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A sustained-release carrier system for the drug cephalexin (CEF) using functionalized graphene oxide is
reported. PEGylation of GO (GO-PEG) and successful loading of CEF into PEGylated graphene oxide (GO-
PEG-CEF) nanoconjugate are confirmed by Fourier transform infrared spectroscopy, Raman spectroscopy,
and thermogravimetric analysis. Encapsulation efficiency of 69% and a loading capacity of 19% are obtained
with the optimized formulation of GO-PEG-CEF. In vitro CEF release profiles show an initial burst release
followed by a more sustained release over a 96 h period with cumulative release of 80%. The half maximal

[g(fgg'ggé: inhibitory concentration (IC50) values have both dose- and time-dependent antibacterial activity for GO-
drug delivery system(s) PEG-CEF against both gram-positive and gram-negative bacteria while pure CEF showed only dose-
nanodrug(s) dependent antibacterial activity. The minimum inhibitory concentration values of GO-PEG-CEF are 7.8
ggﬁgg‘ﬁggﬁe ) and 3.9 pg/mL against S. aureus and B. cereus, respectively, while it is 10 pg/mL with pure CEF against both
nanoparticle(s) gram-positive bacteria. This confirms the enhanced antibacterial activity of GO-PEG-CEF over pure CEF
nanotechnology against gram-positive bacteria. These findings therefore show GO-PEG-CEF is promising as a sustained-

multidrug resistance
controlled release
drug resistance

release nanoantibiotic system for effective treatment against S. aureus and B. cereus infections.
© 2019 Published by Elsevier Inc. on behalf of the American Pharmacists Association.

Introduction

The use of nanoparticulate carriers can allow for more efficient
drug loading, targeted delivery, controlled release, and reduced
toxicity of a drug.' So far, extensive research has been carried out on
various types of nanomaterials such as liposomes, polymeric
nanoparticles, dendrimers, and solid lipid nanoparticles in drug
delivery applications.>> Recently, graphene oxide (GO), a 2-
dimensional nanomaterial, has been explored as a novel drug car-
rier for the loading of various therapeutics including anti-cancer
drugs, poorly soluble drugs, antibiotics, antibodies, peptides, DNA,
and RNA.*® The use of graphene and graphene oxide for loading and
releasing biologically relevant molecules has become an exciting
research area in pharmaceutical sciences on account of its
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fascinating physical and structural properties such as high specific
surface area, enriched oxygen-containing groups, high biocompat-
ibility, physiological stability, and cost-effectiveness.”® The atomi-
cally flat graphene matrix provides a noncovalent platform for
biologically active molecules to link via hydrogen bonding, hydro-
phobicity, - stacking, and electrostatic interactions.’ Specifically,
the enriched oxygen-containing functional groups on GO sheets
could assist stronger covalent interaction with the drug molecules
through chemical reactions while also increasing the aqueous
dispersion. Preparation of multifunctional graphene nanomaterials
and PEGylated (PEG = polyethylene glycol) GO’ as a nanocarrier has
been intensively studied on the loading and the release of the
anticancer drug doxorubicin (DOX), antidiabetic drug insulin,® and
flavonoids.'® Besides GO, numerous graphene-based composites
fabricated with various types of nanoparticles have also been
explored in the field of drug delivery.'' Among these composites, the
GO iron oxide (GO-IONP) nanoparticle has been exploited by
number of researchers'>'* on account of its enhanced physical,
chemical, thermal, mechanical, and biological properties."

0022-3549/© 2019 Published by Elsevier Inc. on behalf of the American Pharmacists Association.
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Although the electronic, thermal, and mechanical properties of
graphene and graphene-based materials have received most
attention, their antibacterial properties have also been recog-
nized.'® Notable contributions are reported, on the antibacterial
activity of graphene and graphene oxide toward Escherichia coli,”
GO-Ag nanocomposites,'®?° graphene and GO nanowalls,”’ and
reduced graphene oxide—TiO; thin films.>> However, the underly-
ing antibacterial mechanism of GO is not fully understood but
postulated based on its ability to enhance oxidative stress, ROS
generation, DNA fragmentation, cell membrane damage, and elec-
tron transfer interactions with the microbial membrane.>*?*

After the discovery of penicillin, only limited classes of alter-
native antibiotics have been established. Most of them are slight
variations of their initial form and once resistance is developed, an
entire class of antibiotics can become unusable for treatment. The
resistance in bacteria to antibiotics is on the rise and rapid differ-
entiation in microbes has developed “super-bugs” that cause fa-
talities in all regions of the world. Fluctuating serum levels and
abrupt termination of antibiotics are the main reasons behind
antibiotic resistance. It is in this context that we explore graphene-
derived antibacterial compounds with sustained activity as a po-
tential route to mitigate antibiotic resistance.

As an alternative way to battle against bacterial drug resistance,
antibiotic-nanoparticle combinations have been proposed.”
However, studies on the property of sustained release of drugs
with such materials are limited. Developing antibiotic—graphene
oxide nanocomposites to synergistically enhance the antibacterial
activity and prolong its activity is a novel approach to combat
antibacterial resistance which we explore in this work. The
enhancement of antibacterial activity of CEF, in combination with
graphene oxide in the nanocomposite form, is examined. CEF is an
orally active cephalosporin beta-lactam antibiotic with a broad
spectrum of activity against gram-positive and some gram-
negative bacteria. It is advocated for the treatment of infections
of the upper and lower respiratory tract, genitourinary system, skin,
and soft tissue infections. CEF has relatively low solubility in water
and it is very unstable at physiological pH.?® The usual parenteral or
orally given cephalexin results in high peak blood levels but fall
well below therapeutic concentrations before administration of the
next dose.?” To maintain the therapeutic level, drug administration
has to be repeated 3-4 times per day to result in an effective
therapy. Furthermore, the development of an antibacterial resis-
tance mechanism to the group of cephalosporin either by not
penetrating to its site of action inside the bacterial cell or by
destroying by beta-lactamase enzymes before reaching its site of
action decreases the bioavailability of oral CEF tablets.?® Therefore,
developing a novel controlled release system for CEF would result
in enhanced concentration of the antimicrobial agent at the site of
infection, better patient compliance, and more constant blood
levels. Furthermore, the need for high doses of antibiotic to obtain
the therapeutic effect can be avoided through controlled release. In
the present study, we have examined the controlled release and the
antibiotic activity of PEGylated GO loaded CEF (GO-PEG-CEF)
nanocomposite, aiming to formulate a controlled release nano-
platform to combat against antibacterial resistance.

Materials and Methods
Materials

CEF was provided by Gamma pharmaceuticals (Colombo, Sri
Lanka). Snake skin dialysis tubing (MWCO 3500) was purchased

from Thermo Scientific (Waltham, NY). Polyethylene glycol 4000
(PEG 4000) and dicyclohexylcarbodiimide were purchased from

Sigma-Aldrich Chemical Company (St. Louis, MO). All other re-
agents were used directly as received without further purification.

Synthesis of GO-PEG-CEF Composite

GO was prepared by a modified Hummer's method starting from
Sri Lankan vein graphite (purity ~99%).>° PEGylation of GO was
done using a previously reported method.*’ The resulting product
(GO-PEG) was purified by centrifugation at 14,000 rpm for 30 min
and washed 3 times with deionized water and dried in a vacuum
oven at 60°C overnight. Loading of CEF to GO-PEG was carried out
by stirring different amounts of CEF (0.02 mg to 0.2 mg) overnight
with GO-PEG at a GO concentration of 0.2 mg/mL in deionized
water. Unloaded CEF was removed by filtration through a 30 kDa
ultra centrifugal filter unit, and its concentration was measured by
UV-VIS-NIR spectrometer at (264 nm). The resulting composite was
washed several times with deionized water and ethanol.

Characterization

Fourier transform infrared measurements of GO, GO-PEG, and
GO-PEG-CEF were carried out using a Bruker Vertex 80 IR spec-
trometer (Germany) at a resolution of 4 cm™! from 4000-400 cm ™.
Raman spectroscopic characterization was done with Bruker Sen-
terra (Germany) excited at 532 nm laser line. Ultraviolet-visible-
near infrared (UV-VIS-NIR) spectra were recorded using a UV-
3600 (Shimadzu, UV-VIS-NIR, Japan). Thermal decomposition of
GO, GO-PEG, and GO-PEG-cep were analyzed using a SDT Q600
thermogravimetric analyzer (TA Instruments) from 25°C to 1000°C
using a ramp rate of 10°C/min in air.

Determination of Encapsulation Efficiency, Loading Capacity, and
Release of Cephalexin

The amount of incorporated CEF in GO-PEG composite was
determined by measuring the UV absorbance of CEF remaining in
the supernatant (free CEF) after centrifugation of the reaction
mixture, using the UV-visible spectrophotometer at 264 nm. Then
the concentration was calculated from a calibration plot obtained
for pure CEF. Percentage encapsulation efficiency was calculated as
follows.

(ml1 —m2)

i x 100

%Encapsulation efficiency =

m1 = Initial weight of drug added
m2 = Remaining weight of drug in the supernatant

%Loading capacity = Lr;mZ)

m = final weight of the composite

The release characteristics of cephalexin from the GO-PEG-CEF
composite were studied in phosphate-buffered saline (PBS) solu-
tion at neutral pH 7.4. The cephalexin-loaded nanocomposite was
dispersed in 5.00 mL of PBS solution and trapped inside a dialysis
membrane and then immersed in 25.00 mL of buffer solution at 37°C
with mild agitation. Aliquots (3.00 mL) were withdrawn at pre-
determined time intervals and their UV absorbance was measured at
264 nm using a UV-visible spectrophotometer. The release medium
was refreshed with another 3.00 mL of medium after each with-
drawal. All measurements were performed in triplicate. Using the
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calibration plot, the concentrations were calculated and hence the
cumulative release percentages determined.

In Vitro Antibacterial Activity

The prepared GO and GO-PEG-CEF were screened for their
antibacterial activity against 2 gram-positive bacterial species
(Staphylococcus aureus [ATCC 25923], Bacillus cereus [ATCC 11778])
and 2 gram-negative species (Escherichia coli [ATCC 25922], Pseu-
domonas aeruginosa [ATCC 27853]) cultured in Muller Hinton broth
at 37°C. For all planktonic growth and biofilm assays yeast nitrogen
base supplemented with 100 mM glucose, Muller Hinton broth was
used as the culture media.

Half Maximal Inhibitory Concentration (IC50) Test

The IC50 values of GO, GO-PEG-CEF, and pure CEF were deter-
mined using a bacterial biofilm grown in a 96-well plate. Briefly,
standard cell suspensions of Staphylococcus aureus, Bacillus cereus,
Escherichia coli, and Pseudomonas aeruginosa were prepared in
sterile PBS solution. Standard cell suspensions (100 pL) were
inoculated in triplicate to sterile flat bottomed microtiter plates and
the plates were incubated for 90 min at 37°C for initial adhesion.
After the adhesion phase, the plates were washed twice with 200
uL/well sterile PBS solution to remove nonadherent cells and the
wells were filled with 100 pL/well sterile culture media. Plates were
incubated at 37°C up to 96 h. After the incubation period, biofilms
were exposed to series of concentrations of GO, GO-PEG-CEF, and
pure CEF (0.125-2.00 pug/mL) for 24 and 48 h. Cell viability was
assessed by MTT assay, and the results were expressed as a mean
value of 3 independent experiments. All the assays were performed
in triplicate in 3 different experiments.

Minimum Inhibitory Concentration Test

Resazurin reduction assay was used to determine the lowest
concentration of GO and GO-PEG-CEF that can inhibit the growth of
each bacterial strain. Briefly, a volume of 100 pL of each cultured
bacterial suspensions was inoculated in triplicate into a sterile, flat
bottom, polystyrene 96-well microtiter plate. After the incubation,
the cells were treated with a dilution series (250-1.25 pg/mL) of
each test sample. After incubating at 37°C for 18 h, the color change
was visually assessed and the minimum inhibitory concentration
(MIC) values were interpreted as the point at which the color
change occurred. All samples were examined in triplicate.

Results and Discussion
Fabrication of GO

Nanosized GO was obtained by ultrasonication of GO and then
followed a simple method to functionalize GO to obtain a well-
dispersed aqueous GO solution. In the first step, GO was obtained
from graphite using a modified Hummer's method.>! Functionali-
zation of GO with polyethylene glycol (PEG) to get a stable and
well-dispersed solution in physiological solutions was achieved by
a simple esterification of PEG with carboxylated GO. Initially, all the
epoxides, ester groups, and hydroxyl groups of GO were converted
to —COOH by mixing the GO with CICH,COOH under strong basic
conditions according to the literature.>” Upon grafting PEG mole-
cules onto the —COOH groups, the product GO-PEG was obtained
with high solubility and stability in water and cellular solutions,
which is desirable for biological applications. The drug (CEF)
loading was achieved by simply stirring the drug with GO-PEG
overnight. Any unbound drug was removed by ultracentrifuga-
tion. The UV-VIS spectrum of the resultant product was measured
to obtain the encapsulation efficiency of CEF on GO-PEG. The

binding of CEF on GO-PEG is physisorption mainly via 7-7 stacking
and hydrophobic interaction.® To determine the saturation level of
CEF loading onto GO-PEG, different amounts of CEF were added to
GO-PEG solution at physiological pH. The formulation which has
the GO:CEF ratio as 1:1 by weight had the highest encapsulation
efficiency as 69 + 3.6% with a loading capacity of 19 + 1.5%. Hence,
this formulation was chosen for the following experiments.

Characterization of GO-PEG-CEF

Characteristic structural changes attributed to GO-PEG and GO-
PEG-CEF were confirmed by Fourier transform infrared spectros-
copy (Fig. 1).

The presence of oxygenated functional groups, —OH stretching
(~3427 cm~!) and C=0 stretching (~1716 cm~!) in GO (Fig. 1a), is in
good agreement with previous work. The successful PEGylation was
confirmed by shifting of the C=0 stretching (1724 cm™!) due to the
formation of ester linkage —COO" in the GO-PEG, Figure 1b. In the
CEF (C16H17N304S) loaded spectrum, Figure 1c, the broad —OH band
has appeared in 3 small bands (3556, 3480, and 3416 cm~!) due to
the appearance of stretching vibrations of —NH;, group and —OH
stretching. Furthermore, a shift of the —OH stretching (~3430 cm ™)
to 3416 cm~! may reflect the physical entrapment of CEF with GO.

In Figure 2a, the thermogram of GO highlights 3 significant
thermal events corresponding to the evaporation of water (below
100°C), decomposition of oxygenated functional groups (100°C-
200°C), and the bulk pyrolysis of carbon skeleton (300°C-500°C). A
similar thermogram was obtained with GO-PEG in Figure 2b but the
starting decomposition temperature of the composite has shifted to
around 150°C and the weight loss occurred during 350°C-500°C has
increased from 8% in GO to 14% in GO-PEG. The difference between
these weight losses is likely due to the PEG being coupled to GO. In
the thermogram of GO-PEG-CEF in Figure 2c, the decomposition
starts at 65°C and has degradation steps as in GO and GO-PEG at
100°C-350°C and 350°C-500°C. In each degradation step, the loss of
weight is low when compared to GO and GO-PEG. This is likely due
to the bonding of CEF into GO-PEG composite. The extra bonds be-
tween CEF and the GO-PEG have increased the thermal stability of
the composite and over 75% of the original weight remains even at
800°C. This enhancement in stability indicates that the CEF-loaded
GO-PEG composite would be suitable for sustained/slow release.
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Figure 1. FTIR spectra of (a) GO, (b) GO-PEG, (c) GO-PEG-CEF where the GO-PEG-CEF
was prepared using 1:1 weight ratio of GO to CEF.



— 0
i =—GO-PEG
100 G O-PEG-CEF

80
R 60
<
=)
= 404

20

——
0 ——
. T . . . ; v
0 200 400 600 800

Temperature (°C)

Figure 2. TGA thermograms of (a) GO, (b) GO-PEG, and (c) GO-PEG-CEF where the GO-
PEG-CEF was prepared using 1:1 weight ratio of GO to CEF.

The Raman spectra of GO and GO-PEG, are shown in Figure 3.
There are 2 characteristic peaks located at around 1380 and 1580
which are recognized as D and G bands of GO, respectively. The
intensity ratios of the G band to the D band for GO and GO-PEG are
0.840 and 0.844, respectively. That GO-PEG and GO have similar Ip/
I values which confirm that PEGylation does not destroy the aro-
matic structures of GO.

Drug Loading and In Vitro Release

The invitro release profile of GO-PEG-CEF in PBS solution (pH 7.4)
is shown in Figure 4. The drug release from the composite has 2
distinct phases. Initially, a burst release of about 45% in the first 6 h.
This was followed by a slower exponential release of the remaining
drug over another 90 h. The total release percentage was around
80%. The rapid initial release of CEF was probably due to the drug
which was adsorbed at or on the surface of the GO. The delayed
release may be attributed to the diffusion of the entrapped CEF in the
GO interlayers. This release profile is consistent with a previous
study in which vancomycin in solid lipid nanoparticles has a burst
release over first 10 h followed by a sustained release for another
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Figure 4. Cumulative release of CEF from GO-PEG-CEF at preselected time intervals in
pH 7.4 buffer. Results were reported as mean + SD, n = 3.

62 h.>3 Another study of vancomycin in PLGA nanoparticles showed
an initial burst release of about 10%-12% at the first sampling time
followed by a slower exponential release of the remaining drug over
the next 6-12 h.>* Because of the shorter biological half-life of CEF,
the preference is to use extended-release dosage forms. In literature,
there were several findings reported on extended-release dosage
forms of CEF. By using hydroxypropyl methyl cellulose as the matrix,
the release of CEF has been retarded for 6 h and a twice-daily matrix
tablet was formulated. Another sustained-release CEF tablet
formulated with xanthan gum and sodium alginate polymers pro-
longed the CEF blood levels up to 8 h in humans.>” But, in our study,
GO-PEG-CEF composite has a significant improvement in prolonged
releasing which can sustain up to 96 h.

In Vitro Antibacterial Activity

IC50 and MIC tests were performed on 2 gram-positive (Staph-
ylococcus aureus and Bacillus cereus) and 2 gram-negative (Escher-
ichia coli and Pseudomonas aeruginosa) bacterial strains to
preliminarily investigate the antibacterial activity of GO and GO-
PEG-CEF as a comparison to pure CEF.

Both GO and GO-PEG-CEF displayed a significant antibacterial
activity against each of the strains when compared to the activity of
pure CEFE. GO itself has an antibacterial activity as previously re-
ported.*® In the composite GO-PEG-CEF, the IC50 values against the
growth of gram-positive bacterial strains are lower than that of the
values of GO reflecting the combined effect of GO with the anti-
biotic CEF. The time-dependent antibacterial activity of the com-
posite GO-PEG-CEF is confirmed by the lower IC50 values obtained
after 48 h of incubation (Table 1). This is due to the sustained

Table 1
IC50 Values (png/mL) of GO, GO-PEG-CEF, and CEF Obtained for Each Bacterial Strains

at 24 and 48 h Incubation
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Figure 3. Raman spectra of (a) GO and (b) GO-PEG where Go was functionalized with
PEG by a simple esterification.

Bacterial Strain GO GO-PEG-CEF CEF

24 h 48 h 24 h 48 h 24 h 48 h
Staphylococcus aureus 1.7 0.31 0.24 0.17 0.15 0.08
Bacillus cereus 0.67 0.15 0.23 0.17 0.11 0.13
Escherichia coli 0.47 0.28 0.55 - 0.21 0.20
Pseudomonas aeruginosa 0.24 0.22 0.22 0.12 0.26 0.21

Each value is a mean of 3 separate experiments.
2 Less than 50% of cell survival after 48 h.
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Table 2

MIC Values (pg/mL) of GO and GO-PEG-CEF Obtained for Each Bacterial Strains After 18 h Incubation

Composite Staphylococcus aureus Bacillus cereus Escherichia coli Pseudomonas aeruginosa
GO 62.5 31.2 31.2 250
GO-PEG-CEF 7.80 3.90 7.80 125
CEF 15.6 15.6 62.5 125

release of CEF from the GO-PEG-CEF with time. A similar study of
vancomycin-loaded solid lipid nanoparticles showed an enhanced
activity against S. aureus and methicillin-resistant S. aureus after
72 h incubation due to the extended release of vancomycin from
the solid lipid nanoparticles. It is possible to observe the time-
dependent activity of GO-PEG-CEF against gram-negative bacte-
rial strains as well.

As shown in Table 2, the MIC values reflected the enhanced
antibacterial activity of GO-PEG-CEF composite. The MIC values of
the GO-PEG-CEF composite were 7.8 and 3.9 ug/mL with S. aureus
and B. cereus, respectively, whereas it was 10 pg/mL for pure CEF
with both bacterial strains. This reflects the synergistic effect of GO
and CEF in GO-PEG-CEF composite. But such an observation could
not be observed with gram-negative bacteria (Table 2). According
to the literature, generally cephalosporin is more susceptible to
gram-positive bacteria.>’ In a similar study, Manickam and co-
workers have also been observed species-specific antibacterial ef-
fect of rGO-Ag nanocomposites.?’

When comparing the similar concentrations of pure CEF and
GO-PEG-CEF, the actual concentration of CEF in the composite is
much lower than that of pure CEF according to the loading capacity
(19%). Thus, this composite can minimize the adverse effects of CEF
due to the smaller doses of the drug. Furthermore, as it is proposed
that GO can inhibit the bacterial growth by several mechanisms
including oxidative stress, ROS generation, DNA fragmentation, cell
membrane damage, and electron transfer interactions with the
microbial membrane and CEF inhibits the synthesis of peptido-
glycan in the bacterial cell wall, a nanoantibiotic with a dual
mechanism of action against bacteria is obtained with the GO-PEG-
CEF composite. These different mechanisms of action of GO and CEF
as well as GO being a nanodelivery system which reduces the
dosage of CEF required can make the development of bacterial
resistance more difficult.

Conclusion

In this study, we investigate the potential of GO as an efficient
system for sustaining the antibacterial activity of CEF. Upon suc-
cessful encapsulation of CEF into GO, the anticipated sustained
release of CEF was achieved. Moreover, the GO-PEG-CEF composite
showed an enhanced antibacterial activity compared to positive
control on gram-positive bacteria. GO-PEG-CEF could be an effec-
tive nano-based antibiotic system with synergistic antibacterial
mechanisms to treat infections caused by gram-positive bacteria.

Associated Content

The following files are available free of charge. Supporting
information.
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