
Research Article
Synthesis and Antibacterial Activity of Antibiotic-Functionalized
Graphite Nanofibers

Madeline Rotella, Alicia Briegel, John Hull, Anthony Lagalante, and Robert Giuliano

Department of Chemistry, Villanova University, Villanova, PA 19085, USA

Correspondence should be addressed to Robert Giuliano; robert.giuliano@villanova.edu

Received 14 November 2014; Accepted 28 January 2015

Academic Editor: Nurit Beyth

Copyright © 2015 Madeline Rotella et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Surface functionalization of nanomaterials is an area of current investigation that supports the development of new biomaterials
for applications in biology and medicine. Herein we describe the synthesis, characterization, and antibacterial properties of the
first examples of antibiotic-labeled graphitic carbon nanofibers (GCNFs) covalently functionalized with aminoglycoside and
quinolone antibiotics. Ruthenium tetroxide oxidation of herringbone GCNFs gave higher amounts of surface carboxyl groups
than previous methods. These carboxyl groups served as sites of attachment for antibiotics by acyl substitution. Bioassay of these
novel, functionalizedGCNFs using serial dilution and optical densitymethods demonstrated that antibiotic-labeledGCNFs possess
significant antibacterial activity against Pseudomonas aeruginosa. The activity we observe for aminoglycoside-functionalized
GCNFs suggests a membranolytic mechanism of action.

1. Introduction

Graphite carbon nanofibers (GCNFs) are novel nanoscale
materials that can be prepared inexpensively, in multigram
quantities, via the decomposition of carbon monoxide or
hydrocarbons over mono- or bimetallic catalysts [1–4].Three
types of crystallineGCNFs can be obtained, designated as rib-
bons, platelets, or herringbones (Figure 1). A TEM image of
as-produced ribbon GCNFs is shown in Figure 2.

Each of theGCNF structuresmaintains aminimum inter-
layer spacing of 0.34 nm, which corresponds to crystalline
graphite. The width of the nanofibers is in the range of 5–
500 nm, depending on the growth catalyst and fiber morpho-
logy, while they vary in length from 5 to 100 𝜇m and in
surface area from 50 to 350m2/gm. The unique structures
and physical properties of GCNFs and their low cost of pro-
duction compared to CNTs have generated interest in their
use in a wide range of applications. Initial applications of
GCNFs focused on their absorption and storage capacities
and led to the development of GCNFs as adsorbents for small
organic molecules from aqueous streams [5], electrodes for
fuel cells [6], hydrogen storage media [7], and heterogeneous

catalyst supports [8]. More recently, the well-recognized pot-
ential of carbon nanomaterials, especially those that contain
surface functionality, has resulted in a broader range of inter-
est in the application of graphite nanofibers in biology, medi-
cine, composite materials, and energy conversion. In particu-
lar, promising studies have been described inwhich function-
alized GCNFs have been investigated as biosensors [9], bio-
mimetic membranes [10], neuroelectrochemical electrodes
[11], and scaffolds for neural tissue regeneration and drug del-
ivery [12]. GCNF composite materials have also been evalu-
ated as solid state gas sensors [13].

In spite of these advances, there remain comparatively few
published studies of the surface functionalization of graphite
nanofibers with biologically active ligands, especially when
compared to the development of functionalized fullerenes
and carbon nanotubes [14–17]. We are particularly interested
in the covalent attachment of biologically active carbohy-
drates to the surface of graphite nanofibers. Since carbohyd-
rates are enormously rich in terms of their diversity of struc-
ture and their biological functions, the potential exists for the
development of carbohydrate-functionalized GCNFs with
a vast range of properties and potential as biomaterials.
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Figure 1: GCNF structures: (a) ribbon; (b) platelet; (c) herringbone.

Graphitic materials such as pyrolytic and turbostratic carbon
have been used previously as components in the fabrication of
medical devices such as heart valves and stents [18]. However,
one of the problems associated with some of these devices is
infection that results from the attachment and colonization of
bacteria on the surface leading to biofilm formation [19, 20].
Improved biocompatibilitymay be addressed through surface
modification with antibiotics that may prevent the initial
attachment of bacteria [21]. For this study, we chose GCNFs
functionalized with carbohydrate aminoglycoside antibiotics
and a noncarbohydrate antibiotic as our target structures, in
an effort to determine whether antibacterial properties could
be conferred to theGCNF scaffold by covalent labeling. Given
the dimensions of the GCNFs and that fact that the biological
target for aminoglycoside antibiotics is normally intracellular,
it could not be assumed that the antibiotics would function
as biocidal agents in the surface-bound state. However, a
study in which it was shown that nanoparticles labeled with
gentamicin were active against P. aeruginosa suggested that
alternative mechanisms of action may be accessible to the
aminoglycoside class of antibiotics [22]. In addition, a com-
posite made of functionalized SWNTs covalently bound to a
polyamide membrane was active against E. coli, and a hybrid
material made of MWNTs with a coating of immobilized
amoxicillin was active against E. coli and S. aureus [23, 24].
These studies suggest that newbiomaterials could be based on
the GCNF scaffold. In this paper, we describe the first cova-
lent functionalization of oxidized graphite nanofibers with
the aminoglycoside antibiotics tobramycin and amikacin and
with the fluoroquinolone antibiotic ciprofloxacin. Methods
are described for the synthesis and characterization of these
novel antibiotic-labeledGCNFs, and results of biological test-
ing against the pathogenic organismPseudomonas aeruginosa
are presented.

2. Materials and Methods

2.1. Production and Characterization of Graphite Nanofibers.
Herringbone graphite nanofibers were prepared in a Ther-
molyne 79400 tube furnace equipped with Omega FMA
5400/5500 mass flow controllers for C

2
H
4
, air, He, and H

2

Figure 2: TEM of herringbone GCNFs (scale bar, lower right =
500 nm).

[1–4]. Herringbone GCNFs were produced using a bimetallic
copper-nickel catalyst. From 50mg of copper-nickel catalyst
6.73 g of herringbone GCNFs was obtained. TEM and SEM
imageswere obtained using aHitachiH-7600 electronmicro-
scope (lattice resolution = 0.204 nm) and a Hitachi S-570
field-emission-scanning electron microscope, respectively.
For TEM, the fibers were dissolved in isopropanol and a drop
was placed on a TEM grid and dried overnight. The micro-
scope was operated at an electron accelerating voltage of
100.0 kV high resolution and images were obtained at mag-
nifications of 4000x, 8000x, 15000x, 20000x, 40000x, and
60000x. For SEM, the fibers were mounted on carbon adhe-
sives, dried overnight, and then sputter-coated with gold for
90 seconds using an EMS150RES Quorum Sputter Coating
system. The microscope was operated at an electron acceler-
ating voltage 5.0 kV and a 15mm working distance. Images
obtained at magnifications of 1000x and 5000x are shown in
Figure 6.

2.2. RuO
4
Oxidation of GCNFs. The procedure of Rasheed

et al. was followed with modifications [25]. Activated ruthe-
nium dioxide [26] (40mg) was added to commercial bleach
(300mL) and themixture was stirred for 10min at room tem-
perature, producing a yellow solution of RuO

4
. As-produced

herringbone GCNFs (1.0 g) were added and the mixture was
stirred for 3 days. At the end of the first and second days,
additional bleach (40mL) was added to the mixture. After
3 days, the mixture was filtered through a 0.45 𝜇m nylon
membrane and washed with 100mL of distilled water in
small portions.The fibers were dried under reduced pressure
(25 Torr) at 40∘C for one day in a benchtop oven, resulting in
a yield of 760mg. Surface analysis of RuO

4
-oxidized GCNFs

was carried out by XPS.

2.3. Tobramycin Labeling of RuO
4
-Oxidized GCNFs by Reduc-

tive Amination. To a stirring suspension of RuO
4
-oxidized

herringbone GCNFs (24.5mg) in THF (125mL, reagent
grade) 35.0mL of a 100 𝜇M solution of tobramycin (11.7mg,
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0.025mmol, diluted to 250mLTHF) in THF and 100.0 𝜇L tri-
ethylamine (Aldrich, 99.5%) was added. The mixture was
stirred for 2 days at room temperature. After 48 h, sodium
borohydride was added (10mL of a 200 𝜇M in solution
in THF) and the mixture was stirred for 24 h. The fibers
were then collected by filtration through a 0.45 𝜇m nylon
membrane filter and washed extensively with water until the
pH of the filtrate was neutral. The fibers were placed in the
oven at 80∘C and 25 Torr to dry for 1 day to give tobramycin-
labeled RuO

4
-oxidized GCNFs (13.5mg).

2.4. General Procedure for Antibiotic Labeling of RuO
4
-Oxidi-

zed GCNFsUsingThionyl Chloride Activation. Theprocedure
of Pompeo and Resasco was followed [27]. To a 100mL
round-bottom flask containing RuO

4
-oxidized herringbone

GCNFs (100mg), SOCl
2
(20.0mL, Aldrich 99.5%) and anhy-

drousDMF (1.0mL)were added.The flaskwas equippedwith
a reflux condenser and a drying tube and the mixture was
stirred at 65∘C for 24 h. The reaction mixture was cooled to
room temperature and filtered through a 0.45 𝜇mmembrane
filter and washed with anhydrous THF (3 × 20mL). The
fibers were dried under vacuum (25 Torr) for 1.5 hours and
then suspended in THF (30.0mL) with tobramycin (20mg,
0.043mmol), amikacin (25mg, 0.043mmol), or ciprofloxa-
cin (27mg, 0.081mmol). The mixtures were stirred at 70∘C
under reflux for two days. The suspensions were cooled,
washed with THF through a 0.45𝜇m membrane filter, and
dried overnight in the benchtop oven to give tobramycin-
labeled GCNFs (40mg), amikacin-labeled GCNFs (98mg),
or ciprofloxacin-labeled GCNFs (78mg). Each of the three
samples of antibiotic-labeledGCNFswaswashed successively
withHCl (1M, 10mL), dH

2
O (10mL), NaHCO

3
(1M, 10mL),

and finally dH
2
O (10mL) using a 0.45 𝜇m nylon membrane

filter mounted on a stainless steel screen in a solvent puri-
fication filter.Thewasheswere collected and analyzed bymass
spectrometry for unbound antibiotic. Antibiotic-labeled
GCNF samples were redried overnight at 40∘C and 25 Torr
before biological testing.

2.5. X-Ray Photoelectron Spectroscopic Analysis of GNFs. XPS
analyses were performed at Drexel University utilizing a PHI
Versaprobe 5000 instrument equipped with a monochro-
mated AIK alpha source. Analyses were carried out with a
high powerX-ray setting of 100microns 25We-beam. Photo-
electrons were collected using a hemispherical analyzer. Pass
energies of 117 V and 23V were used for survey and high res-
olution spectra. Samples were mounted using double-sided
tape to the regular 2 sample holder. Both electron and ion-
gunneutralizerswere used during analysis to charge compen-
sate the sample. Results of percent atom concentrations are
shown in Table 2 (Results and Discussion).

2.6. Analysis of GCNFs for Unbound Antibiotic by Mass Spec-
trometry. Using flow injection tandem mass spectrometry
(FI-MS/MS), the presence of all three antibiotics was mon-
itored in the filtrates obtained during washing of the GCNFs
with water and organic solvent. Individual multiple reaction

Table 1: Optimized compound potentials for the antibiotic MRM
transitions and limits of detection.

Antibiotic Precursor
(m/z)

Fragment
(m/z)

DP
(V)

CE
(V)

LOD
(ppb)

Amikacin 586.2 163.2 20 47 89
Ciprofloxacin 332.4 231.4 50 54 1160
Tobramycin 468.4 163.2 17 35 146

Table 2: XPS quantification of RuO4-oxidized and antibiotic-
labeled GCNFs.

Sample Binding
energy (eV)

%atom
concentration

RuO4-oxidized GCNFs

C1s 285.0 91.2
N1s 400.0 0.0
O1s 532.5 8.8
S2p 164.9 0.0

Amikacin-labeled GCNFs

C1s 285.0 89.8
N1s 400.0 1.4
O1s 532.5 8.0
S2p 164.7 0.7

Ciprofloxacin-labeled
GCNFs

C1s 285.0 93.9
N1s 400.0 0.7
O1s 533.6 5.3
S2p 164.2 0.1

Tobramycin-labeled
GCNFs

C1s 284.8 91.4
N1s 399.6 0.8
O1s 533.4 6.9
S2p 164.2 0.9

monitoring (MRM) ion transitions for amikacin, ciprofloxa-
cin, and tobramycin (Table 1) were optimized by direct infu-
sion of pure standards. MRMs were optimized on an Applied
BioSystems 2000 (Framingham, MA) using electrospray
ionization (ESI) with a Shimadzu Prominence HPLC system
consisting of a Shimadzu LC-20 pump and SIL-20A autosam-
pler (Shimadzu, Colombia, MD) operated under Analyst
software control. Each antibiotic was prepared at a con-
centration of approximately 1 𝜇gmL−1 in methanol (0.1%
formic acid) and infused at 10 𝜇Lmin−1 into the LC mobile
phase (1.0mLmin−1, 50/50 acetonitrile/water (0.1% formic
acid)) to optimize source and compound dependent param-
eters. Optimized positive ion mode ESI source parameters
were as follows: curtain gas (CUR) = 20 psi, CAD gas =
5, nebulizing gas (GAS1) = 60, auxiliary gas (GAS2) =
60, source temperature (TEM) = 550∘C, and ESI voltage
(IS) = +5500V. For each antibiotic studied, the optimized
compound declustering potential (DP) and collision energy
(CE) are provided in Table 1. The focusing potential (FP) was
maintained at +400V, the collision cell exit potential (CXP)
at +4V, and the Q0 entrance potential (EP) at +10V for all
MRMs. The dwell time for each MRM transition during FI
analysis was 500ms. Calibration curves were prepared that
spanned the concentration range of 0.1–50 ppm which was
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adequate for the quantities encountered in wash filtrates.
Detection limits in parts-per-billion are defined at a signal-
to-noise ratio of three which are listed in Table 1.

2.7. Bioassay of Antibiotic-Labeled GCNFs. Pseudomonas aer-
uginosa was grown on LB medium overnight at 30∘C with
aeration. A 10 𝜇L sample of the growth was used to inoculate
tubes containing 5mL of LB broth. For the control, 100 𝜇L of
sterile distilled water was added to one tube. A 100 𝜇L aliquot
of test solution containing either tobramycin (108 ppm),
amikacin (118 ppm), ciprofloxacin (100 ppm), RuO

4
-oxidized

GCNFs (7.1mg GCNFs in 2.0mL H
2
O), tobramycin-labeled

RuO
4
-oxidized GCNFs (7.9mg GCNFs in 2.0mL H

2
O),

amikacin-labeled RuO
4
-oxidized GCNFs (7.9mg GCNFs

in 2.0mL H
2
O), or ciprofloxacin-labeled RuO

4
-oxidized

GCNFs (7.9mg GCNFs in 2.0mL H
2
O) was added to the

other tubes, each containing 5mL of LB broth. The resulting
suspensions were then sonicated to achieve complete dissolu-
tion, typically 30min. All tubes were incubated at 37∘C with
shaking at 100 rpm for 3 h.

After the incubation period, serial dilutions were made
for each sample and pour plates over a dilution range from
100 to 10−9 were prepared using LB agar.The plates were incu-
bated at 30∘C overnight and the colonies were then counted
to determine the number of viable cells present in each of the
cultures. Serial dilution assays were conductedmultiple times
to verify reproducibility.

For OD600 measurements, Pseudomonas aeruginosa was
grown on LBmedium as described above, except that samples
were incubated for 5.5 h at 37∘C with shaking at 100 rpm. A
Beckman DU 530 Life Science UV/Vis Spectrophotometer
was calibrated and used to measure the optical density of P.
aeruginosa of each sample at a fixed wavelength of 600 nm
(OD600).

3. Results and Discussion

3.1. Covalent Functionalization and Characterization of
GCNFs. Covalent, as opposed to noncovalent, methods were
selected for the functionalization of GCNFs because it was
expected that the covalent attachment of ligands would pro-
vide materials with greater stability. The leaching of antibi-
otics from the GCNF surface could create problems with
bioassays in cell culture as well as unfavorable effects in the
use of GCNFs as biomaterials due to the accumulation of
antibiotics in certain tissue [21].We considered that the cova-
lent attachment of aminoglycoside antibiotics could be based
on the reactionswith surface oxides that are introduced by the
treatment of GCNFs with an oxidant. Aldehyde and ketone
groups, carboxylic acid and hydroxyl groups, as well as other
surface oxides that are introduced serve as sites of covalent
attachment of ligands, with the appropriate choice of cou-
pling reactions. A necessary first step was the characteriza-
tion of the surface of the oxidized GCNFs. We recently
applied amethod known as FLOSS [28–30] (fluorescence lab-
eling of surface species) to the identification and quantifica-
tion of surface oxides on nitric acid-oxidized herringbone
GCNFs. In our study of graphitic carbon nanofibers, alde-
hyde/ketone, carboxyl, and hydroxyl groups were identified

on as-produced, demineralized, and nitric acid-oxidized her-
ringbone GCNFs by selective labeling reactions and quanti-
fied using FLOSS [31]. Since the surface oxides will serve as
the sites of covalent attachment of antibiotics, it was useful to
have this information in planning the labeling experiments of
GCNFs with aminoglycoside antibiotics, as described in the
following section.

3.2. GCNF-Labelingwith Tobramycin by Reductive Amination.
Aminoglycoside antibiotics were selected because their che-
mistry, biological properties, mechanism of action, and
central role in antibacterial chemotherapy have been widely
studied [32, 33]. Aminoglycosides have been used clinically
against Pseudomonas aeruginosa infections. Another attrac-
tive feature was the presence of amino groups that would
enable covalent attachment to either aldehyde/ketone groups
by reductive amination or activated carboxylic acid groups
by acylation. In the case of the aminoglycoside antibiotic
tobramycin, the basicities of the five amino groups have
been measured by pH-dependent NMR and shown to be
different [34], and this information was used to synthesize
monoacylated analogs using substoichiometric amounts of
a mild acylating agent and high dilution [35]. The products
were those resulting from acylation at the primary amino
group. Other studies of the synthesis of tobramycin analogs
have shown that all five amino groups of the parent antibiotic
can be acylated with Cbz-chloride, using different conditions
[36]. Amikacin would be expected to undergo labeling by
reductive amination or acylation at either of its primary
amino groups. Ciprofloxacin is one of the newest antibiotics
of the fluoroquinolone class and possesses broad spectrum
activity by a different mechanism of action [37]. Ciprofloxa-
cin would be expected to undergo reaction selectively at its
secondary amino group.

Our initial attempts at labeling nitric acid-oxidized
GCNFs [31] with tobramycin were based on reductive ami-
nation, which can be carried out under mild reaction con-
ditions and would be selective for aldehyde/ketone groups
on the GCNF surface [38]. Tobramycin-labeled GCNFs
2 (Figure 3) were prepared by reductive amination using
sodium borohydride. The resulting fibers were analyzed by
FLOSS and contained low levels of antibiotic (0.12%). The
tobramycin-labeled GCNFs prepared by reductive amina-
tion were nonetheless tested for growth inhibition against
Pseudomonas aeruginosa. Not surprisingly, no inhibition of
bacterial growth was observed with these fibers (Figure 4).
Theplate count for cells in the control sample, the sample con-
taining RuO

4
-oxidized GCNFs, and the sample containing

tobramycin-labeled GCNFs were very similar, the colony
counts being 9.5 × 104, 4.0 × 104, and 75 × 104, respectively.
These data indicate that viable colony formation is essentially
the same in all three cases and that neither of the fiber samples
possesses antibacterial activity. At this dilution, pure tobra-
mycin completely inhibits growth as no surviving colonies are
observed. While not encouraging, these initial experiments
were nonetheless significant for two reasons. First, it became
evident that higher levels of antibiotic incorporation would
be necessary in order for GCNFs to be biologically active.
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Also, the chemical treatments used in oxidation and labeling
do not in themselves confer inhibitory properties on the
GCNFs; thus an important negative control emerged from
these GCNF-labeling studies.

3.3. GCNF-Labeling byThionyl Chloride Activation. We deci-
ded to reexamine GCNF-labeling in an effort to achieve
higher levels of incorporation of antibiotic on the surface.We
first explored an alternate method of oxidation to increase
the presence of surface carbonyl-containing groups. Rasheed
and coworkers had reported a study of the efficiency of the
oxidation of carbon nanofibers with various oxidizing agents,
including ruthenium tetroxide, which they report gave fibers
containing higher amounts of carboxylic acids when com-
pared to nitric acid or potassium permanganate [25]. During

the course of our work in the use of oxidized GCNFs as cata-
lysts for the reactions of 2-propanol [39], we investigated the
use of other oxidants, using GCNFs of the herringbone mor-
phology.We subjected herringboneGCNFs to oxidationwith
RuO
4
and found that the fibers that were produced generally

contained higher amounts of surface oxides than those pro-
duced using nitric acid. Carboxylic acid groupswere themost
abundant, at 4.71% of carbon in the GCNFs as determined
by FLOSS [26]. It should be noted that RuO

4
is catalytic in

this procedure, with household bleach being present as the
excess oxidant that reoxidizes insoluble RuO

2
back to RuO

4
.

Our initial attempts left residual rutheniumon theGCNFs, as
evidenced by XPS. More frequent replenishing of the bleach
that is added during the reaction and extensive washing gave
oxidized GCNFs with no ruthenium detected by XPS.

For labeling of the carboxyl groups of the RuO
4
-oxidized

herringbone GCNFs, we selected a method that is based
on acylation of antibiotic with GCNF-derived acid chlo-
rides. The fibers were first treated with thionyl chloride
in N,N- dimethylformamide, which converts surface car-
boxylic acid groups to acid chlorides, and the resulting fibers
were treated with antibiotics in refluxing tetrahydrofuran
(Figure 3). Using this convenient two-step sequence, tobra-
mycin-, amikacin-, and ciprofloxacin-labeled GCNFs were
synthesized from RuO

4
-oxidized fibers (Figure 5).

The only source of nitrogen in the GCNF-labeled fibers is
from the antibiotics; thus XPS analysis allows quantification
of each antibiotic in the functionalized GCNFs. Quan-
tification in percent atom concentration of carbon, nitro-
gen, oxygen, and sulfur for RuO

4
-oxidized and antibiotic-

labeled GCNFs synthesized by the thionyl chloride activation
method is shown in Table 2. From the percent atom concen-
trations of nitrogen, the molecular weights of the antibi-
otics, masses of the samples, and the percent by weight of
antibiotic in the labeled fibers were calculated to be 11.7%
amikacin in amikacin-labeled GCNFs, 5.4% ciprofloxacin in
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the ciprofloxacin-labeledGCNFs, and 5.3% tobramycin in the
tobramycin-labeled fibers.

3.4. SEM Images and Mass Spectrometric Analysis of Labeled
GCNFs. One of the concerns was whether or not the GCNFs
would survive the sequence of chemical steps necessary to
activate the surface carboxyl groups and then label them
with antibiotics. SEM images of RuO

4
-oxidized GCNFs and

antibiotic-labeled GNFs are shown in Figure 6. The SEM
images show that the graphite nanofibers have retained their
structural integrity during both oxidation and labeling steps.
Some clipping is apparent when these images are compared
to as-produced herringbone GCNFs, but the fiber structure
is relatively intact. Another concern was that the presence of
unbound antibiotic retained by physisorption on the GCNF
surface would severely affect the biological assays, since dif-
fusion from the fiber surface would likely occur in the growth
medium. LC-MS analysis of aqueous and organic washings of
the fibers after labeling (see Section 2) indicated the presence
of all three antibiotics in the filtrates.Wewere able to usemass
spectrometry to aid in the development of a more efficient
washing procedure to remove traces of antibiotics from the
GCNFs after labeling. The labeled fibers were washed suc-
cessively with dilute hydrochloric acid, water, dilute sodium
bicarbonate solution, and then water. It was anticipated that
the dilute HCl treatment would convert the amino groups
to ammonium species, which would have greater aqueous
solubility. After this series of washes, antibiotic was not
detected in the filtrates obtained from any of the fibers by
the LC-MS method, indicating that, if present, unbound
antibiotic levels were below the limits of detection (Table 1).

3.5. Serial Dilution andOptical Density Assays of RuO
4
-Oxidi-

zed GCNFs Labeled by Acylation. Bactericidal activity of the
three types of antibiotic-labeled GCNFs prepared by RuO

4

oxidation and SOCl
2
activation/amidation was evaluated

by serial dilution experiments against Pseudomonas aerugi-
nosa and presented in Figure 7, which shows the surviving
colonies in each sample after the 3-hour incubation period.
As shown in the figure, the control and RuO

4
-oxidized

fibers have the same number of surviving colonies while the
free antibiotics have the least number of surviving colonies
as they are biocidal and kill the majority of the P. aer-
uginosa on the order of 96–99% of the bacteria as compared
to the control. The amikacin-GCNFs, ciprofloxacin-GCNFs,
and tobramycin-GCNFs have a similar number of surviving
colonies and kill the P. aeruginosa on the order of 87–96%
as compared to the control. While there are more colonies
remaining in the antibiotic-labeled samples than in the sam-
ples with free antibiotic, there are significantly fewer colonies
in the antibiotic-labeled GCNFs than in either the control
or the RuO

4
-oxidized GCNFs, indicating that the antibiotics

retain their biological activity.
Bacterial growth as indicated by colony forming units was

also determined by optical density measurements (OD600)
for Pseudomonas aeruginosa in the presence of unlabeled and
antibiotic-labeled GCNFs. Data are presented in Figure 8.
OD600 values were converted to colony forming units using
the conversion factor of 4.5 × 105 colony forming units
(CFU)/mL for an OD of 1.0 obtained from the calibration.
Consistent with the serial dilution assays, these data also
show that colonies grown in the presence of RuO

4
-oxidized

GCNFs have nearly identical growth to those grown in the
control sample. As expected, samples that contain amikacin,
ciprofloxacin, or tobramycin alone possess the lowest CFU/
mL. Interestingly, samples that contain GCNFs labeled with
these antibiotics have intermediate CFU/mL, showing dec-
reases in cell density of approximately 40–50% relative to
the CFU/mL in the control (3.59 × 105) and RuO

4
-oxidized

GCNFs (3.69× 105).Thedecrease in cell density demonstrates
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Figure 6: SEM images of RuO
4
-oxidized GNFs (top) and tobramycin-, amikacin-, and ciprofloxacin-labeled GNFs, at 1000x (left) and 5000x

(right).

that the GCNFs labeled with antibiotics inhibit Pseudomonas
aeruginosa growth, again to a lower extent than unbound
antibiotic.TheMIC for 50% inhibition of tobramycin against
P. aeruginosa was determined to be 1 𝜇g/mL (1 ppm) by
Shawar et al. [40]. The concentration of GCNF-bound tobra-
mycin used in the serial dilution and OD600 measurements
in this study was 4.26 ppm. It is not surprising that higher
levels of tobramycin are necessary to achieve inhibition when
the drug is bound to the GCNF surface owing to the likely
exclusion of the drug-GCNF conjugate from the cell interior
where aminoglycosides are known to exert their primary
mechanism of action (vide infra) [41].

4. Conclusion

Aminoglycoside antibiotics are used clinically to treat a wide
range of bacterial infections that involveGram-negative path-
ogens. Tobramycin is particularly effective against strains of
Pseudomonas aeruginosa and has been used to treat infections
of the eye, meningitis, and other infections. Amikacin is also
active against P. aeruginosa and is used to treat severe myco-
bacterial and drug-resistant infections. Like other members
of the aminoglycoside family of antibiotics, tobramycin and
amikacin inhibit bacterial protein synthesis at the ribosomal
level, by binding to the bacterial 30S ribosomal subunit,
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Figure 7: Bar graph showing surviving colonies of P. aeruginosa in
the presence of no GCNFs, RuO

4
-oxidized GCNFs, and antibiotic-

labeled GCNFs.
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Figure 8: Colony forming units measured by OD600 of Pseu-
domonas aeruginosa in the presence of amikacin-, ciprofloxacin-,
and tobramycin-labeled GCNFs.

resulting in a misreading effect [41]. Ciprofloxacin belongs to
the fluoroquinolone class of antibiotics and possesses broad
spectrum activity against Gram-positive and Gram-negative
organisms. Ciprofloxacin acts by inhibiting the enzyme DNA
gyrase, a topoisomerase that is essential for separation of
bacterial DNA during cell division [42].

A question that we sought to address from the outset was
whether or not the antibiotics used in this study would retain
biocidal activity when bound to the graphitic surface. The
serial dilution and OD600 assays for RuO

4
-oxidized GCNFs

that have been labeled with tobramycin, amikacin, or cipro-
floxacin all show inhibition of bacterial growth and demon-
strate that these novel graphitic materials exhibit activity
against P. aeruginosa. To our knowledge, these results repre-
sent the first examples of the synthesis of antibiotic-GCNF
conjugates and demonstration of their antibacterial activity.
GCNF-bound antibiotics show decreased activity when com-
pared to the unbound drugs, perhaps the result of a difference

in the mechanisms of action that operate when the drugs are
bound to a surface.

The most widely cited mechanisms of action for all three
antibiotics chosen in this study involve intracellular targets,
which would seem inaccessible to these drugs when bound to
GCNFs. Alternative mechanisms of biocidal activity, at least
in the case of bound aminoglycosides, have been suggested
in other studies. For example, it has been shown that a gen-
tamicin-bovine serum albumin conjugate applied to gold
nanoparticles exhibited biocidal activity against Pseudomo-
nas aeruginosa [22].The antibacterial activity of the gentami-
cin-BSA conjugate was ascribed to the disruption of the
cell envelope due to ionic binding of the drug to the cell
surface. Electron microscopy indicated that the conjugates
were present on the cell surface and not inside the cell. In
a different study, polycationic tobramycin-lipid conjugates
were shown to be active against strains of Pseudomonas,
and, again, a membranolytic mode of action was proposed
involving the aminoglycoside antibiotic [43]. In the case of
antibiotic-labeled GCNFs, we propose that the weakening of
the cell envelope may be the result of a similar polycation
effect in which protonated amino groups on the antibiotic-
labeled GCNFs interact with the cell surface. The results of
our study suggest that surface-bound aminoglycosides, and
also a fluoroquinolone, may possess an alternate mode of
action that involves destabilization of the cell membrane.
That antibiotic activity which is retained in these graphitic
systems is an exciting prospect for further investigation of
labeled GCNFs and for the potential use of graphitic carbon-
based nanomaterials in biomedical applications. GCNFs
functionalized with aminoglycosides may serve not only as
scaffolds for new biomaterials, but also as probes for a ribo-
some or gyrase-specific versus a nonspecific membranolytic
mechanism of action in these important classes of antibiotics.
In summary, we have developed methods for the synthesis
of graphite nanofibers that are covalently functionalized with
antibiotics and we have shown that these novel materials
possess antibacterial activity against P. aeruginosa. Further
studies cannowbe carried out to determine inhibition against
other organisms as well as biofilm formation and to investi-
gate GCNFs that are labeled with other types of antibiotics.
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