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ABSTRACT: Antibiotic resistance is a significant and growing public
health problem. This work investigated the use of two different carbon
nanomaterials, single-walled carbon nanotubes (SWNTs) and nano-
graphene oxide (NGO), as a means of delivering the antibiotic
tetracycline to a strain of Escherichia coli bacterium with an efflux pump
resistance mechanism. Both SWNTs and NGO carrying tetracycline
were found to inhibit the resistant strain of Escherichia coli, though the
amount of tetracycline delivered was much lower than the minimum
inhibitory concentration of free tetracycline. Attachment of the
tetracycline to the nanomaterials was found to be necessary for the
inhibition of bacterial growth, indicating that the nanomaterials were
transporting the antibiotic into the cells and subverting the efflux pump.
SWNTs were observed to have greater efficacy in delivering tetracycline
than graphene oxide, which is attributed to the SWNTs’ needle-like shape. This work demonstrates both the use of carbon
nanomaterials as antibiotic-delivery vehicles and the effect of nanomaterial shape on their efficacy. More importantly, it demonstrates
that nanomaterials can successfully extend the life of existing antibiotics, making them an important tool for combatting antibiotic
resistance mediated by an efflux pump mechanism.
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■ INTRODUCTION

Antibiotic resistance is one of the most significant health
concerns facing humanity. Each year in the United States,
approximately 2 million people contract an antibiotic-resistant
infection, and roughly 23 000 people die from such infections.1

Furthermore, the economic impact of antibiotic-resistant
infections is estimated to be $20−$35 billion each year.1 On
an international scale, more than 700 000 people die each year
from antibiotic-resistant infections.2 Additionally, the World
Bank estimates that the death toll could reach 10 million
annually by 2050 if no progress is made.3 Indeed, the World
Health Organization lists antibiotic resistance as one of the
greatest threats to “health, food security, and development”.2

As microbes develop resistance to current antibiotics, the high
cost of research and development makes the discovery and
development of new antibiotics a stiff economic challenge for

pharmaceutical companies.4 The time from the start of
research through regulatory approval and clinical trials is
estimated to be two decades,5 making the development of new
antibiotics all the more challenging. Because of the wide-scale
nature of the problem, a widespread effort must be exerted to
combat antibiotic resistance.
In a recent survey of 67 countries across 5 continents, E. coli

was one of the five most-reported resistant bacteria.6 This
Gram-negative pathogen is responsible for many foodborne
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illnesses and other infections. In this work, tetracycline-
resistant E. coli were produced by using the pBR322 plasmid to
transform the DH5α strain of E. coli. This plasmid was
assembled from three different naturally occurring plasmids
and contains both a tetracycline-resistance gene, tetA, and an
ampicillin-resistance gene.7 The tetA gene codes for an efflux
pump, a transmembrane protein that expels tetracycline8 by
exchanging a monocationic metal−tetracycline complex inside
the cell with a proton outside the cell.9 This system removes
tetracycline before it can interact with its target, the ribosome,
sparing the organism from the effect of the antibiotic.
Nanomaterials are an area of opportunity in the battle

against antibiotic resistance, and research has already revealed
the antimicrobial properties of some nanomaterials. For
instance, Ag and Au nanoparticles as well as nanoparticles
made of other metals, semiconductors, and metal oxides, have
been shown to effectively kill or damage many different species
of bacteria.10−12 There has also been much work on using a
variety of nanomaterials for the delivery of therapeutic
agents,13−32 including anticancer13−18 and antifungal
drugs.31,32

Carbon nanomaterials, particularly carbon nanotubes and
graphene, have been well-researched and found to be effective
for drug delivery, as summarized in several review
articles.19,20,23,27,29,30 However, only a few studies have been
published about the use of carbon nanomaterials to deliver
antibiotics. In one study, Assali et al. covalently attached
ciprofloxacin to SWNTs and exposed Staphylococcus aureus,
Pseudomonas aeruginosa, and E. coli to those functionalized
SWNTs.33 They found that their Cipro-SWNTs were 16 times
more effective than free ciprofloxacin toward S. aureus and P.
aeruginosa and 8 times more effective toward E. coli.
Thakur et al. reported the use of fluorescent carbon dots for

delivery of ciprofloxacin (Cipro@C-dots) to E. coli, Bacillus
subtilis, S. aureus, and P. aeruginosa.34 They found that their
Cipro@C-dots were effective against ciprofloxacin-sensitive
strains of the Gram-positive and Gram-negative bacteria they
tested. They also found evidence that the C-dots exhibited
some antibacterial activity and suggested that synergy between
the nanomaterial and antibiotic could explain the observed
effectiveness.
In 2010, Ghosh et al. used para-aminobenzoic acid-

functionalized graphene oxide (GO) to deliver tetracycline to
resistant E. coli.35 However, they did not report testing the
separate addition of graphene oxide and tetracycline, so their
studies could not rule out that graphene oxide damage to the
cell membranes allowed tetracycline to enter the cells.
Additionally, Gao et al. investigated the effect of GO on the
sensitivity of E. coli, and S. aureus to three different antibiotics:
lincomycin hydrochloride, chloramphenicol, and gentamycin
sulfate.36 They found that exposing the bacteria to GO before
being treated with the antibiotics generally increased the
effectiveness of lincomycin and chloramphenicol toward the
bacteria. They attributed this result to GO-induced damage to
the cell membranes. These findings by Gao et al. suggest that
Thakur et al.’s results with Cipro@C-dots and Ghosh et al.’s
results with graphene oxide could indeed arise from damage
that the nanomaterials inflict on bacterial cell membranes. This
is also in agreement with findings that graphene oxide has
antibacterial properties.37,38

Very recently, Khazi-Syed et al. used SWNTs to deliver
doxycycline and methicillin to methicillin-resistant Staph-
ylococcus epidermidis.39 They found that the SWNT/methicillin

nanocomposite was 40 times more effective at inhibiting the
bacteria than methicillin alone, whereas the SWNT/doxycy-
cline complex was only slightly more effective than just the
antibiotic. They also showed that their SWNT/antibiotic
complexes were less toxic to mammalian cells than antibiotics
alone.
These results clearly illustrate the potential for carbon

nanomaterials to deliver antibiotics and the importance of
understanding the toxicity of nanomaterials toward cells. In
general, previous research has determined that several factors
play a key role in determining the level of toxicity of SWNTs
and graphene: (1) the size and shape of the nanomaterial, (2)
the degree of functionalization of the nanomaterial, (3) the
type of cell involved, and (4) the degree of agglomeration of
the nanomaterial.40,41 Specifically, nonfunctionalized SWNTs
exhibit detrimental effects on both human40,42−45 and
bacterial46,47 cells, as well as bacteria biofilms.48 Likewise,
graphene and graphene oxide can cause cellular damage and
disruption in mammalian49−52 and bacterial cells.37,53 Con-
versely, functionalized SWNTs41,54,55 and graphene49−51,56 are
much less toxic to a variety of cell types. These results
demonstrate the importance of the type and degree of
functionalization and the cell type on the toxicity of carbon
nanomaterials. Although previous work can provide some
guidance, the cytotoxicity of each nanomaterial is best
determined on a case-by-case basis.
Given the effectiveness of carbon nanomaterials in delivering

drugs, we chose to investigate the use of SWNTs and NGO to
deliver tetracycline to antibiotic-resistant E. coli. Tetracycline is
a common, broad-spectrum, bacteriostatic antibiotic that is
effective against Gram-negative bacterial infections, which are
more resistant to treatment.1,5 Moreover, tetracycline and its
derivatives are being employed more frequently as additional
Gram-negative bacteria exhibit resistance to other antibiotics,
and the tetracycline family is the third-most-widely prescribed
class of antibiotics in the world.1 Tetracycline binds to the 30s
subunit of the ribosome and inhibits protein synthesis.57,58

Specifically, X-ray diffraction shows that tetracycline binds in a
space 20 Å wide and 7 Å deep, so the antibiotic must be able to
detach from the delivery system to successfully bind to the
ribosome. Therefore, our goal was to construct a nanomateri-
al−antibiotic system that would release the antibiotic within
the cell. Numerous studies have shown that tetracycline has an
affinity for carbon nanotubes59 and graphene.60 Both of these
nanomaterials will adsorb tetracycline from aqueous solutions,
indicating that noncovalent attachment is possible under such
conditions. We hypothesized that noncovalent attachment
would be strong enough to deliver tetracycline into the cells
but not so strong that the tetracycline could not be released
within the cells. Our results demonstrate the effectiveness of
functionalized SWNTs and NGO to deliver tetracycline to the
antibiotic-resistant E. coli.

■ EXPERIMENTAL SECTION
SWNTs Preparation. SWNTs were purchased from Carbon

Solutions, Inc. (P2-SWNT, > 90% carbonaceous purity). These
SWNTs are typically between 2 and 5 μm long. Shorter SWNTs are
easily dispersed in aqueous solutions and better suited to enter
cells.43,61 Therefore, a strong acid treatment was used to cut the
SWNTs into segments of 500 nm or shorter.62 First, a 3:1 mixture by
volume of concentrated sulfuric and nitric acids was prepared.
SWNTs were added in a proportion of 1 mg of SWNTs to 10 mL of
acid mixture. Next, the reaction flask was submerged in ice water in an
ultrasonic bath, (Elma S30H Elmasonic) that was located in a cold
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room maintained at 4 °C. The ice in the bath was replenished every
30−45 min to keep the temperature below 8 °C. Close temperature
control was necessary because Shuba et al. reported that if the
temperature exceeded 8 °C, significant degradation of the SWNTs
would occur.62 Next, the SWNTs were sonicated for 12 h. After
sonication, the reaction flask was removed from the ultrasonic bath,
and the acid was neutralized using a solution of saturated sodium
carbonate. After neutralization, the suspension of cut SWNTs was
filtered using a 0.2-μm filter membrane (Millipore), and then the
filtrate was washed with copious amounts of deionized (DI) H2O to
remove the Na2SO4 and NaNO3 byproducts from the neutralization.
After being washed, the cut SWNTs were placed in a covered Petri
dish and allowed to dry in ambient conditions.

The cut SWNTs were characterized using transmission electron
microscopy (TEM; LVEM 25, 25 kV accelerating voltage). Multiple
images of each nanomaterial were acquired to obtain reliable statistics
on the size measurements. Images were calibrated with a scale bar and
analyzed using ImageJ.63 The sizes of at least 100 distinct particles
(SWNTs or NGO) were measured, and the averages and standard
deviations of the size measurements were calculated. This analysis
(see Supporting Information Figures S1 and S2) shows that the raw
SWNTs had a length of 4.0 ± 1.7 μm. The cut SWNTs had a length
of 1.1 ± 0.4 μm. The cut SWNTs had a much shorter average length
and a much narrower distribution of lengths than the untreated
SWNTs. However, the average length of the SWNTs after acid
treatment was somewhat greater than that found by Shuba et al.,
which is attributed to the shorter reaction time used in this work.

Figure 1. (a) Schematic of PEGylation of SWNTs followed by TET attachment. (b) Schematic of PEGylation of NGO followed by TET
attachment. (c) SWNT−PEG (left), NGO−PEG (middle) dispersed in LB broth, both at concentrations of 100 μg/mL. Pure LB shown on right
for comparison.
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Bacterial Culture Preparation. Broth cultures were prepared for
both the E. coli DH5α and DH5α-pBR322 strains. Three milliliters of
LB broth was inoculated with bacteria of each strain. The cultures
were incubated overnight at 37 °C at 150 rpm agitation. Each strain
grew to an absorbance of approximately 1.0 at 600 nm.
Synthesis of SWNT−PEG and NGO−PEG. Covalent attachment

of poly(ethylene glycol), (PEG) also known as PEGylation,18 is a very
useful method for increasing the solubility and biocompatibility of
nanomaterials.56 Therefore, to increase the water solubility of the
SWNTs and NGO, PEG was covalently attached to the SWNTs and
NGO in solution using an esterification reaction similar to that
reported by Liu et al.18 in which carboxylic acid groups on the cut
SWNTs or NGO react with hydroxyl groups on the PEG to form an
ester that covalently attaches the PEG to the SWNTs (Figure 1a).
Specifically, the cut SWNTs or the NGO (Carbon Solutions, Inc.,
product code GO) were added to DI H2O in a ratio of 1 mg of
SWNTs to 1 mL of DI H2O. To this solution was added 8.5 μg of
glycerol ethoxolate (Sigma-Aldrich, average Mn ≈ 1000) for every 1
mL of DI H2O. The mixture was bath sonicated for 5 min to
thoroughly disperse the SWNTs or NGO. Next, N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC,
Sigma-Aldrich, 98%) was added in the same mass as the nanomaterial,
and the mixture was sonicated for 30 min. Finally, three times the
mass of EDC as previously added was added to the mixture. This
mixture was then stirred for 24 h in a cold room maintained at 4 °C.
At this stage, the preparation of the SWNTs and NGO differed. The
preparation of the SWNTs is described here, and the preparation of
the NGO is described in the next paragraph. After being stirred for 24
h, the mixture was filtered using the 0.2-μm membrane. The
attachment of PEG was verified using 1H nuclear magnetic resonance
(NMR; Bruker Avance 300 MHz) spectrometry with all samples
dissolved in CD3COCS3, as well as Fourier transform infrared (FTIR;
Nicolet 6700) spectroscopy (see Figures S6 and S7 and Table S2).
The PEG-attached SWNTs or NGO (SWNT−PEG, NGO−PEG)
were collected in a sterile covered plate and stored at room
temperature. The SWNT−PEG was also analyzed by TEM. The
lengths of the PEGylated SWNTs were found to be 1.1 ± 0.6 μm,
which is essentially identical to those of the cut SWNTs.
Continuing with the description of the NGO preparation, after 24

h on the stir plate, phosphate buffered saline (PBS) at an amount
equal to 1/20 of the original solution volume and deionized water (1/
6 of the original solution volume) were added to the flask and swirled.
The resulting solution was centrifuged at 9000 rpm for 1 h. After
centrifugation, the NGO−PEG was collected by filtration through a
0.2-μm membrane (Millipore). The attachment of PEG to the NGO
was confirmed by NMR and FTIR spectroscopies. TEM images of the
NGO and NGO−PEG were also collected and analyzed (see Figures
S1 and S3). For size analysis, these forms of graphene were
approximated as being rectangular in shape, which is close to the
observed shape of an overwhelming majority of particles observed.
For NGO, the average dimensions were found to be 86 ± 51 nm × 25
± 13 nm, and for NGO−PEG, the average dimensions were 69 ± 32
nm × 33 ± 16 nm. Both SWNT−PEG and NGO−PEG dispersed
well in LB broth at concentrations of 100 μg/mL, as shown in Figure
1c.
Functionalization of SWNT−PEG and NGO−PEG with TET.

Tetracycline (TET) is light-sensitive, so every effort was made to
minimize its exposure to light during all experiments. As a general
practice, the room lights were turned off, and all containers containing
TET were wrapped in aluminum foil. First, the SWNT−PEG or
NGO−PEG was sterilized in an autoclave, and all subsequent
procedures were carried out under sterile conditions. For the
noncovalent attachment of TET, different mass ratios of TET to
SWNT−PEG and NGO−PEG were tested. It was found that a mass
ratio of 1.0−1.5 resulted in the maximum amounts of attached TET.
Typically, 0.014 g of tetracycline (Sigma-Aldrich, >98.0%) and an
equal amount of SWNT−PEG or NGO−PEG were measured and
added to DI H2O in a ratio of 1 mg of SWNT−PEG to 1 mL of DI
H2O. The tetracycline was dissolved in minimal amounts of 70%
ethanol (1−1.5 mL). The tetracycline solution was added to the

SWNT−PEG solution in an aluminum-foil-covered flask and stirred
for 18 h in a 4 °C cold room. After a period of 18 h, the solution was
filtered using the same filter apparatus as previously mentioned, and
the tetracycline-attached SWNT−PEG (SWNT−PEG−TET) or
NGO−PEG (NGO−PEG−TET) was collected and stored in an
aluminum-foil-wrapped covered plate in a −20 °C freezer. The filtrate
was saved and stored in a foil-wrapped 50 mL conical tube in a
refrigerator for later analysis of the amount of TET attached to the
SWNT−PEG or NGO−PEG. The attachment of TET was verified by
NMR and FTIR spectroscopies (see Figures S6 and S7).

Quantification of Amount of TET Attached to SWNT−PEG
or NGO−PEG. The filtrate saved from the previous procedure was
diluted by a factor of 100 (20 μL of filtrate diluted to 2 mL with DI
H2O) to bring the absorbance within the linear response range. A
blank was made with DI H2O and 70% ethanol, matching the filtrate
solvent. A set of standard solutions was also developed at
concentrations from 0.002 μg/mL to 0.010 μg/mL to create a
standard absorbance plot. Using a UV−vis spectrophotometer (Jasco
V-670), the absorbance peak of TET at 380 nm in each solution was
measured, and a standard curve was constructed using the standard
solutions noted above. The absorbance peak for the diluted filtrate
solution was then measured and plotted against the standard curve,
permitting the calculation of the amount of TET remaining in the
filtrate. Then, by subtraction, the amount of TET attached to the
nanotubes was calculated. For five trials, the average mass percentage
of TET in the SWNT−PEG−TET was 55%.

The same process was performed for NGO−PEG−TET. For five
trials, the NGO−PEG−TET was found to average 50% TET by mass,
which is consistent with the results of Zhang et al.64

Incubations of SWNT−PEG−TET with E. coli. To test the
efficacy of the SWNT−PEG−TET and NGO−PEG−TET solutions
compared with the free TET, SWNT−PEG−TET or NGO−PEG−
TET solutions were prepared to find the new minimum inhibitory
concentration range. For the DH5α strain, LB broth cultures with
tetracycline concentrations of 0, 5, 10, and 15 μg/mL were prepared.
For the DH5α-pBR322 strain, broth cultures with tetracycline
concentrations of 0, 50, 60, 70, 80, 100, 150, 200, and 250 μg/mL
were produced. Cultures were inoculated with 0.1 mL of overnight
culture of each strain, and then covered in aluminum foil in 50 mL
conical tubes and incubated overnight at 37 °C while being agitated at
150 rpm. The same process was followed using the NGO−PEG−
TET.

Quantifying the Inhibition of E. coli by SWNT−PEG−TET
and NGO−PEG−TET. After each solution had been incubated for 20
h, its absorbance was read using a spectrophotometer (Thermo
Scientific Genesys 20) set at 600 nm. The absorbance values gave a
relative value of bacterial growth, so comparisons to control solutions
indicated how strongly bacteria growth was inhibited. However, the
SWNT−PEG in the solutions may also absorb light, making
absorbance values less accurate. Therefore, to further quantify
inhibition, viable plate counts were performed on solutions at each
concentration. After overnight growth, cultures were diluted by
powers of ten from 10−1 to 10−8, and 100 μL of each concentration
was pipetted onto separate plates, which were then placed into the
incubator at 37 °C for 24 h. After 24 h, the plates were removed from
the incubator and photographed, and the numbers of colonies that
grew were counted. In accordance with convention, plates with more
than 200 colonies were designated too numerous to count (TNTC).
For NGO−PEG−TET, absorbance measurements and viable counts
were performed in the same manner as was described above for
SWNT−PEG−TET.

Test of Separate Addition of SWNT−PEG and NGO−PEG
and TET. To determine whether TET attachment to SWNT−PEG or
NGO−PEG is necessary for the inhibition of resistant bacteria,
SWNT−PEG and TET were added independently to the bacterial
solutions, and the growth of bacteria after 24 h was measured. One
stock solution of 1.0 mg/mL SWNT−PEG and one stock solution of
1.0 mg/mL TET were made.

Two sets of incubations were made; the first set contained
SWNT−PEG and TET, whereas the second set only contained
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SWNT−PEG. Both sets were tested with E. coli DH5α and DH5α-
pBR322. Overnight cultures of the E. coli strains were prepared as
described above. SWNT−PEG stock solution was pipetted into LB
broth in sterile 50 mL conical tubes and 0.1 mL of the overnight
cultures to result in 100 μg/mL concentrations of SWNT−PEG. After
1 h of incubation, TET was added to each conical tube to make its
concentration 100 μg/mL. This would allow the SWNT−PEG to
interact with the bacteria separately prior to the addition of TET. The
second set was prepared by adding only specific volumes of SWNT−
PEG. Both sets were incubated overnight as described previously.
After overnight incubation, the absorbance of each solution was

measured using a spectrophotometer set at 600 nm. Because the
measured absorbances indicated no inhibition of resistant bacteria
with SWNT−PEG alone or with separately added TET, further viable
counts were not performed. This procedure was repeated for NGO−
PEG.
Lactate Dehydrogenase Assay of Nanomaterial Cytotox-

icity. A lactate dehydrogenase (LDH) assay kit (Invitrogen) was used
to assess the cytotoxicity of SWNT−PEG and NGO−PEG toward E.
coli. The process exposes E. coli to the substance being tested and
includes a control exposure to water and an LDH control. LDH
catalyzes the reaction that produces pyruvate from lactate through the
reduction of NAD+ to NADH. Then, NADH reduces a tetrazolium
salt to formazan, which is red and can be quantified by absorbance
measurements. Cell exposures were performed in triplicate in a 96-
well plate, and absorbances at 450 nm were measured on a plate
reader (Molecular Devices SpectraMax F5).
Live/Dead Cell Quantification. A bacterial viability assay kit

(Abcam ab189818) containing two fluorescent dyes was used to
quantify the percentages of living and dead cells after exposure to the
nanomaterials. One dye enters all cells, allowing the total number of
cells to be determined. The other dye enters only dead cells, allowing
the number of dead cells to be directly quantified. From these values,
the percentage of dead cells can be calculated, and from that number,
the percentage of live cells is readily determined. Bacteria cells were
grown from cultures according to the steps described above. They
were then exposed to SWNT−PEG or NGO−PEG at concentrations
of 100 μg/mL for 1 h and 24 h. A control group was not exposed to
any nanomaterials. After the given exposure time, the cells were
centrifuged at 10000g for 10 min, resuspended in wash buffer, and
then incubated at room temperature, centrifuged, washed, and
resuspended for several stages according to the assay kit protocol. A
control dead cell sample was prepared by suspending 1 mL of cell
solution in 5 mL of 70% isopropyl alcohol. Finally, 1.0-μL aliquots of
total cell dye stain and dead cell dye stain were then added to each
sample tube. The total number of cells was measured by fluorescence
at 525 nm (490 nm excitation), and the number of dead cells was
measured by fluorescence at 617 nm (535 nm excitation). (Molecular
Devices FilterMax F5)
Hemolysis Test of Nanomaterial Biocompatibility. Red blood

cells (RBC) from sheep blood (Hardy Diagnostics, Santa Maria, CA)
were used to assess biocompatibility and potential toxicity of the
nanomaterials. These red blood cells are used widely as a proxy for
human RBC in measuring the hemolytic activity of toxins produced
by bacteria pathogenic to humans,65,66 membrane-active peptides,67,68

noninfectious hemolytic diseases,69,70 and membrane-disrupting
compounds such as bile salts and aliphatic alcohols.71,72 Directly
relevant to this study, sheep RBCs have been used to measure the
extent of membrane disruption by polymeric nanoparticles designed
to deliver antitumor drugs.73 In studies in which human and sheep
RBCs were compared directly66,67,72 the sheep RBCs were more
susceptible to lysis, suggesting that human cells might be more
resistant than sheep RBCs to membrane damage; thus, the extent to
which we saw damage to sheep RBCs due to SWNT−PEG and
NGO−PEG would likely occur to a lesser degree to human cells. Cells
were centrifuged to form a pellet, washed three times with a sterile
1.0% saline solution, and then resuspended in 1.0 mL of that same
saline solution. SWNT−PEG and NGO−PEG were added to
solutions of the suspended red blood cells to yield a final nanomaterial
concentration of 100 μg/mL and 0.90% saline concentrations.

Control solutions of red blood cells in 0.90% saline solution were
also made. Full lysis was achieved by suspending the red blood cells in
1.0 mL of distilled water. Absorbances were measured at 575 nm to
quantify the amount of hemoglobin released. (Molecular Devices
FilterMax F5)

■ RESULTS AND DISCUSSION
Biocompatibility and Cytotoxicity Results. Control

experiments showed that neither SWNT−poly(ethylene
glycol) (PEG) nor NGO−PEG, at the maximum concen-
trations used in the research, inhibit bacterial growth of both
the nonresistant and the resistant strains of E. coli (see Figure
S4). Because dead or damaged bacteria absorb light just as
readily as healthy bacteria, absorbance measurements were
corroborated with viable count experiments and live/dead cell
assays. In viable count experiments, bacteria exposed to
SWNT−PEG or NGO−PEG at a concentration of 100 μg/
mL were compared to a control incubated without any
nanomaterial (see Table S1). Very little difference was
observed between the bacteria not exposed to nanomaterials
and those exposed to the nanomaterials. Specifically, the
control DH5α-pBR322 had (1.1 ± 0.1) × 109 colony forming
units per milliliter (cfu/mL). Similarly, the DH5α-pBR322
exposed to NGO−PEG had (1.1 ± 0.1) × 109 cfu/mL, while
the DH5α-pBR322 exposed to SWNT−PEG had (8.9 ± 0.1)
× 108 cfu/mL. Using Student’s t-test, the NGO−PEG cfu/mL
are not statistically significantly different from the control,
whereas those for the SWNT−PEG were statistically
significantly different from the control. The bacteria exposed
to SWNT−PEG had slightly fewer cfu/mL, which could
indicate a small amount of toxicity toward the bacteria,
possibly due to incomplete PEGylation of the nanotubes.
However, the effect is small, and these results indicate that
exposure to the nanomaterials does not cause a large decrease
in viability of the bacteria cells.
Additionally, the results of live/dead cell assay experiments

are shown in Table 1. The average percentages and standard

deviations of three measurements are reported. After 1 h the
percentages of E. coli exposed to SWNT−PEG and NGO−
PEG that are dead are not significantly different than those of
the control E. coli. However, the bacteria exposed to SWNTs
do exhibit a greater percentage of dead cells, indicating that the
PEGylation decreases the nanomaterials’ toxicity. After 24 h,
the percentages of the dead bacteria exposed to any of the
nanomaterials are not significantly different than the control
group of bacteria, indicating that the nanomaterials are not
causing significant amounts of cell death.
Hemolysis experiments found very little lysis of sheep RBC

by any of the nanomaterials, as shown in Table 2. Our
hemolysis results are in good agreement with those of Canape
et al.,74 who tested oxidized SWNTs and PEG-functionalized
SWNTs on rat and human RBC. Additionally, Heo et al. found

Table 1. Percent of DH5α-PBR322 E. coli cells that were
dead after 1-h and 24-h exposures to 100 μg/mL of SWNTs,
SWNT−PEG, and NGO-PEG

material 1 h 24 h

control 4.0 ± 1.0% 11 ± 1%
SWNTs 10 ± 2% 11 ± 1%
SWNT−PEG 5.3 ± 2.0% 10 ± 1%
NGO−PEG 8.6 ± 3.2% 10 ± 1%
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that individually dispersed SWNTs exhibited <10% hemolysis.
Similarly, Sasidharan et al. found that unfunctionalized NGO
showed <1% hemolysis.75 Because <10% lysis has been
reported as being nonhemolytic,76 our results indicate very
good biocompatibility of both the SWNT−PEG and NGO−
PEG. It is also worth noting that several studies have found
that sheep RBC are more easily lysed by hemolytic toxins than
human RBC.67,72 Therefore, human RBC would likely undergo
even less hemolysis than was found in our experiments.
Finally, lactate dehydrogenase (LDH) activity experiments

showed that the LDH activities of solutions with bacteria
exposed to 100 μg/mL concentrations of either nanomaterial
are not greater than or even qualitatively different from those
of bacteria exposed to water (see Figure S5). These results
indicate that the nanomaterials do not cause a significant
release of LDH from the bacteria, suggesting that the
PEGylated nanomaterials do not significantly damage the
bacteria. Taken all together, these control experiments
demonstrate that neither SWNT−PEG nor NGO−PEG does
significant damage to or significantly inhibits the growth of the
E. coli. We do note that previous research found that non-
PEGylated SWNTs are toxic to E. coli47,77 and Salmonella
typhimurium.78 Additionally, unfunctionalized NGO is toxic
toward bacterial cells.37,38 However, our control experiments
do not show any evidence that PEGylated SWNTs or NGO
kill or inhibit the bacteria. We attribute the difference between

the results in the literature and the ones presented here to the
PEGylation performed on the nanomaterials in this work.

Results of Nanomaterial Action Against E. coli. NMR
and IR spectra confirmed the attachment of PEG and
tetracycline (TET) to SWNTs and NGO, with the NMR
peaks closely matching the literature values79,80 (see Figure
S6). Using UV−vis quantification of TET in the filtrate, the
SWNT−PEG−TET was observed to be about 55% TET by
mass, and the NGO−PEG−TET was observed to be about
50% TET by mass. Tetracycline is slightly soluble in water
when not in its hydrochloride form. Here we used TET alone,
allowing the TET to remain attached to the SWNTs or NGO
in the LB broth. The NGO−PEG−TET and the SWNT−
PEG−TET were found to inhibit the growth of both the
nonresistant and the resistant strains of E. coli. Figure 2a−c
shows the relative growth, normalized to the growth with no
nanomaterial present, of the resistant strain for free TET and
the nanomaterials attached to TET. The minimum inhibitory
concentrations (MIC) of free TET for DH5α and DH5α-
pBR322 were determined to be 10 and 200 μg/mL,
respectively. Conversely, for DH5α-pBR322 the MICs of
SWNT−PEG−TET and NGO−PEG−TET were found to be
70 and 150 μg/mL, respectively. Using the mass percentages of
TET in the nanomaterials, the amounts of TET per milliliter of
solution were 38 and 75 μg/mL, respectively. It is clear from
these experiments that the nanomaterials bound to TET are
much more effective against the resistant E. coli than free TET
alone. These MIC data demonstrate that the nanomaterials
enhance the effectiveness of TET toward the resistant bacteria.
This conclusion is supported by the viable count experi-

ments, the results of which are shown in Figure 3a−d and
Tables 3 and 4. For the SWNT−PEG−TET, inhibition occurs
at concentrations greater than 70 μg/mL (effective TET
concentration of about 38 μg/mL). Likewise, for the NGO, the
bacteria are not strongly inhibited at a total concentration of

Table 2. Percent of Red Blood Cells That Were Hemolyzed
after 1-h and 24-h Exposures to 100 μg/mL of SWNTs,
SWNT−PEG, and NGO-PEG

material 1 h 24 h

control 0.35 ± 0.05% 0.64 ± 0.04%
SWNTs 1.5 ± 0.5% 2.7 ± 0.4%
SWNT−PEG 3.1 ± 0.6% 2.5 ± 0.5%
NGO−PEG 3.6 ± 1.0% 2.4 ± 0.4%

Figure 2. (a) Cell growth relative to no TET, showing inhibition of DH5α-pBR322 with tetracycline only. The MIC is 200 μg/mL. Inhibition of
DH5α-pBR322 with SWNT−PEG−TET. The MIC is 70 μg/mL SWNT−PEG−TET, which corresponds to 38 μg/mL TET. (c) Inhibition of
DH5α-pBR322 with NGO−PEG−TET. The MIC is 150 μg/mL NGO−PEG−TET, which corresponds to 75 μg/mL TET.
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100 μg/mL but are completely inhibited at 150 μg/mL
(effective TET concentration of 75 μg/mL). At these
concentrations, no bacterial colonies were visible on the
plates, indicating that no living bacteria were present. It is
noteworthy that for both nanomaterials, the nanomaterial−
TET concentration needed to inhibit the growth of the

resistant strain was definitely less than the pure TET
concentration of 200 μg/mL necessary to inhibit the same
strain. These results illustrate that the nanomaterial plays a
very important role in supporting the ability of TET to impede
bacterial growth.

Figure 3. DH5α-pBR322 E. coli growth after incubation with (a) SWNT−PEG−TET at a concentration of 60 μg/mL. The dilutions plated were
10−5 (top left), 10−6 (top right), 10−7 (bottom left), and 10−8 (bottom right); (b) SWNT−PEG−TET at a concentration of 70 μg/mL. The
dilutions plated were 10−5 (top left), 10−6 (top right), 10−7 (bottom left), and 10−8 (bottom right); (c) NGO−PEG−TET at a concentration of
100 μg/mL. The dilutions plated were 10−5 (left), 10−6 (bottom), 10−7 (top), and 10−8 (right); (d) NGO−PEG−TET at a concentration of 150
μg/mL. The dilutions plated were 10−5 (top right), 10−6 (bottom right), 10−7 (bottom left), and 10−8 (top left).

Table 3. Viable Counts after 24-h Incubation of DH5α-
pBR322 with SWNTs−PEG−TET of Various
Concentrationsa

dilution factor

SWNT−PEG−TET
concn (μg/mL) 1 10−5 10−6 10−7 10−8

0 TNTC TNTC TNTC TNTC TNTC
60 TNTC TNTC TNTC TNTC TNTC
70 40 1 1 1 0
80 0 0 0 0 0
100 0 0 0 0 0

aTNTC = too numerous to count.

Table 4. Viable Counts after 24-h Incubation of DH5α-
pBR322 with NGO−PEG−TET of Various Concentrationsa

dilution factor

NGO−PEG−TET concn
(μg/mL) 1 10−5 10−6 10−7 10−8

0 TNTC TNTC TNTC 11 2
70 TNTC TNTC 62 6 0
80 TNTC TNTC 43 7 3
90 TNTC TNTC 55 7 0
100 TNTC TNTC 43 2 0
150 0 0 0 0 0
250 0 0 0 0 0

aTNTC = too numerous to count.
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These results are in very good agreement with those of
Khazi-Syed et al., who found that SWNTs could deliver
methicillin and doxycycline to methicillin-resistant S. epidermi-
dis.39 They found that their SWNT/methicillin complex was
40 times more effective than methicillin alone. The work of
Khazi-Syed et al. was published while the present work was
under peer review, so it seems that their group and our group
independently conceived of and tested the noncovalent
attachment of antibiotics to SWNTs for use against anti-
biotic-resistant bacteria. The success of this approach in both
studies indicates its strong potential as a means to combat
antibiotic resistance. However, it is worth noting several
important/key differences between the studies. First, Khazi-
Syed et al. used Gram-positive S. epidermidis, whereas we used
Gram-negative E. coli. Gram-negative bacteria have a
significantly different cell envelope that presents a challenging
barrier to antibiotic delivery. Second, they used raw,
unfunctionalized HiPCO SWNTs, whereas we used acid-cut,
PEG-functionalized SWNTs as well as PEG-functionalized
NGO. Third, their strain of S. epidermidis is resistant at
antibiotic concentrations of <10 μg/mL, whereas our strain is
resistant at concentrations greater than 100 μg/mL. Finally,
Khazi-Syed et al. used the water-soluble (hydrochloride) forms
of the antibiotics, whereas we used the slightly soluble
(nonhydrochloride) form of TET. The fact that major
experimental differences still yield effective antibiotic-delivery
nanomaterials suggests that a broad range of nanocomposite
synthesis parameters could be utilized. It is particularly
noteworthy that the approach has been shown to be effective
for both Gram-negative and Gram-positive bacteria. Never-
theless, the importance of these differences should be further
studied to improve our understanding of carbon nanomaterials
as antibiotic-delivery systems.
For the system studied here, several possible mechanisms of

nanomaterial action are possible. Because SWNTs81 and
graphene82 are known to enter many cell types, one possibility
is that the nanomaterials enter the cells and directly deliver the
TET to the bacteria. In this way, the SWNTs or NGO could
bypass and/or overwhelm the efflux pumps. Another
possibility is that some TET detaches from the SWNTs in
solution, and the SWNTs enter the cells, creating holes in the
membrane through which the TET could then enter.
This second hypothesis was tested by adding SWNT−PEG

or NGO−PEG in concentrations ranging from 0 to 100 μg/
mL to cell media. After 1 h, TET was added to make a solution
concentration of 100 μg/mL. (This concentration is below the
MIC of TET alone but in the range where inhibition was
observed for the nanomaterial−TET composites.) Growth of
bacteria was assessed after 24 h. As shown in Figure S9,
unattached TET in the presence of the nanomaterial did not
inhibit the resistant strain of E. coli to any greater extent than
free TET. These results demonstrate the high importance of
having the antibiotic attached to the nanomaterial for delivery
into the cells. These results differ from those of Gao et al., who
found that their graphene oxide damaged the bacteria and
made them more susceptible to the antibiotics they tested.
Again, the important difference appears to be that our NGO
and SWNTs are PEGylated, which appears to minimize harm
to the bacteria in our studies.
Guo et al. found that unfunctionalized NGO was somewhat

toxic to E. coli at concentrations of 80−100 μg/mL.83 They
also found that NGO significantly reduced the level of
resistance-conferring genes, including the tetA gene that was

used in the present research. However, our live/dead cell
assays, the separate addition of NGO−PEG and TET results,
and the LDH assay results all suggest that our NGO−PEG is
no more toxic to E. coli than to the control. Again, an
important dissimilarity between our nanomaterial and that of
Guo et al. is the attachment of PEG to our NGO. This
difference strongly suggests that unfunctionalized NGO might
have stronger antimicrobial properties than NGO−PEG.
Our results, then, suggest that large nanomaterials such as

SWNT−PEG and NGO−PEG can be used to deliver
antibiotics and circumvent the efflux pump mechanism of
resistance. On the basis of the research noted above, it seems
likely that the SWNT−PEG and NGO−PEG enter the
bacteria. The nanomaterials used are much larger than the
efflux pump membrane proteins, which suggests that the
nanomaterials are unable to be removed from the cell by this
mechanism. If the nanomaterials can enter the cells with the
TET attached, some of the TET may enter the cytoplasm and
interact with the ribosomes before it can be removed by the
efflux pump. Because this process depends on the size of the
nanomaterial, it is expected to be broadly effective against
efflux pumps in other bacterial species. On the other hand, this
method is not expected to be effective against other
mechanisms of antibiotic resistance, such as target modifica-
tion or enzyme degradation of the antibiotic. We are currently
studying organisms with these resistance mechanisms to test
this hypothesis.
An interesting question is whether the SWNT−PEG−TET

and/or the NGO−PEG−TET could disrupt antibiotic-
resistant E. coli biofilms. Rodrigues and Elimelech found that
unfunctionalized SWNTs at concentrations of 200−500 μg/
mL disrupted nonresistant E. coli biofilms.48 It is important to
note that the SWNTs used in that study were significantly
longer (20−50 μm) than the ones in this study. They were also
used at higher concentrations and were not PEGylated. While
it is plausible that SWNT−PEG−TET and/or NGO−PEG−
TET could inhibit biofilms, these differences make direct
comparison between studies impossible. However, because
biofilm formation is an important aspect of bacteria growth,
future research in our group will study the effects of SWNT−
PEG−TET and NGO−PEG−TET on biofilms of resistant E.
coli.
We note that the SWNT−PEG−TET had a much lower

MIC than did the NGO−PEG−TET. Because the two
materials have similar mass percentages of TET, the difference
is not caused by the SWNT−PEG−TET delivering more TET
to the bacteria. Rather, the important difference between the
SWNT−PEG and the NGO−PEG is their shape. The SWNTs
are more needle-like, and it has been shown that the narrower
the needle, the more likely it is to penetrate a bacterial cell.84

Our results, therefore, are important for the future design of
nanomaterials to deliver antibiotics: cylinder-like nanomateri-
als are likely to be more effective than wider, flatter materials.
Therefore, nanorods of any material are more likely to be
effective for this task than nanosheets. This information can be
of great use in the design of nanomaterials to deliver
antibiotics.

■ CONCLUSIONS
We have demonstrated the ability of biocompatible SWNT−
PEG and NGO−PEG to deliver antibiotics to Gram-negative
bacteria and circumvent the efflux pump method of antibiotic
resistance. SWNT−PEG and NGO−PEG are biocompatible
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and do little harm to the bacteria themselves. We conclude that
the nanomaterials transport the TET into the bacteria where it
can bind to the ribosome before being pumped out. The
SWNT−PEG material showed a greater efficacy in inhibiting
the resistant bacteria than the NGO−PEG, which is likely due
to the cylindrical shape of the nanotubes. These results
demonstrate that nanomaterials can be used to deliver
antibiotics and circumvent the efflux pump resistance
mechanism. Biocompatible carbon nanomaterial delivery
mechanisms can extend the life of current antibiotics and
provide a useful tool in the fight against antimicrobial
resistance.
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