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ABSTRACT: Polymer coatings featuring nonleaching
antibacterial agents are needed to significantly reduce
bacterial colonization and subsequent biofilm forma-
tion. Previously, single-walled carbon nanotubes (SWNTs)
have been reported to be strong antimicrobial agents
that kill microbes on contact. However, the antibacterial
activity of freestanding polymer mats with a low weight
percent of incorporated SWNT's has not been demon-
strated. In this study, four different weight percents of
well characterized, small diameter (0.8 nm) SWNTSs
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were incorporated into electrospun polysulfone (PSf) mats. Electrospun PSf—SWNT mats were observed to be flexible and
composed of continuous, cylindrical, and randomly oriented fibers. SEM micrographs revealed that SWNT ends were distributed
along the longitudinal fiber axis. Loss of bacteria (Escherichia coli) viability was observed to directly correlate to increased SWNT
incorporation within the mat, ranging from 18% for 0.1 wt % SWNTs to 76% for 1.0 wt % SWNTs. Time-dependent bacterial
cytotoxicity studies indicated that the antimicrobial action of the PSf=SWNT mats occurs after a short contact time of 15 min or
less. This study demonstrates the potential applicability of electrospun PSf—=SWNT mats as antibacterial coatings.
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B INTRODUCTION

Bacterial colonization and subsequent biofilm formation can
occur on virtually any surface. On ship hulls, biofilm formation
yields increased fuel consumption, whereas on biomedical im-
plants and transcutaneous devices, it can facilitate the transmis-
sion of infectious diseases, which can be fatal."* Hence, there
exists a high demand for robust antibacterial coatings that can be
readily applied to a variety of surfaces.

One inexpensive, scalable processing method that can be
utilized to fabricate such a flexible coating is electrospinning.
Here, electrical forces are utilized to fabricate nonwoven mats
comprising continuous nano- and macroscale diameter fibers
that exhibit outstanding intrinsic structure—property relation-
ships, notably high specific surface area and porosity.> Electro-
spinning can be applied to fabricate mats composed of a wide
range of materials, such as synthetic and natural polymers,
ceramics, and metals. Additionally, fabricated fiber mats can be
tailored by many routes, for example by surface chemical modi-
fications or incorporating species (e.g, nanoparticles and
7 This versatility
of composition makes electrospun mats ideal for use in a variety
of industrial and biomedical applications.

Mats electrospun with 1nc0rporated antibacterial agents
quaternized chltosan, s11ver,7 titanium dioxide,” zinc oxide, '° tetra-
cycline hydrochloride,"" N-halamines,'* and chlorhexidine'*—have

viruses) into the precursor spinning solution.’
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demonstrated potential for use in biomedical applications, such
as wound dressings, drug delivery platforms, and tissue engineer-
ing scaffolds. However, the exploitation of active antibacterial
agents yields concerns related to their release rate, agent deple-
tion, toxicity to human cells, and bacterial resistance.'* To cir-
cumvent these problems, immobilized, nonleaching antibacterial
agents that kill microbes on contact should be utilized.
Although most carbon-based nanomaterials are cytotoxic to
bacteria,"> '® single-walled carbon nanotubes (SWNTs) exhibit
the highest toxicity.'” ' Proposed cytotoxicity mechanisms
include physical membrane perturbation and oxidative stress.”>**
SWNT physiochemical properties—mainly dispersion/aggrega-
tion state, diameter, length, and electronic structure—influence
their toxicity.'”*>** Several studies demonstrate the antibacterial
properties of MWNTs and SWNTs in the form of suspended
aggregates””>" or as deposit layers."*'”**** However, the use of
either suspended or deposited carbonaceous nanomaterials as an
antibacterial coating is limited by both practicality and cost.
The incorporation of small amounts of SWNTSs into a polymer
matrix holds a greater potential to serve as a nonleaching anti-
bacterial coating. Recently, the toxicity of dip- and spin-coated
SWNT-polymer films supported by glass substrates has been
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investigated.14 Carbon blacks,>* multiwalled carbon nanotubes

(MWNTs),>*” 73 and SWNTs*' "5 have been successfully
incorporated into various electrospun polymers. These studies,
however, focused on the carbon nanotube alignment and on the
electronic, magnetic, or mechanical properties of the composite
fibrous mats. Thus, the antibacterial activity of freestanding,
flexible polymer-SWNT mats has yet to be demonstrated.

In this study, the antibacterial activity of SWNT's incorporated
into electrospun polysulfone (PSf) fiber mats is investigated. We
have utilized highly purified and well characterized narrow
diameter SWNTs in order to relate the observed cytotoxicity
to the SWNT physiochemical properties. The antibacterial
activity of the fabricated PSf fiber mats to the Gram-negative
bacteria, Escherichia coli, is evaluated as a function of the amount
of SWNTs incorporated and bacteria-fiber mat contact time.

B MATERIALS AND METHODS

Materials and Chemicals. Polysulfone (PSf) (M,, = 22000 Da),
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich (St. Louis, MO). SWNTs (lot number
SG65—000—0031), produced by the CoMoCAT process, were ob-
tained from SouthWest NanoTechnologies, Inc. (Norman, OK). Com-
pany-published specifications on the SWNTs include: tube diameter of
0.8 & 0.1 nm, carbon content >90% by weight, >50% of tubes are (6,5)
chirality, >90% of tubes are semiconducting, and a Raman D-band to
G-band ratio (D/G) of 0.960. Propidium iodide (PI) and 4’,6-diamidino-
2-phenylindole (DAPI) were purchased from Invitrogen (Carlsbad,
CA). Deionized water (DI) was obtained from a Milli-Q ultrapure water
purification system (Millipore, Billerica, MA).

SWNT Purification. As-received SWNTs were refluxed in hydro-
chloric acid (37%) for 12 h followed by filtration with a S-4m Omnipore
membrane (Millipore). The carbon products were rinsed repeatedly
with DI and the amorphous carbon was removed by oxidation at 350 °C
for 6 h.

PSf—SWNT Mat Fabrication. PSf/DMF (4 g in 20 mL corre-
sponding to S wt %) solutions were mixed for 24 h using a Tube Rotator
(VWR, Bridgeport, NJ). Various amounts of SWNTs (0, 0.4, 20, and
40 mg, corresponding to 0, 0.1, 0.5, and 1.0 wt %, respectively) were
added and sonicated continuously for 1 h using an ultrasonication probe
(Misonix 3000, Misonix Inc., Farmingdale, NY). The PSf/DMF solution
containing SWNT's was loaded into a BD Luer-Lok tip syringe (Becton,
Dickinson & Co., Franklin Lakes, NJ). A Precision Glide 21-gauge
needle (Becton, Dickinson & Co.) was attached to the syringe prior to
securing it to an advancement pump (Harvard Apparatus, Plymouth
Meeting, PA). Alligator clips were used to connect the positive anode of
a high-voltage supply (Gamma High Voltage Research Inc., Ormond
Beach, FL) to the needle and the negative anode to a copper plate
wrapped in aluminum foil. The speed of the advancement pump,
separation distance between the needle and collection plate, and applied
voltage were held constant at 0.8 mL/h, 7 cm, and 20 kV, respectively.

Characterization. Raman spectra were acquired utilizing an ex-
citation wavelength of 785 nm on an NRS-3100 instrument (Jasco)
equipped with a confocal microscope. Thermo-gravimetric analysis
(TGA) (SETSYS 16/18) was performed from 200 to 1000 °C at a
heating rate of 10 °C/min. Average solution conductivity was deter-
mined from triplicate readings using a YSI Model 32 conductance meter
(Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio). Micro-
graphs were acquired using a Hitachi ultra-high-resolution analytical
field-emission scanning electron microscope (SEM) SU-70. An Emitech
SC7620 sputtering machine was used to coat the surface of samples for
30 s with gold—platinum. Fiber diameter distribution was determined
using ImageJ 1.41 software (National Institutes of Health, Bethesda,

A) As-Rgceived SWNTs B) Purified SWNTs

Figure 1. TEM micrographs of SWNTs (A) before and (B) after
overnight purification using concentrated (37%) HCl solution.
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Figure 2. Raman spectra acquired using 785 nm excitation of as-
received SWNTs and SWNTs after purification. Based on their radial
breathing mode (RBM) peaks, purified SWNTs have diameters ranging
from 0.88 to 0.78 nm.

MD) by measuring the diameter of 50 random fibers from at least §
different micrographs. Transmission electron microscopy (TEM) of
as-received and purified SWNTs was conducted by NanoTEM Inc.
(Phoenix, AZ).

Evaluation of Antibacterial Activity of Electrospun PSf-
SWNT Mats. Escherichia coli (E. coli) K12 was grown in Luria—Bertani
(LB) Broth medium at 37 °C and harvested in the midexponential
growth phase. To remove residual macromolecules and other growth
medium constituents, we washed cells twice and then resuspended them
in an isotonic solution (0.9% NaCl, pH 5.7).

To study their toxicity to E. coli, we placed electrospun PSf—SWNT
mats (25.4 mm X 25.4 mm) at the bottom of S1 mm® Petri dishes
(Becton, Dickinson & Co., Franklin Lakes, NJ) to which the resuspended
cells (10 cells/mL) in an isotonic solution (0.9% NaCl) were added. The
toxicity of purified SWNT's was determined by preparing SWNT coatings
as follows. About 2 mg of purified SWNTs were dispersed in 4 mL of
DMSO and probe sonicated (Misonix 3000, Misonix Inc.) for 1S min.
The suspension was then filtered through a mixed cellulose ester mem-
brane filter (HABP, Millipore) to form a SWNT-coated filter. Next,
100 mL of ethanol was filtered through the membrane to remove residual
DMSO, followed by 100 mL of 50% ethanol and 300 mL DI to remove
the residual ethanol. Once cleaned, E. coli cells (10° cells/mL) were
gently deposited by vacuum filtration onto the SWNT-coated filter, which
was then transferred to separate Petri dishes. For all toxicity assays,
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A) 0 wt% SWNTs

B) 0.1 wt% SWNTs

E) 1.0 wt% SWNTs

Y ¢

Figure 3. SEM micrographs displaying electrospun PSf mats containing (A) 0, (B) 0.1, (C, D) 0.5, and (E) 1.0 wt % loading of SWNTs. Images A—C
and E display a S 4m marker to demonstrate the overall fiber morphology. Image D displays a close-up image of a single large fiber containing dispersed

SWNT bundles, with a 1 #m marker displayed.
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Figure 4. Fiber diameter distribution for mats electrospun from PSf
containing 0, 0.1, 0.5, and 1.0 wt % initial loading of SWNTs as
determined using Image] software on SEM micrographs. For each
SWNT loading, the average fiber diameter and standard deviation of
50 random fiber diameters measured are also given.

E. coli cells were incubated at 37 °C for various times (15—60 min),
depending on the experiment. No external forces were applied during
incubation.

Viability loss was determined by a fluorescence assay as previously
described.'®** Cells were stained in the dark with PI (excitation/
emission at 535 nm/617 nm) for 15 min and then counter-stained with
DAPI (excitation/emission at 358 nm/461 nm). Fluorescence images
were acquired to detect the cells utilizing an epifluorescence microscope

1.0 wt% SWNTS|
0.5 wt% SWNTs

0.1 wt% SWNTs

0 wt% SWNTs
1 1 1 1 1 1 1 1
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Figure 5. Raman spectra acquired using 785 nm excitation of PSf
electrospun mats containing 0, 0.1, 0.5, and 1.0 wt % SWNTs.

(Olympus) with a U filter (364 nm/440 nm). Ten representative images
were taken at 200X magnification at various locations for each specimen.
Dead cells and the total number of cells were determined by direct cell
counting. The percentage of dead cells (or loss of viability) was
determined from the ratio of the number of cells stained with PI divided
by the number of cells stained with DAPI plus PL

B RESULTS AND DISCUSSION

SWNT Characteristics. To remove metal impurities and
amorphous carbon, as-received SWNT's were purified using con-
centrated (37%) hydrochloric acid. Representative TEM micro-
graphs (Figure 1) indicate that nanotubes were single walled and
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bundled. After purification, SWNT sidewall structure remained
intact and negligible metal impurities and amorphous carbon
were visible. From thermogravimetric analysis (TGA) (see
Figure S1 in the Supporting Information), it was determined
that the purification procedure decreased the concentration of
residual metal impurities from 1.9% for the as-received to 0.8%
for the purified SWNTs.

Figure 2 displays the Raman spectra featuring the character-
istic bands of both the as-received and purified SWNTs. The
diameter of SWNT's can be determined utilizing the diameter-
dependent frequency of the radial breathing mode (RBM), at v <
400 cm” !, wherein the tube diameter, d = 248/v. Purified
SWNTs exhibited diameters ranging from 0.88 to 0.78 nm,
which was a smaller diameter distribution than the as-received
SWNTs (1.01 to 0.65 nm). This “narrowing” was most likely a
result of the purification process, which removed the amorphous
carbon and metal impurities. The diameter of the purified tubes is
consistent with the specifications reported by the manufacturer
(SouthWest NanoTechnologies, Inc.), namely d = 0.8 & 0.1 nm.

Two other characteristic bands are displayed in Figure 2:
(i) the SWNT tangential mode or G-band at 1600 cm ' that
occurs because of the in-plane Raman-active mode in graphite
and (i) the SWNT disorder-induced D-band at 1350 cm ',
which provides information about the crystalline quality of the
samples. The D-band is representative of the degrees of structural
disorder within the SWNTs.>' From these bands, the D-band to
G-band ratio (D/G), which is an empirical measure of purity, was
determined to be 0.56 and 0.97 for as-received and purified
SWNTs, respectively. These values are consistent with the D/G
ratio (0.960) reported by the manufacturer (SouthWest Nano-
Technologies, Inc.). The increase in the ratio indicates that the
purification process increased the concentration of defects to the
SWNTs.

PSf—SWNT Mat Characteristics. Polysulfone (PSf) was
chosen to be the main constituent of all electrospun mats due
to its high thermal and chemical stability.** *° Pure polymer
mats were successfully electrospun from S wt % PSf solution
(0 wt % SWNTs) and composed of fine, cylindrical fibers, with
some beads also present (Figure 3A). The previously described,
purified, debundled SWNT's were incorporated at various weight
loadings (0.1, 0.5, and 1.0 wt %) by mechanical mixing into PSf
solutions of the same composition (S wt %). This aided in coa-
ting and dispersing the carbonaceous material.*' The composite
solutions were then successfully electrospun into fibrous PSf—
SWNT mats (Figure 3). Even at low (0.1 wt %) loadings, disper-
sed SWNT bundles were apparent in SEM micrographs
(Figure 3B). A close-up of SWNTs within an electrospun fiber
containing 0.5 wt % SWNTs is presented in Figure 3D. This
micrograph reveals that the surface morphology of individual PSf
fibers is slightly rough, with some pitting present. Additionally,
the dispersed SWNT bundles are prominently displayed as white
spots on the close-up fiber.

All PSf=SWNT mats could be peeled away from the alumi-
num foil that covered the electrospinning target and were
flexible. Visually, the color of the mats intensified with increasing
SWNT incorporation. At 0 wt % SWNTs, PSf mats were white,
whereas, at 0.1, 0.5, and 1.0 wt % SWNT loadings, they were off-
white, light ash gray, and deep gray, respectively (see Figure S2 in
the Supporting Information). Despite the visual changes, in-
creasing the SWNT incorporation did not drastically alter the
individual fibers within the mats. The concentration of beading
seemed to decrease and, at 1.0 wt % SWNT loading, no beads
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Figure 6. Fluorescence-based toxicity assay results for electrospun PSf
mats containing 0, 0.1, 0.5, and 1.0 wt % SWNTs, as well as for a (100 wt %)
SWNT-coated commercial filter. E. coli cells were incubated on the
sample of interest for 1 h in an isotonic solution (0.9% NaCl, pH 5.7).

were observed (Figure 3E). This finding was expected because
increasing the electrospinning solution conductivity—e.g., by
incorporating metal nanoparticles*’ or cationic salts*""**—has
demonstrated the suppression of bead formation.** Our electro-
spinning solution conductivity increased upon SWNT incor-
poration, from 30 ¢S/ cm for the PSf/DMF solution to 61 #S/cm
after the addition of 1 wt % SWNTs, in agreement with previous
studies.””*%

Average fiber diameters (n = 50) for the electrospun PSf—
SWNT mats are displayed in Figure 4. Mats comprising pure PSf
had an average fiber diameter of 159.5 4= 71.5 nm. At all wt %
SWNTs incorporation concentrations, both the average and the
range of fiber diameters increased. The diameters of electrospun
fibers with 0.1, 0.5, and 1.0 wt % SWNT loading were on the same
order at 255.6 £ 103.0 nm, 274.2 + 111.8 nm, and 293.14 +
115.0 nm, respectively. As previously noted, the incorporation of
SWNTs into the electrospinning solution increases its conduc-
tivity, which, in turn, affects the fiber diameter.>!

The presence of SWNT's within the electrospun PSf fibers was
confirmed by Raman spectroscopy. Figure S displays the average
spectra acquired on five different PSf mats electrospun with 0,
0.1, 0.5, and 1.0 wt % SWNT loading. At 0 and 0.1 wt % SWNT
loading, only bands characteristic of PSf are displayed. At 807
em ' is the C—S—C symmetric stretch, which was previously
assigned to out-of-plane benzene ring C—H deformation. The
symmetric and asymmetric SO, stretching bands are located at
1088 and 1124 cm™ ', respectively, and the symmetric C—O—C
stretching (1164 cm™ ') has the strongest intensity.**~* How-
ever, these four peaks become less prominent at 0.5 wt % SWNT
loading, when the RBM, G-band, and D-band become evident.
These peaks appear constant as the concentration of SWNTSs
increases from 0.5 to 1.0 wt %. In comparison to the spectra taken
on SWNT powder (Figure 2), these three peaks are shifted to
slightly higher frequencies when reinforced by the polymer
matrix of the electrospun PSf. This observation could be
attributed to interactions between the polymer and SWNTs"’
and is further supported by TGA. Our TGA data for electrospun
PSf mats containing variable amounts of SWNTs indicate that
the presence of SWNTs within the PSf mats shifts the degrada-
tion peaks to higher temperatures than those observed for either
pure PSf mats or SWNTs alone (see Figure S3 in the Supporting
Information).

dx.doi.org/10.1021/am101043y |ACS Appl. Mater. Interfaces 2011, 3, 462-468



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

B) 0.1 wt% SWNTs

Figure 7. SEM micrographs displaying E. coli that have been incubated for 1 h on (A, B) PSf mats containing 0.1 wt % SWNTs and commercial filters
coated with (C) 0and (D) 100 wt % SWNT coating, respectively. Micrographs A and C display viable cells, whereas B and D display cells that have been

inactivated by SWNTs.

Antibacterial Properties of PSf—SWNT Mats. The toxicity
of electrospun PSf—=SWNT mats to E. coli was evaluated using a
fluorescence-based viability assay. Figure 6 indicates that bacteria
inactivation after 1 h of contact with the test mats increased as a
function of SWNT incorporation within the electrospun PSf
mats. Control electrospun mats (0 wt % SWNTs) exhibited a9 &
4% inactivation rate of cells. Electrospun PSf—SWNT mats
containing a low-SWNT loading (0.1 wt %) exhibited an average
loss of cell viability of 18 4= 8%, whereas at the highest SWNT
loading (1.0 wt %), the rate of inactivation was much higher,
76 % 5%. This observation is likely a result of the increased pre-
sence, distribution, and likelihood of SWNT ends and bundles
extending from the PSf fibrils and making direct contact with the
bacteria.

Viable (Figure 7A) and inactivated bacteria (Figure 7B) show
a distinct difference in cell morphology. The inactivated cells
appear flattened and lose their cellular integrity, indicating they
experienced irreversible cell damage and cell death.”” The align-
ment of the E. coli along or perpendicular to the fiber axis might
have some influence on cell inactivation. Perhaps at the lower
weight percent SWNT loading, the cells that are touching multi-
ple fibers have a greater chance of being in contact with fibers that
contain exposed SWNT ends.

For comparison, the toxicity of commercial filters (i.e., control
with no SWNTs) and commercial filters coated with 100 wt %
purified SWNTs was also evaluated. The 100 wt % SWNT-
coated commercial filters (Figure 6, solid white bar) exhibited
slightly higher toxicity (88 & 3%) than PSf mats loaded with
1.0 wt % SWNTs (76 £ 5%). These toxicity results are in agree-
ment with previous experiments, wherein SWNT-coated filters,
featuring SWNT's that measured 0.9 nm in diameter by 2 ¢m in
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Figure 8. Fluorescence-based toxicity assay results as a function of
incubation time for electrospun PSf mats containing 1.0 wt % SWNTs. E.
coli was incubated on electrospun mats in an isotonic solution (0.9%
NaCl, pH 5.7) at 37 °C.

length, exhibited an E. coli inactivation rate of 87 & 7%.2* Bacteria
in contact with the SWNT-coated filters were both flattened and
expanded (Figure 7D) compared to live cells on the control
filters with no SWNTs that appeared healthy (Figure 7C). Bac-
teria exposed to the 100 wt % SWNT-coated filters are in contact
with more SWNTs than when introduced to the electrospun low
weight percent SWNT mats, which explains why they appear
more flattened than those inactivated by the mats.

Loss of viability as a function of time for mats electrospun from
PSf solutions containing 1.0 wt % SWNTs is displayed in Figure 8.
After 15 min of contact, the shortest time interval that can be
tested using the fluorescence-based toxicity assay, high levels of

dx.doi.org/10.1021/am101043y |ACS Appl. Mater. Interfaces 2011, 3, 462-468
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toxicity (65 & 23%) were achieved. This percent of inactivation is
not statistically different from the loss of viability observed after
2 h (76 £ 11%). These results are in agreement with our recent
study concerning the bacterial toxicity of semiconducting
SWNTs, where inactivation of E. coli did not increase beyond
15 min of incubation.”

Il CONCLUSION

Narrow-diameter SWNTs have been successfully incorpo-
rated into electrospun PSf fibrous mats. Regardless of the wt %
of SWNTs incorporated, individual fibers within the composite
mat are continuous, cylindrical, and randomly oriented. PSf—
SWNT mats can be directly electrospun onto or applied as a
conformal coating to any surface where bacterial colonization
might occur. Increasing the SWNT loading within the electro-
spun mats directly correlates to increased toxicity of the fabri-
cated mats. With 1.0 wt % SWNTs incorporated, electrospun
PSf—SWNT mats exhibited nearly comparable toxicity to 100 wt
% SWNT-coated filters. However, since antibacterial fibrous
mats featuring a low weight percent of SWNT's can be applied
as a thin coating to virtually any surface, they offer far greater
versatility of application than uniform SWNT coatings.

B ASSOCIATED CONTENT

© Ssupporting Information. Thermo-gravimetric analysis
(TGA) of as-received SWNTs (Figure S1); digital images of
PSf mats electrospun at various SWNT loadings (Figure S2);
TGA analysis of electrospun PSf membranes containing various
loadings of SWNTs (Figure S3) (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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