and MWCNTs embedded in
commercial products after oxidation. Consistent with previous
studies, our results demonstrate the necessity for direct contact
to exist between surface-bound CNTs and attached micro-
organisms for antimicrobial effects to occur, with the caveat that
not every CNT-microorganism interaction leads to cell
death *3#%47596077 1 most commercial products where
CNTs are not directly exposed to the surrounding environ-
ment, antimicrobial properties will not manifest themselves
until CNTs are exposed at the surface of the material (e.g, after
a coating has been degraded). However, even under these
conditions, CNT-containing surfaces cannot be considered
truly antimicrobial since the onset of biofilm growth will only
be slowed by the presence of surface-bound CNTs but not
inhibited.
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on PVOH and 10% w/w O-MWCNT/PVOH (Figure S20);
antimicrobial trends on O-MWCNT/PVOH and O-SWCNT/
PVOH nanocomposites as a function of surface CNT loading
(Figure S21); an illustration of the number density effect of O-
MWCNTs versus O-SWCNTs in PVOH at 1% w/w with
respect to microorganism attachment (Figure $22); ICP-MS
analysis of metal ion release (Figure $23); sp-ICP-MS analysis
of CNT release using *’Y as a proxy for CNTs released from
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