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Background: The impetuous usage of antibiotics has led to the perpetual rise of methicillin-resistant Staphylococcus aureus (MRSA),
which has garnered the interest of potential drug alternatives, including nanomaterials.

Purpose: The present study investigates the stability, toxicity, and antibacterial potential of gallic acid-loaded graphene oxide
(GAGO) on several MRSA strains.

Methods: The stability of a synthesized and characterized GAGO was monitored in different physiological media. The toxicity profile
of GAGO was evaluated in 3T3 murine fibroblast cells and the embryonic zebrafish model. The antibacterial activity of GAGO against
MRSA, methicillin-susceptible S. aureus (MSSA), and community-acquired MRSA; with or without Panton-valentine leucocidin gene
(MRSA-pvi+ and MRSA-pvil-) was investigated through disk diffusion, CFU counting method, time-kill experiment, and high-
resolution transmission electron microscopy (HRTEM) observation.

Results: A stable GAGO nanocomposite has shown an improved toxicity profile in 3T3 murine fibroblast cells and zebrafish embryos,
besides exhibiting normal ROS levels than graphene oxide (GO) and GA (gallic acid). The nanocomposite inhibited the growth of all
bacterial strains employed. The effectiveness of the GAGO nanocomposite was comparable to cefoxitin (CFX), at >150 pg/mL in
MRSA and MSSA. GAGO exhibited a significantly delayed response towards MRSA-pvi+ and MRSA-pvi-, with increased inhibition
following 8 to 24 h of exposure, while comparable activity to native GA was only achieved at 24 h. Meanwhile, for MRSA and MSSA,
GAGO had a comparable activity with native GA and GO as early as 2 h of exposure. HRTEM observation further reveals that
GAGO-exposed cells were membrane compromised.

Conclusion: In summary, the present study indicates the antibacterial potential of GAGO against MRSA strains, but further study is
warranted to understand the mechanism of action of GAGO and its resistance in MRSA strains.
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Introduction

Staphylococcus aureus (S. aureus) is commonly found on the skin as a normal human microbiota. It does not become
pathological until it enters the human body, which causes potent infections leading to a wide range of clinical conditions.'
Unfortunately, the rampant treatment of antibiotics and other antibacterial therapies have enabled S. aureus to evolve and

acquire the multidrug-resistant (MDR) trait, known as methicillin-resistant S. aureus (MRSA). This potentially causes
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complications in clinical conditions, rendering them harder to treat.” MRSA has been listed as one of the seven pathogens
of international concern by the World Health Organization (WHO) since 2014. It has caused major concern due to its
association with high mortality and septic shock cases worldwide.® The national prevalence rate of MRSA in Malaysia
ranged from 17.2% to 28.1% between 2016 and 2017,* and at present, vancomycin has been used as the ultimate drug for
treating MRSA infections.” However, there are reports on the resistance of MRSA towards vancomycin in many parts of
the world,’ including the neighboring country, Indonesia.” Despite the limited data on vancomycin resistance of MRSA
in Malaysia, researchers believed that this strain could also be detected here in the near future. This has raised an
alarming concern among medical practitioners, and it is believed that we are in dire need of developing alternatives to
conventional antibiotics.

Recently, MRSA infections have been reported to occur outside hospital settings. There has been an alarming increase
in community-acquired MRSA (CA-MRSA) infections, and its prevalence has continued to increase.® CA-MRSA is
defined as MRSA isolated from outpatients with no history of hospitalization within the past 1 year and who presented no
other established risk factors for MRSA infections such as surgery, residence in a long-term facility, dialysis, or
indwelling percutaneous medical devices or catheters.” In addition, CA-MRSA is classified as an epidemic and
a serious threat to public health. According to the National Nosocomial Infections Surveillance 2004, issued by the
Centers of Disease Control and Prevention, USA, the prevalence of MRSA in outpatient settings is 31.1% among all
S. aureus isolates, and most of those MRSA cases were community-associated.'® The basis for the apparent increased
virulence of the CA-MRSA strain is incompletely understood. Many factors have been proposed to contribute to the
success of CA-MRSA as a pathogen, including increased fitness, improved evasion of the host immune system, and
unique toxin production. One of the factors is the presence of Panton-Valentine leucocidin (pv/) genes, a pore-forming
toxin that has been epidemiologically associated with CA-MRSA infections.'' In addition, pvl is usually absent in
hospital-acquired MRSA (HA-MRSA) strains and is more common in CA-MRSA compared to CA-MSSA (community-
acquired methicillin-susceptible S. aureus) isolates, as reported in a recent molecular study showing the presence of pv/
in almost all CA-MRSA strains studied.'?

Graphene-based nanomaterials have attracted numerous researchers due to their high mechanical strength, optical
properties, elasticity, and high thermal conductivity. Graphene is widely used in various applications, such as
catalysis, energy technology, composite materials, sensors, and nanoelectronics. In addition, graphene-derivatives
were found to have in vitro antibacterial properties. Graphene oxide (GO) exhibits antibacterial activity toward Gram-
positive and Gram-negative bacteria.'* '> The antibacterial activities of GO are mostly due to the physical and
chemical interactions between GO and bacteria cells. The bacterial cell membrane has been identified as a significant
target for GO cytotoxicity studies.'® Changes in the transmembrane potential, morphological changes in the cell
structure, leakage of RNA and internal electrolytes, and uptake of membrane-impermeable dyes were all used to
indicate membrane damage in GO-exposed bacteria.'”'® GO could adhere to the surface of bacteria cell walls,
penetrate and disrupt cell membrane structure, and eventually induce cell death. The development of “pits” on the
treated bacterial cell surface demonstrates the disruption and damage to the cell membrane.'® The sharp edges of the
graphene nanosheets cut through the cell membrane of the bacterium, allowing the intracellular matrix to leak and
leading to death.?® Furthermore, the antibacterial effect of GO is believed to be due to oxidative stress. This involves
the overproduction of reactive oxygen species (ROS), which were later discovered to oxidize fatty acids, producing
lipid peroxides that trigger a chain reaction leading to cell membrane rupture and cell death.?’ The lipid peroxidation
mechanism is enhanced by ROS, which causes lipid molecules to be oxidized to generate lipid peroxide radicals,
initiating oxidative damage throughout the bacterial cell membrane by producing lesions and cellular content
leakage.”' ROS formation triggers a series of pathogenic processes, including inflammation, fibrosis, genotoxicity,
and carcinogenesis.”” In general, GO imposed several mechanisms of action, rendering it a potent and promising
antibacterial agent. Moreover, GO has been shown to exhibit the enhanced antibacterial activity of empirical
antibiotics by disrupting the bacterial membrane of Gram-positive bacteria and has also been studied in vancomycin
resistance MRSA. >

Gallic acid (GA), a polyhydroxylphenolic compound, has a wide range of biological applications such as antiviral,
antibacterial, anti-melanogenic, antimutagenic, anti-inflammatory, and anticancer activity in a range of cells and is
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distributed in various fruits, plants, and food.?**> The antibacterial property of GA against several bacterial strains has
been highlighted in many studies, and the mechanism of its bactericidal action has also been proven against certain
bacteria.”® However, the development of gallic acid in clinical settings is often hindered by its rapid degradation, poor

oral bioavailability, and absorption®’-*®

that lead to the rapid elimination of GA when administered in vivo.

Therefore, the present study aims to investigate the potential of GO, a graphene derivative with promising antibacterial
properties, and GA, a phenolic compound known to inhibit multi-drug resistance (MDR), joined together using nanocom-
posite (GAGO) against MRSA strains. The present study has employed MRSA, MSSA, and CA-MRSA with and without the
Panton-Valentine leucocidin gene (MRSA-pvi+ and MRSA-pvi-) as the strains of interest. To our best knowledge, no
published report has evaluated the antibacterial activity of GO, as well as GAGO towards CA-MRSA, compared to
commercially available MRSA and MSSA. In the present study, GAGO, which has been shown to possess antibacterial
activity against MRSA, ' was synthesized and characterized according to a previously established method employed in our
research group." The stability of the GAGO nanocomposite was further evaluated in different physiological media, and its
toxicity profile was monitored in 3T3 murine fibroblast cells, as well as zebrafish embryonic models. The interaction of
GAGO with MRSA strains was investigated by evaluating its antibacterial activity through disk diffusion, CFU counting
method, time-kill study, and high-resolution transmission electron microscopy (HRTEM) observation.

Materials and Methods

Materials

All chemicals used were of the highest analytical grade available. Graphite (Gr) powder was purchased from Thermo Fisher
Scientific. Sulfuric acid (PP: 98%, AR), phosphoric acid (H;PO,4) (PP: 85%, AR), hydrogen peroxide (H,O,; PP: 30%, AR),
hydrochloric acid (HCI; PP: 37%, AR), ethyl alcohol (PP: 99.8%, AR), diethyl ether, and potassium permanganate powder
(KMnQ,) were obtained from R&M chemicals. For the synthesis of gallic acid-loaded graphene oxide (GAGO), GA was
procured from Sigma Aldrich and was used as purchased without further purification (St. Louis, USA). Phosphate-buffered
saline (PBS, pH 7.4; Sigma-Aldrich, Missouri, USA) was used in the in vitro drug release analysis to determine drug release
from the nanocomposite. Double deionized Milli-Q water (Millipore Corporation, Massachusetts, USA) and distilled water
were used throughout the experiment. For the antibacterial assay, the chemicals used were sodium chloride (NaCl; Hamburgh
Chem GmbH, Germany), 0.5 McFarland latex standard tube solution (Hardy Diagnostics, All Eights [M] S/B), Mueller-
Hinton (MH) agar powder (Sigma-Aldrich, Missouri, USA) and MH broth powder (Sigma-Aldrich, Missouri, USA). For
HRTEM sample preparation, the chemicals used were glutaraldehyde solution (Vijay Deep Medicose, Uttar Pradesh, India),
horse serum (Sigma-Aldrich, Missouri, USA), cacodylate buffer (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan), acetone (Sigma-Aldrich, Missouri, USA), osmium tetroxide (Polysciences Asia Pacific, Inc., Taipei, Taiwan) and
toluidine blue (Home Science Tools, Billings, USA).

Preparation of Gallic Acid-Loaded Graphene Oxide (GAGO) Nanocomposite

GAGO was prepared according to the methods by Dorniani et al*® and Shamsi et al'® with modifications. Native GA
(0.25 g) and GO (0.05 g) were dissolved together in 50 mL of distilled water, and the pH of the solution was adjusted to
4.71 (Mettler Toledo, Greifensee, Switzerland) using 1 M of HCL. The mixture was stirred for 16 h (Heidolph,
Schwabach, Germany), centrifuged at 4000 rpm for 15 min, washed with distilled water, and filtered using PTFE
membrane (50 mm and 0.45 um pore size; Sigma-Aldrich, Missouri, USA) to remove excess GA. The supernatant
containing excess GA was decanted, and the suspension obtained inside the falcon tube was left to dry overnight in an
oven at 40°C (Memmert GmbH + Co.KG, Schwabach, Germany).

Characterization of GO and GAGO Nanocomposite

The synthesized GO and GAGO nanocomposite were characterized with a UHTS 300 Raman spectroscopy (WlTec,
Germany) using 532 nm diode laser excitation to observe the structural difference among samples. The morphology of GO
and GAGO nanocomposite was observed on a field emission scanning electron microscope (FESEM; FEI, USA),
transmission electron microscope (TEM, Hitachi H-7100 equipped with a thermionic tungsten source at 200 kV), and
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atomic force microscopy (AFM, QUESANT 250, USA). X-ray diffraction (XRD; XRD-600 Diffractometer, Philips,
Netherlands) analysis was performed on the synthesized GO, GAGO, and native GA as control. The percentage yield of
the nanocomposite was quantified, and the loading of GA was analyzed using a UV-Visible spectrophotometer (Bio-Rad,
USA). The zeta potential of GO and GAGO was measured using the dynamic light scattering zetasizer (Malvern Zetasizer,
USA) in triplicates, with the results presented as mean + SD.

GA Loading and Loading Efficiency
A linear calibration plot (y = 101.77x — 0.0061, R? = 0.9994) was obtained by plotting the absorbance value at 262 nm
of wavelength against the concentration of a standard GA stock solution (0-0.01 mg/mL). GA loading and loading

30,31

efficiency (DL and LE) were determined by quantifying the GA content using the calibration curve of GA. A weighed
quantity of GAGO (0.001 g) was well dispersed by stirring (Stuart, UK) for 10 min prior to absorbance analysis. DL and LE
were calculated as below:

__ Weight of drug in nanocomposite
DL = Weight of nanocomposite (1)

__ Drug recovered in nanocomposite 0
EE = Original drug load x 100% ()

In vitro Drug Release Profiles

Approximately 25 mg of GAGO nanocomposite was dispersed into 30 mL of PBS (pH 7.4) at 37°C in a shaking water
bath operating at 150 rpm. At predetermined time intervals over 24 h, 1 mL of sample was aliquoted from the medium
and replaced with 1 mL of PBS to maintain the sink condition throughout the experiment. The amount of GA released
was measured using a UV-Vis spectrophotometer at 262 nm. The cumulative GA release was calculated using Equation 3
and plotted against time to obtain the drug release profile.

1 0 — Released GA 0,
Cumulative release (A)) ~ Total GA load in nanocomposite x 100% (3)

Stability of GAGO Nanocomposite in Physiologically Relevant Media
A stability study of GAGO was performed in four different physiological media, ie, distilled water, PBS (pH 7.4),
Dulbecco’s Modified Eagle medium (DMEM), and DMEM supplemented with 10% (v/v) of fetal bovine serum (FBS) at
pH 7.4 to observe the effects of different physiological media towards the structure and surface charge of GAGO when
dispersed in the medium. PBS was used to observe the stability of GAGO at pH 7.4, and DMEM was used to observe the
stability of GAGO in a cell culture medium containing many substances such as vitamins, glucose, and nutrients that are
important for cell growth. DMEM supplemented with 10% FBS was used to determine the stability of GAGO in the
presence of protein albumin. The varied elements of the culture media may disrupt the stability of GAGO, leading to
aggregation or agglomeration. Understanding the interaction of GAGO with the cell culture media is an important step
for determining the interaction of GAGO with biological interfaces.

Previously synthesized GAGO (1 mg/mL) was dispersed in four physiological media, as stated above. The dispersion
was characterized using the dynamic light scattering zetasizer to measure the zeta potential and TEM for morphology
observation.

In vitro Cytotoxicity Assay

The 3T3 murine fibroblast cell line (passage 19) was obtained from the American Type Culture Collection (ATCC) in
a cryogenic form. The cells were seeded with 200 uL. DMEM supplemented with 10% (v/v) FBS in a 96-well plate with
a density of 8x10* cells per well and incubated in the incubator (37°C, 5% CO,) for 24 h. After 24 h, the old media in each well
were removed, and each well was washed with 100 uL of PBS. The 3T3 fibroblast cells were treated with 200 puL. of GO, GA,
and GAGO at different concentrations (0—1000 pg/mL) in DMEM supplemented with 10% (v/v) FBS and 0.1% (w/v) of
sodium dodecyl sulfate (SDS) as the positive control for 24, 48, and 72 h. At the incubation period, the old media were
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removed, and the cells were washed with 100 pL. of PBS. Then, 200 pL. of DMEM and 20 pL of MTT reagent were added to
each well. The cells were incubated for 3 h in the incubator (37°C, 5% CO,). After incubation, the old media were removed,
and 100 pL of DMSO was added to each well. The absorbance measurement was read at 570 nm using the microplate
absorbance reader (Multiskan FC, Thermo Fisher Scientific, Waltham, MA, USA). The cell viability was calculated according
to Equation 4 and reported as LCs, values.*

Cell Viability (%) = Abssample 0 (4)

Abs control

Zebrafish Embryo Acute Toxicity Test (ZFET)

The principle of embryonic toxicity assessment on the zebrafish embryo was based on the method developed by Nagel.*
The wild-type zebrafish (AB strain) was maintained by the Danio Assay Laboratories, Malaysia, according to procedures
approved by the Institutional Animal Care and Use Committee (IACUC), Universiti Putra Malaysia (UPM/IACUC/AUP
No. R024/2014). Healthy embryos at 4 h post-fertilization (hpf) received from the supplier (Danio Assay Laboratories)
were transferred gently into a 96-well plate (one embryo per well) using a Pasteur pipette, and each well was filled with
200 pL of Danio embryo media. The embryo was incubated overnight at 28 + 2°C, with a 12 h light/12 h dark cycle for
acclimatization. After 24 h, healthy embryos were selected and treated with different concentrations (0-500 pg/mL) of
GO, GA, and GAGO suspensions at 28°C in a semi-static condition for 96 h exposure (embryo age: 24 to 120 hpf). The
embryos were arranged in three sets of 96-well plates, representing 3 different treatments (GO, GA, and GAGO). Each
set includes 6 groups of 10 embryos placed in individual wells of 96 well plates, exposed to 50, 100, 150, 300, and 500
pg/mL of GO, GA, and GAGO treatment solutions. Embryos exposed to the embryo media served as the negative
control. All treatment solutions were refreshed daily. The LCs, values were recorded at every time interval (24-96 h of
exposure).

Reactive Oxygen Species Assay (ROS)

A total of 70 embryos at 24 hpf were segregated into 96-well plates according to the treatment group (n = 10 for each
treatment group), with each well equivalent to one embryo. The embryos were treated with the treatment solutions
(GO, GA, and GAGO) at 5 different concentrations (0—500 mg/mL). Distilled water was used as a negative control,
while 0.5 mM of H,O, was used as a positive control in this study. These embryos were treated at 4 different time
points (30, 60, 120, and 240 min). After reaching the exposure time, embryos were washed twice with a wash buffer
(PBS) and centrifuged at 10,000 rpm for 5 min at 4°C. The embryos were then homogenized in 500 puL of cold wash
buffer (PBS) using a tissue homogenizer tube. Next, the homogenate was centrifuged at 12,372 rpm for 30 min at 4°C.
The supernatant was transferred to a new tube and stored at —80°C for no more than 2 months or used for ROS assay
assessment. The assay was run in triplicates.

About 20 pL of the homogenate was added to a black 96-well plate and incubated at room temperature for 5 min.** After
the incubation, each well was added with 100 uL of PBS and 8.3 pL of 2’-7'dichlorofluorescin diacetate (DCFH-DA) stock
solution (dissolved in DMSO, 10 mg/mL). The plate was incubated for 30 min in the dark. The fluorescence intensity was
measured using a microplate reader (Tecan Infinite M200) with excitation and emission wavelength of 485 and 530 nm.

Bacterial Strains

Four bacterial strains were used in this study, ie, MRSA (700,699) and MSSA (25,923) procured from ATCC and
CA-MRSA Panton-Valentine leucocidin gene positive (MRSA-pvl+, A33) and Panton-Valentine leucocidin negative
(MRSA-pvi-, 172,817) from our laboratory culture collection. All bacterial strains were from the Department of
Biomedical Sciences, Faculty of Medicine and Health Sciences, UPM. These CA-MRSA isolates were previously
collected from nasal swabs of healthy volunteers at the Faculty of Medicine and Health Sciences, Universiti Putra
Malaysia.>> CA-MRSA sample isolates were preserved in glycerol stock at —80°C and labeled as MRSA-pvi+ and
MRSA-pvi-.
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Phases of the Bacterial Growth Curve

Approximately 25 mL of MH broth was prepared in a 100 mL conical flask. Another 3 mL of MH broth was poured into
a 10 mL bottle for bacterial suspension stock. About 1 to 3 colonies of MRSA were sampled and mixed into the 10 mL
bottle containing MH broth using a sterile and flamed loop. A volume of 400 pL bacterial suspension was pipetted and
added to the MH broth in the conical flask. The flask was incubated on a shaking incubator at 120 rpm at 37°C
throughout the experiment. Then, 1 mL of the broth was taken every hour to measure the absorbance using a UV-Vis
spectrophotometer at 650 nm, and fresh MH broth was added back to the flask to replace the spent medium.

Kirby-Bauer Disk Diffusion Test

The Kirby-Bauer disk diffusion test was conducted according to the Clinical and Laboratory Standard Institute (CLSI
2013)* guidelines to determine the susceptibility of all bacterial strains against GA, GO, and GAGO. The sterile disk
was immersed with all samples (0—1000 ug/mL) and placed on the MH agar at room temperature for 30 min to ensure
adequate diffusion prior to incubation in a shaking incubator at 37°C for 18 h (Sartorius, Germany). Distilled water was
used as the negative control, while cefoxitin disk (CFX, 30 ug), a standard antibiotic, was used as the positive control.

Colony-Forming Units (CFU) Counting Method

The bacterial suspension of S. aureus (1.5 x 105 CFU/mL) and different concentrations (0—1000 pg/mL) of test samples
(GA, GO, and GAGO) were prepared. About 100 uL. of MH broth, bacterial suspension, and test samples were added to
the well plates. The plates were incubated at 37°C for 4 h in a shaking incubator. After 4 h of incubation, each mixture
was diluted (100-folds) and spread evenly over the entire surface of MH agar using a sterile cotton swab to obtain
a uniform plate of surface growth. The Petri dish was allowed to dry at room temperature prior to 18 h incubation at 37°C
to allow for bacterial colony growth. The colonies were counted and recorded as a colony-forming unit (CFU). The test
also included a negative control (distilled water) and positive control (CFX). The result was presented as CFU and
percentage of inhibition.*’

Time-Kill Experiment

S. aureus suspension was prepared similar to the CFU counting method procedure (1.5 x 10° CFU/mL), and test samples
(GA, GO, and GAGO) were prepared at the selected concentration of 150 pg/mL.** About 25 mL of bacterial suspension
and 25 mL of test samples were added into the conical flask containing 100 mL of MH broth. A flask without test
samples or antibiotics was included. The flasks were incubated on a shaking incubator at 37°C and 150 rpm for 24 h. At
predetermined time intervals, 100 pL of the sample was taken from each flask and spread on top of the MH agar for
colony count.

High-Resolution Transmission Electron Microscopy (HRTEM) Analysis

Following the time-kill experiment, MRSA and MSSA strains exposed to GO, GA, and GAGO were subjected to the
HRTEM analysis to investigate their interactions with the bacterial samples. Specimen preparation for electron micro-
scopy was conducted according to the guidelines provided by the Microscopy Unit, Institute of Bioscience (IBS), UPM.
Samples embedded in resin were sectioned to 1 pm thickness using a microtome equipped with a glass knife (Jinhua
Hisure Scientific Co., Ltd. Zhejiang, China). Sections were placed onto glass slides, stained with toluidine blue, and dried
on a hot plate. The stained sections were washed with distilled water and examined under a light microscope (WITec Pte.
Ltd., German Centre, Singapore) to select the area of interest. These sections were dried using a filter paper (50 mm of
diameters), placed onto 100-mesh copper grids, stained with uranyl acetate (1% in water) for 15 min, and washed thrice
with water. The stained sections were visualized under the HRTEM at 100 kV (Zeiss GmbH, Jena, Germany).

Statistical Analyses
Statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) was used to determine the significance of the antibacterial effect of GA, GO, and GAGO at different
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concentrations exposure to different bacterial strains, ie, MRSA, MSSA, MRSA-pvl+, and MRSA-pvl-. Data were
presented as the mean + standard deviation (SD), and the data were significant when the p-value was <0.05.

Results
Synthesis and Characterization of GAGO

GO was synthesized via modified Hummer’s method, a chemical process utilized to generate GO using Gr powder. It is
known as a safer, faster, and more efficient method of producing GO. Following the successful synthesis of GO, the GO
powder obtained was further used to load native GA at a ratio of 1:5 w/w (GO:GA) to produce the GAGO
nanocomposite.

The absorption spectra of GA, GO, and GAGO were measured using a UV-Vis spectrophotometer from 200 nm to
800 nm to identify their peak absorbance. Figure 1A shows a strong absorption peak of GO at 230 nm due to the n—n*
transition of C=C ring bonds. Meanwhile, GA and GAGO exhibit two similar peaks at 214 and 262 nm. The results
indicate that the loading of GA in GO was successful, forming GAGO nanocomposite, as noted in the absorption peaks
of GA seen in GAGO.

Raman spectroscopy has been widely employed as a non-destructive method to characterize several materials,
particularly carbon materials with varying structures and crystal arrangements. The defects and disorders in Gr, GO,
and GAGO crystal structure were studied using Raman spectroscopy. Based on the Raman spectra shown in Figure 1B,
the D band was observed at 1361 cm™ !, while the G band was at 1594 cm™ ! for Gr, GO, and GAGO. On the other hand,
the 2D band can be observed at 2930 cm ! for both GO and GAGO, while the 2D band for Gr was observed at
2724 cm™'. The D band indicates the disorder present in the sp> carbon network. The broadening of the D band in GO
and GAGO might be related to the reduced sp> domain size due to distortions, defects, and vacancies during oxidation.
The G band comes from first-order Raman scattering and is usually present in all sp> carbon forms. The second-order
dispersive Raman mode for the Gr, GO, and GAGO is represented by the 2D band in the Raman spectra. The Raman
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Figure | (A) UV-Vis absorbance spectra of GA, GO, and GAGO samples, (B) Raman spectra of GO, GAGO, and Gr obtained using 532 nm diode laser excitation. The
G band is a result of in-plane vibrations of sp? bonded carbon atoms, while the D band represents plane vibrations attributed to the presence of structural defects, (C) XRD
patterns of GO, GAGO, and GA measured at 40 kV and 40 mA with a scanning rate of 5°/min and 20 angles ranging from 5° to 60°.
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spectra of GO and GAGO nanocomposite showed no significant shift in the D band and G band. As in the present study,
the synthesized GO and GAGO nanocomposite showed a similar occurrence of spectra which further confirms that GO
and GAGO have been successfully synthesized.

XRD analysis (Figure 1C) was applied to evaluate the crystal structure of all samples, ie, GO, GAGO nanocomposite,
and native GA. The presence of several characteristic peaks at about 20 degree of 16.22°, 25.3°, and 27.65° in the XRD
profile of native GA are representatives of the highly crystalline structure of GA.>® A characteristic peak at 26 degree of
8.60° was observed for GO, attributed to the diffraction of the (001) for GO, due to the formation of oxygen-containing
functional groups, such as carboxylic acid, hydroxyl groups, and epoxides between the hydrophilic GO layers.>
A significant shift of the characteristic peak of GO was noted when loaded with GA. The characteristic peak of GO
shifted from 8.60° to 10.15°, with the appearance of new characteristic peaks at 16.22° and 19.06°, attributed to the
characteristic peaks of GA, confirming the loading of the GA sample through the surface coating.

FESEM (FEI, USA) and TEM were employed to further elucidate the surface morphology and structure of GO and
GAGO as an aqueous dispersion. Figures 2A and B revealed the wrinkled, thin film surface morphology of GO,
consistent with the previously reported morphology of GO as a large sheet with a rippled, silk-like surface.’**°
Figures 2C and D show the FESEM and TEM micrographs of GAGO, with a thicker and denser structure than GO.
This further confirms that the loading process of GA has occurred according to the changes in the structures of GAGO
compared to GO itself. Similar GO and GAGO morphological variations were further observed in AFM images
(Figure 3). Figure 3A shows a typical AFM image of GO, comprising wrinkled and occasional folds of a few layers
of GO sheets. It is evident that the loading of GA alters the surface topography of GO (Figure 3B), as observed by
FESEM and TEM images. The visible stacked-up layers of GA are noticeable in the AFM image, which indicates the
surface coating of GA onto the surface of GO. GAGO has a reduced porosity and roughness (Figure 3D) compared to
GO (Figure 3C), which is pivotal in the interaction of GAGO with bacteria cells that could inhibit biofilm formation.*'

The loading of native GA in the GAGO nanocomposite was evaluated using a simple, rapid, and precise spectro-
photometric method (Bio-Rad, USA). A previous study has reported that GA has a maximum absorption at a wavelength
of 262 nm.”® In this study, a linear calibration plot (y=101.77x — 0.0061, R* = 0.9994) was obtained by plotting the
absorbance values at 262 nm against the concentration of standard GA solution (0-0.010 mg/mL). The drug loading of
native GA and the loading efficiency were calculated from the equation. The consistency between GAGO batches was
maintained throughout in terms of yield and drug loading. Table 1 shows that GA was successfully loaded at 241 +
0.05 mg of 1 g of GAGO, with a loading efficiency of 28.92 £+ 6.20%.

A typical two-phase release profile was observed for GA from the GAGO nanocomposite when it was added to the
release medium, as observed by the relatively slow release of 13% GA load in the initial 4 h, followed by a rapid increase of
GA release up to 51.62% at 10 h. The maximum percentage release of GA from GAGO was only achieved at 48 h (95%)
and further increased to 106% at 72 h (Figure 4).

Stability of GAGO in Physiologically Relevant Media

Figure 5 shows that GO in water has a higher negative zeta potential than GAGO. GO has a zeta potential value of —32.1
+0.954 mV, while GAGO showed a zeta potential value of —21.17 + 0.757 mV. The high negative zeta potential of GO is
most likely due to the oxygen-containing functional groups on the surface of GO. On the other hand, GAGO exhibited an
increase in the zeta potential value, with a lower negative zeta potential compared to GO, due to the loading of GA onto
the surface of GO through interaction with the oxygenated functional groups and surface coating.

The dispersion of GAGO into four physiological media such as distilled water, PBS, DMEM, and DMEM with 10%
FBS significantly affects the zeta potential value of GAGO. From Figure 5, no significant difference in the zeta potential
between GAGO dispersed in water and PBS was observed, indicating the stability of GAGO in saline buffered solution at
the physiological pH of 7.4. GAGO has also shown to yield a stable dispersion in PBS, pH 7.4 upon incubation for 72
h at 37°C when compared to GA (Figure S1).

However, there was a significant difference in the zeta potential between GAGO dispersed in water with GAGO in
DMEM supplemented with 10% FBS. Lower negative zeta potential was observed in GAGO dispersed in DMEM
supplemented with 10% FBS (—9.35 + 0.312 mV) compared to GAGO dispersed in DMEM only (—16.93 £+ 0.862 mV).
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Figure 2 FESEM and TEM micrographs of (A) GO, (B) GO (TEM), (C) GAGO, and (D) GAGO (TEM) dispersed in distilled water at | mg/mL. The scale bars shown are |
uM for FESEM, 500 nm (B), and 100 nm (E) for TEM.

The morphology and characteristics of GAGO in these different physiological media were further observed by TEM
(FEIL, USA). According to Figure 6A—C, GAGO exhibited a similar, denser thin film in its respective medium. On the
contrary, the TEM morphology of GAGO in DMEM with 10% FBS exhibited the appearance of small micellar particles,
with sizes in the range of 20—50 nm; however, these particles displayed some aggregation among each other (Figure 6D).
Collectively, from the TEM observation, we could deduce that there are no obvious aggregations or agglomerations of
GAGO in all physiological media.

In vitro Cytotoxicity MTT Assay Using 3T3 Fibroblast Cells

In vitro cytotoxicity MTT assay was conducted to analyze the effect of GA, GO, and GAGO against 3T3 fibroblast cells. The
3T3 fibroblast cells were exposed to various concentrations of GA, GO, and GAGO for 24, 48, and 72 h, with 0.1% (w/v) SDS
as the negative control. Based on Figure 7, GAGO exhibited low toxicity effects on cell viability at all incubation times
compared to GA. GA reduced cell viability to 22.2% at 50 pg/mL only upon 24 h of exposure (Figure 7A), while GO affected
the cell viability to 34.75% at the same concentration after 48 h of exposure (Figure 7B). GAGO only affected the cell viability

International Journal of Nanomedicine 2022:17 hitps: 5789
Dove:


https://www.dovepress.com
https://www.dovepress.com

Shamsi et al Dove

28ym 1.1pm

21um

0.0 Height Sensor 50 pml 00 Height Sensor 50 pml

Figure 3 Characterization of the surface by 2D images of (A) GO and (B) GAGO as observed by AFM, and the 3D image analyses of (C) GO and (D) GAGO.

after 72 h of treatment, reducing the cell viability to 29.14% at 50 pg/mL compared to GA, where the cell viability was reduced
to 4.95% at a similar concentration comparable to the positive control, SDS (Figure 7C). From the results, GA exhibited more
prominent toxicity towards the cells as early as 24 h post-treatment at the concentration of 50 pg/mL, with the reduction of cell
viability down to 22.16%.

Table | Characteristics of GAGO Nanocomposite Prepared
at a Weight Ratio of 1:5 w/w GO:GA

Drug Loading (mg GA/g GAGO) | Loading Efficiency (%)

241 £ 0.05 28.92 + 6.20

Note: Data Represent Mean * SD (n = 3).
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Figure 4 In vitro release profile of GA from GAGO solution. 25 mg of GAGO was dispersed into 30 mL of PBS (pH = 7.4) at 37°C in a shaking water bath operating at
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Figure 5 The zeta potential (mV) of GO and GAGO in four different physiological media. ** and ****Denotes the significant difference between the zeta potential of each
sample with p < 0.0l and p < 0.001, respectively.

The 50% lethal concentration (LCsg) values of GO, GA, and GAGO towards the 3T3 fibroblast cells were determined from
the cell viability data. Table 2 shows that GA has lower LCs, than GO and GAGO at all exposure times (24—72 h). It indicates
that GA exhibited a higher toxicity effect than GO and GAGO and could decrease 50% cell viability at a lower concentration of
38.26 £ 8.549 ng/mL, as early as 24 h. GAGO showed a lower LCs, compared to GA at all exposure times. The LCsq of GAGO
decreased significantly from 245.30 + 9.867 ug/mL at 24 h, 78.91 = 9.172 pg/mL at 48 h, and 28.95 + 6.674 pug/mL at 72 h.

Zebrafish Embryo Acute Toxicity Test (ZFET)
The toxicity effects of GO, GA, and GAGO were further assessed in the concentration determination that led to 50% death of
zebrafish embryos, referred to as LCs, at 4 time points (24-96 h exposure). Figure 8A shows that most embryos treated with
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Figure 6 TEM micrographs of (A) GAGO in water, (B) GAGO in PBS, (C) GAGO in DMEM, and (D) GAGO in DMEM with 10% FBS dispersed at | mg/mL at 100,000%
magnification. Scale bars represent 200 nm.

pure GO have the LCs slightly higher or below 50 pg/mL at all time points. Meanwhile, the LCs, of embryos treated with
pure GA showed more than 500 pg/mL at 24 h post-exposure. However, the concentration that caused 50% death of zebrafish
embryos decreased continuously over time. By 96 h post-exposure, the LCsy of GA-treated embryos was 24 pg/mL
(Figure 8B). In comparison, embryos exposed to GAGO showed greater improvement than the native compounds, GO and
GA. LCs of the GAGO-treated group was >500 pg/mL and 78 pg/mL at 24 to 72 h exposure and 96 h post-exposure.
Together, these data suggest that GAGO nanocomposite is safe to be used at concentrations of >500 pg/mL for up to 72 h of
exposure.

Reactive Oxygen Species in Zebrafish Embryo-Treated with GO, GA, and GAGO
The ROS content of embryos treated with pure GO, pure GA, or GAGO nanocomposite was measured at 4 time points (30-240
min), as shown in Figure 9. In the present study, GO-treated embryos exhibited strong ROS content (Figure 9A—D) than pure GA
and GAGO nanocomposite. A notably high ROS content was observed in embryos treated with 50 pg/mL of GO as early as 30
min of exposure. The generation of ROS continues at 60 min post-exposure, with most of the concentrations (100, 150, and 300
png/mL) significantly elevating the ROS content compared to the control. This pattern continues at 120 min exposure, with
embryos treated with 150 pg/mL of GO showing a significantly high ROS content. Interestingly, unlike GO, GAGO was
observed to have maintained a comparable ROS content to the control group at all concentrations tested throughout the time
points measured (30240 min).

As shown in Figure 9E-H, GA-treated embryos maintained a comparable ROS content to control groups at 30 min of
exposure. However, the production of ROS content was significantly elevated at 60 min post-exposure in 50 and 300 pg/
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Figure 7 Cytotoxicity of GA, GO, and GAGO at concentrations of 0 to 1000 pg/mL against the 3T3

a positive control. The viability of the cells was expressed as a percentage of the cells exposed to the appropriate medium, and the results were expressed as mean * SD (n23).
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Table 2 LCgo Values of GA, GO, and GAGO After Exposure to 3T3
Fibroblast Cells for 24, 48, and 72 H

Exposure Time (h) LC50 (ug/mL)

GA GO GAGO
24 38.26 + 8.549% | 364.10 + 10.670*" | 24530 + 9.867*"
48 29.62 £ 7.781 | 44.37 £ 11.190% | 7891 + 9.172%*
72 1529 + 4.424% | 24.52 + 5.092* 28.95 + 6.674%"

Notes: The Data are Presented as Mean * SD (n = 3). “*’Denotes Significant Difference from 24
to 72 h Within the Same Sample, “Denotes Significant Difference to GA at a Specific Time Point.

mL of GA-treated embryos. This pattern of ROS content reverted to the normal range at 120 min post-exposure.
Conversely, GAGO-treated embryos showed a marked improvement in ROS content compared to the pure GO and pure
GA treatments. Most of the GAGO-treated embryos showed a normal range of ROS content in all concentrations tested

and time points, but high ROS content was only observed in embryos treated with 150 pg/mL of GAGO at 60 min
compared to the control.

Growth Curve of S. aureus

The differences in the growth pattern of all bacterial strains are shown in Figure 10. The lag phase for MRSA
strain started from O to 1 h after incubation, while the log phase started at 2 h to 14 h after incubation. The MRSA
strain exhibited an exponential growth at the log phase before reaching a plateau growth rate (stationary phase) at
12 h and above. Figure 9 also shows the growth curve of the MSSA strain. The lag phase started from 0 to 3
h after incubation and continues to the log phase from 4 h to 14 h after incubation. The MSSA strain only
exhibited a stationary phase at 15 h, indicated by the plateau absorbance reading, which was 3 h later than the
MRSA strain. The growth of the MRSA strain was much slower (Figure 10, at 2 to 3 h) than the MSSA strain at
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Figure 8 Lethal concentration at 50% (LCsp). Lethal concentration at 50% (LCso) of zebrafish embryo for each timepoint of exposure (24, 48, 72 and 96 h) in (A) LCso
GAGO vs GO, (B) LCs0 GAGO vs GA. Data were averaged from three independent experiments and are shown as mean * SEM. Significant differences between
experimental groups are denoted by “*” (Two-way ANOVA, followed by a post hoc test: Dunnet’s, p < 0.05).
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Figure 10 The growth curve of MRSA, MSSA, MRSA-pvi+, and MRSA-pvl-. Bacterial cultures were incubated on a shaking incubator at 120 rpm at 37°C throughout the
experiment. Then, | mL of the bacterial culture was taken every hour for 28 h to measure the absorbance reading at 650 nm. The spent medium was replaced with a fresh
MH broth. Data represent mean + SD (n = 3).

the commencement of the log phase (Figure 10, at 3 to 4 h), although their growth rates were almost similar
throughout the exponential growth phase. This situation suggests that their virulence may be at least partly due to
such a difference in the growth pattern.

The lag phase for MRSA-pvi+ bacteria isolate was observed from 0 to 1 h upon incubation at 37°C, followed by
a significant exponential phase at 2 to 17 h of incubation. The MRSA-pv/+ isolate achieved its stationary phase, with
plateau growth recorded at 18 h and above, later than the MRSA and MSSA strains, with the stationary phase occurring
at 12 and 15 h. The growth curve for MRSA-pvl- exhibited a lag phase from 0 to 1 h incubation, and exponential growth
was only achieved from 2 h until 17 h following incubation. Plateau absorbance reading was noted at 18 h and above.
The growing pattern of MRSA-pvi- was similar to the MRSA-pvi+ strain, but both showed a slower growth rate at the
beginning of the log phase (2 h) compared to MRSA and MSSA strains. On the other hand, higher absorbance readings
in the stationary phase for CA-MRSA strains indicate an increasing number of bacterial cells, exceeding the number of
cells for MRSA and MSSA strains.

Antibacterial Activity
The antibacterial effects of all samples, ie, GA, GO, and GAGO, were investigated against MRSA, MSSA, MRSA-pvi+,
and MRSA- pvi- using the Kirby-Bauer disk diffusion test. GA exhibited a concentration-dependent effect on all strains,
as observed by a significant increase in the diameter of the zone inhibition (Figure 11A). However, GA only inhibited the
growth of MRSA, MSSA, and MRSA-pv/+ at higher concentrations (150 pg/mL for MRSA and MSSA, and 300 pg/mL
in MRSA-pvl-) compared to GO and GAGO, which contradict GO and GAGO. In the present study, GO inhibited the
growth of MRSA and MSSA at 100 pg/mL, while a higher concentration of GO was needed to inhibit the growth of
MRSA-pvi+ and MRSA-pvi- at 150 pg/mL (Figure 11B). A similar observation was recorded for GAGO. No significant
difference was observed in the effect of GAGO with GO in inhibiting the growth of MRSA, MSSA, and MRSA-pvi-
(Figure 11D), albeit an improved effect on MRSA-pv/+ strain (Figure 11C). Meanwhile, GAGO exhibited a zone of
inhibition at a lower concentration of 100 pg/mL, which warrants further investigation.

The extent of inhibition imposed on MRSA, MSSA, MRSA-pvl+, and MRSA-pvi- by GA, GO, and GAGO was
further investigated by evaluating the CFU of each bacteria following exposure (Figure 12). It is also worth noting that
among all bacterial strains, the community-acquired strains (MRSA-pvl+ and MRSA-pvi-; Figure 12C and D) showed
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Figure |1 Zone inhibition of (A) MRSA, (B) MSSA, (C) MRSA-pvi+, and (D) MRSA-pvi- following exposure to GA, GO, and GAGO for 18 h at different concentrations (0-—
500 pg/mL). MRSA, MSSA, MRSA-pvl+, and MRSA-pvl- treated with distilled water served as negative control (CTRL), while CFX acts as the positive control. Data represent
mean + SD (n = 3). Significant differences between experimental groups are denoted by *(Significant difference to 150 pg/mL) and *(Significant difference to 300 ug/mL; One-
way ANOVA, followed by a post-hoc Tukey’s test, p < 0.05).

less susceptibility to all samples compared to MRSA and MSSA (Figure 12A and B). In contrast to the disk diffusion
experiment in Figure 11, all samples exhibited an inhibitory effect on the growth of MRSA at a concentration as low as
50 pg/mL. GA exerted 98.32% inhibition towards MRSA at 50 pg/mL, significantly comparable to CFX, a conventional
antibiotic used in the present study as the positive control (Figure 12A). In contrast, GAGO exhibited a 95.96% inhibition
towards MRSA at a higher concentration, 300 ug/mL, comparable to CFX (Figure 12A). A similar trend was observed
for GA and GAGO in MSSA (Figure 12C).

In contrast to MRSA (Figure 12B), GO had a lower effect on MSSA, with only 71.26% inhibition at 500 pg/
mL (Figure 12D). MRSA-pvl+ was resilient to all treatments, with lower inhibition at lower concentrations of
samples observed (Figure 12E and F), where MRSA-pv/+ was inhibited up to 80.13% for GA (Figure 12E),
15.38% for GO (Figure 12F), and 34.61% for GAGO at 50 pg/mL (Figure 12E). Furthermore, GO exhibited
a more significant effect on the inhibition of MRSA-pvi+ (96.37%) than GAGO (82.70%) at a similar concentra-
tion of 1000 pg/mL (Figure 12F). GA shows a similar trend of inhibition for MRSA-pvI- (Figure 12G) compared
to MRSA and MSSA, with a significant inhibition observed at 50 ug/mL. The increase in the percentage of
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Figure 12 Percentage of inhibition of (A-B) MRSA, (C-D) MSSA, (E-F) MRSA-pvi+, and (G-H) MRSA-pvi- following exposure to GA, GO, and GAGO for 18 h at different

concentrations (50—1000 pg/mL) compared to the positive control, CFX. Data represent mean + SD (n

pg/mL (Figure 12G). Conversely, GO was observed less effective towards MRSA-pvi-

denoted by * and "Denotes significant differences in CFX (One-way ANOVA, followed by a post-hoc Tukey’s test, p < 0.05).

inhibition for GAGO is concentration-
CFX at all concentrations employed (Figure 12H).
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To investigate the antibacterial kinetics, the time-kill experiment of all samples, GA, GO, and GAGO at 150 pg/mL
using all strains was conducted (Figure 13). The extent of growth inhibition is dependent on the time exposure, with
greater suppression of the growth of all bacteria strains at prolonged exposure (Figure 13A-D). There was a time-
dependent decrease in the growth of all strains when exposed to GA, GO, and GAGO. GAGO showed a delayed
response for all strains. In MRSA, the percentage of GAGO inhibition was as low as 1.63% within the first hour of
exposure (Figure 13A). This is contrary to GO and GA, which exhibited 16.98% and 29.44% inhibition within the same
period (Figure 13A). The effect of GAGO on MRSA was tremendously increased following 2 h of exposure, at 48.41%,
comparable to GA and GO, with only 44.88% and 42.38% of inhibition on MRSA (Figure 13A). The effects of GAGO
on MRSA showed an increasing trend up to 3 h, with 65.67% of inhibition on MRSA, followed by a slow and sustained
increase in the growth inhibition of MRSA at 8 to 12 h (Figure 13A). The increase in the percentage of inhibition of
MRSA by GAGO was again observed at 18 to 24 h, where it reaches a comparable percentage to GA at 98.11%. In
contrast to GAGO, GO exerted a lower percentage of inhibition towards MRSA throughout the experiment (Figure 13A).
A similar trend was also observed with the MSSA strain (Figure 13B). GAGO exerted a significantly higher effect on the
inhibition of MSSA than GA at 2 h, with 56.30% of inhibition, compared to only 42.19% of GO and 50.74% of GA
(Figure 13B). A slow and sustained effect of GAGO was observed for MSSA, with a sharp increase in the inhibition
effects from 18 to 24 h (86.74% to 98.93%). A further delay in the inhibition effect was significantly noted in the CA-
MRSA strains, which shows that GAGO could only cause effects towards MRSA-pv/+ after 3 h of exposure (Figure 13C)
and 4h for MRSA-pvi- (Figure 13D). However, the effects of GAGO on MRSA exhibit a sharp increase at 12 to 18
h before reaching a comparable percentage of inhibition to GA at 24 h with 98.30% and 97.67% for MRSA-pvi+
(Figure 13C) and MRSA-pvl- (Figure 13D). The time-kill experiment of CFX was also conducted, in which it
demonstrated a total inhibition of all strains upon >3 h of exposure (Figure S2).

HRTEM Observation

The morphological changes of bacterial cells, particularly the MRSA and MSSA, upon exposure to GA, GO, and GAGO were
further deduced via the TEM analysis. As indicated in the previous section, MRSA and MSSA were more susceptible to all
treatments; hence, further study was conducted to evaluate the interaction of the samples employed with MRSA and MSSA.
The control MRSA and MSSA (Figures 14A and A) appear round, with smooth morphological features. The treatment with
either GA or GAGO resulted in the disrupted morphology and damaged surface. Thus, it can be interpreted that lysis of the
bacterial cells occurs, resulting in the release of the cellular content of MRSA and MSSA into the surrounding environment,
which is apparent following treatment with GA and GAGO (Figure 14B and D; Figure 15B and D). It can be deduced that
a significant decrease in the cellular content of MRSA and MSSA treated with GA and GAGO was observed throughout. On
the contrary, GO showed a less prominent effect on MSSA (Figure 15C), where the cell wall of MSSA is not significantly
affected upon treatment with GO for 12 h. The MSSA bacterial cells remain intact, with a perfectly round shape compared to
the control. However, it should be noted that the cell walls are compromised by the appearance of a clearer layer of the cell
walls in GO-treated MSSA and MRSA (Figures 15C and 14C), in contrast to the control MSSA. The morphological
observation recorded for GO towards MSSA and MRSA further corroborated the data recorded for GO in the previous
sections.

Discussion

One of the promising strategies in the treatment of infectious diseases driven by multidrug resistance organisms is
nanotechnology. In the present study, a relatively simple GAGO nanocomposite formulation was prepared to employ GO,
a biocompatible and cost-effective graphene derivative, and GA, a phenolic compound against MRSA. Preliminary data
have suggested the ability of GAGO to impose antibacterial activity on MRSA."* GA has been reported to act as an
antibacterial agent against several pathogens, such as Salmonella typhimurium,** Escherichia coli,** S. aureus,"
Helicobacter pylori,** and Campylobacter spp.*> Nonetheless, its development into clinical settings has been hampered

by rapid degradation, poor oral bioavailability, and absorption’”-*®

that led to the rapid elimination of GA when
administered in vivo. In the present study, GAGO has been successfully synthesized with batch-to-batch consistency,

loading efficiency of 28.92 + 6.20%, and GA loading of 241 + 0.05 mg of 1 g GAGO. This is significantly higher than
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Figure 13 Percentage of inhibition of (A) MRSA, (B) MSSA, (C) MRSA-pvl+, and (D) MRSA-pvl- following exposure to GA, GO, and GAGO for 0-24 h at 150 ug/mL. Data
represent mean * SD (n = 3).

the study by Dornani et al,>> who reported loading of only 12% of GA at a 10:1 ratio of GA:GO. A more recent study has
shown that GO could load 20-40% of GA, in accordance with the loading obtained in the present study.*®

The efficacy and performance of nanomaterials in biological studies are heavily influenced by their stability and
characterization. An accurate characterization of nanomaterials within biological systems at pre-clinical stages is
important to provide insights into how nanomaterial properties could influence their biological effects. Physical proper-
ties, such as aggregation status, surface charge, and state of dispersion, are examples of characteristics that need to be
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Figure 14 HRTEM micrographs of MRSA treated with (A) distilled water (CTRL), (B) GA, (€) GO, and (D) GAGO at |50 pg/mL for 12 h. Scale bars represent 200 nm
(10,000% magnification) and 100 nm (25,000% magnification). Arrows indicate a compromised membrane with cell lysis, resulting in cytoplasm leakage and reduced cellular
content.

closely monitored. In the present study, the stability of GAGO in terms of aggregation status, morphology, and surface
charge were monitored in different physiological media, namely water, PBS, and culture media supplemented with FBS,
ie, the media often used to evaluate the efficacy and biological properties of nanomaterials in vitro and in vivo.

The zeta potential was used to determine the stability of the GO and GAGO. A lower negative zeta potential was
observed in GAGO dispersed in DMEM supplemented with 10% FBS compared to GAGO dispersed in DMEM only. This
is due to the presence of complex components in the DMEM such as ionic salts, vitamins, glucose, amino acids,*” and the
presence of the serum proteins in FBS such as albumin. The lower negative zeta potential exerted by GAGO indicates its
higher stability in the physiological media, ie, culture medium supplemented with FBS. As albumin is present abundantly in
FBS, its adsorption onto the surface of GAGO could be the cause of the enhanced stability of GAGO in the medium
containing FBS. The presence of small particles on the surface of GAGO is postulated due to albumin in FBS.*” Albumin is
the major protein in FBS,*® and it has been reported to have a particle size of 10 to 50 nm, which is in congruent to the TEM
morphology of GAGO dispersed in DMEM supplemented with 10% FBS. This finding is consistent with Franqui et al**
who reported that the single-layer sheet of GO was completely covered by FBS proteins when dispersed in the culture
medium containing FBS. Due to the protein adsorption, the dispersion of GAGO in DMEM has further lowered its negative
zeta potential (Figure 5), which is significant to GAGO dispersed in only DMEM. This is due to the steric hindrance and
electrostatic repulsion that resulted from protein coating on the surface of GAGO, confirming the possibility of protein
adsorption in GAGO. The adsorption of protein could be advantageous for carbon-based materials, as it improves stability
and avoids recognition of these materials by the immune system when administered in vivo.
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Figure 15 HRTEM micrographs of MSSA treated with (A) distilled water (CTRL), (B) GA, (C) GO, and (D) GAGO at 150 pg/mL for 12 h. Scale bars represent 200 nm
(10,000% magnification) and 100 nm (25,000% magnification). Arrows indicate a compromised membrane with cell lysis, that results in cytoplasm leakage and reduced cellular
content.

One of the major hurdles in fully integrating nanomaterials applications in industries, especially biomedicine, is the
potential biocompatibility issues. The toxicity of GAGO was evaluated using 3T3 murine fibroblast cells and zebrafish
embryos. Fibroblasts are often involved in inflammation, cell proliferation, and extracellular matrix generation during
injury and wound healing. During injury, it will trigger an inflammatory response and begins to initiate the re-modeling
of the damaged tissue cells.*” Meanwhile, zebrafish has been favored by researchers over the conventional animal model
for toxicity study as it shares 70% of homologous genes as well as demonstrates similar physiological responses in
humans with chronic diseases.’® In the present study, GAGO exerted a lower toxicity effect compared to GA based on its
LCsp, both in 3T3 murine fibroblast cells and zebrafish embryos. This is possibly due to the slow and sustained release of
GA from GO, demonstrating that GAGO can reduce the over-exposure of a large quantity of GA to the cells. However,
despite GA being an antioxidant, it wields the highest toxicity among all three samples. Based on a previous study,
reduced cell viability and proliferation were observed when treated with GA besides the induction of cell apoptosis®' at
an LCso concentration (Table 2). Interestingly, GAGO exerted lower toxicity due to the surface coating of GA onto GO
and possible protein adsorption, as corroborated by the zeta potential value in Figure 5. The improved toxicity of GA,
when loaded onto GO in the form of GAGO, could also be contributed to the slow and sustained release of GA, rendering
GAGO a promising candidate to be developed as a treatment for inflammation in the multidrug-resistant organism.

ROS is a chemically reactive molecule that can cause damage to DNA, fatty acid, and cellular molecules, resulting in
oxidative stress conditions at the cellular level.’* In a normal condition, ROS is usually produced in small quantities
depending on the physiological metabolism of the body.”® However, upon endogenous or exogenous exposure, the ROS
content may elevate and exceed the limit until the antioxidant ability is outperformed, leading to oxidative stress.”* The
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improvement of the ROS content in GAGO-treated embryos was congruent with a previous study on GO-HA, where it
showed low oxidative stress content when treated in zebrafish embryos compared to the GO at 100 pg/mL, resulting in
a significant increase of ROS, glutathione (GSH), and malondialdehyde (MDA) besides inhibiting the antioxidant
enzyme activity of Superoxide dismutase (SOD).>> In addition, Mu et al’® also reported a normal ROS content on
recorded CysGO compared to the high ROS content in the treatment of pure GO. Contrarily, GA is known for its
antioxidant property, which can inactivate the free radicals present, preventing oxidative stress.

Furthermore, several studies have reported a high ROS content of GO that could trigger apoptosis and is associated
with cell death.’” One reason for the increased ROS content during GO exposure is the surface defect. As reported by
Chen et al.’>® GO has sharp edges that may damage the mitochondrial membrane and induce the generation of ROS
through dangling bonds, turns, and kinks on the edges or inner plane. Furthermore, hypoxia due to the cellular
envelopment by GO has also assumed a specific mechanism that induces excessive ROS production, a decrease in
ATP production, and metabolic toxicity, leading to cell death.® As seen in Figure 8, the ROS level of GO was
significantly high at 1 h exposure, which also led to high mortality in zebrafish embryos observed at early exposure.
In a previous study from our laboratory, surface coating of GO with a co-block polymer, Pluronic F127, has been shown
to mitigate the toxicity effects of GO on zebrafish embryos by preventing the interaction of GO sharp edges with the cell
membrane and embryonic chorion.*

On the other hand, the increasing ROS content observed on 50 and 300 pg/mL of pure GA at 1 h exposure may be
due to the chemical properties of GA that contains multiple hydroxyl groups, particularly the B-rings, which significantly
increased the production of ROS.%® This hydroxyl group could produce superoxide anion, hydrogen peroxide, and
quinones in an oxygenated solution during autoxidation, causing DNA damage.®' Moreover, GA has also been reported
to produce H,O, in HL-60 human leukemia cells and increase the amount of 8-oxo0-7,8-dihydro-20-deoxyguanosine, an
oxidative stress biomarker.*> Furthermore, a study on GA derivatives shows that propyl gallate could induce oxidative
stress at 1 and 10 pg/mL exposure.®?

The disk diffusion test confirmed the antibacterial activity of all samples. All strains were shown to be affected by
GA, GO, and GAGO at a concentration as low as 150 pg/mL, except for GA, which demonstrated a zone of inhibition
towards MRSA-pvi+ only at 300 pg/mL. Additionally, the antibacterial properties of GA, GO, and GAGO at different
concentrations against MRSA strains were corroborated by using the CFU counting method. The results were shown as
the reduction in bacterial colony count (percentage of inhibition) upon treatment with each tested sample compared to
that with a control distilled water solution and CFX. Among all bacteria strains employed, the community-acquired
strains (MRSA-pvl+ and MRSA-pvi-) were shown to have less susceptibility towards all samples compared to MRSA
and MSSA. This phenomenon could be explained by the increase in the virulence factor, as well as the fitness properties
of CA-MRSA compared to MRSA or hospital-acquired MRSA. CA-MRSA has been shown in Figure 9 to have a faster
multiplication rate compared to MSSA and MRSA, with a significant shorter doubling time and a higher cell count,
which is in agreement with a previous study by Kockritz-Blickwede et al.®* GO was also observed to exhibit a more
significant effect on the inhibition of MRSA-pvi+ (96.37%) than GAGO (82.70%) at a similar concentration of 1000 pg/
mL. GAGO might reach its therapeutic concentration within the MRSA-pv/+ bacterial cell, accounting for the compar-
able cytotoxic profiles obtained for GAGO at 500 and 1000 pg/mL. This phenomenon could also be explained by the
presence of pvl, a bi-component pore-forming toxin that can destroy and lyse leukocytes, which leads to tissue
necrosis.*> %3

The time-dynamic antibacterial effectiveness of GAGO was determined for all S. aureus strains. Loading of GA
onto GO might change its antibacterial activity. Although GAGO showed a delayed response for MRSA, its effect
increased tremendously following 2 h of exposure. The therapeutic effect of antibacterial agents against intracellular
S. aureus depends on the persistent time in the infected cell above the effective therapeutic levels. The drug
concentration within the cells is derived from its ability to penetrate the cell membrane and elucidate its efficacy
intracellularly. Prolonged incubation with GAGO was necessary for the cellular GA to accumulate to therapeutic

levels. GA, being lypophilic,°®¢” is reportedly taken up by the cells through passive diffusion; its transcellular
trafficking was also affected by protein-mediated transport.”>*® The passive diffusion pathway is inaccessible to

particulate systems like the GAGO. It was reported that GO could be internalized by cells through an energy-

International Journal of Nanomedicine 2022:17 hetps: 5803
Dove:


https://www.dovepress.com
https://www.dovepress.com

Shamsi et al Dove

dependent, clathrin-mediated endocytosis pathway.**®’ Endocytosis provides a slower uptake by the cells compared
to the passive diffusion pathway, which further explains the delayed intracellular interaction of GAGO with MRSA
and the delayed response of GAGO in inhibiting bacterial cells. A similar pattern was also observed with MSSA.

On the other hand, a significant delay in the inhibition of CA-MRSA was observed, congruent to the results obtained
in the previous CFU counting method. The delayed response of GAGO in CA-MRSA could be attributable to the lower
uptake of GAGO by bacterial cells, which caused a slower interaction of both GA and GO with the bacterial cells. In
addition, the loaded GA had to be released from GAGO before it was accessible for interaction with the bacterial cell
wall and enzyme system. In a drug release study, GA from the GAGO nanocomposite was released at a relatively slow
rate, with only 13.21% of the GA load released into the aqueous media within the first 4 h. GO effects towards MRSA-
pvl+ was observed to be more prominent than GAGO throughout the time-kill experiment, with a comparable percentage
of inhibition for GAGO achieved following 24 h of incubation. In a previous study from our laboratory, surface coating
of GO with a co-block polymer, Pluronic F127, has been shown to mitigate the toxicity effects of GO on zebrafish
embryos by preventing the interaction of GO sharp edges with the cell membrane and embryonic chorion.®® At 24 h, the
loaded GA was released up to 83.77%, making it possible for GA to impose its effects on MRSA-pv/+, together with GO.
As mentioned previously, the sharp edges of GO were coated by GA on the surface, contributing to the inability of the
GAGO nanocomposite to penetrate the cell wall of MRSA-pvi+ at the initial phase of incubation, which in turn delayed
the access of this nanocomposite formulation towards the virulence gene. According to the drug release experiment
conducted in the previous section, the release of GA from GAGO nanocomposite was initially relatively slow, but an
increase and sustained release of GA was found to occur that lasted for three days. This could be advantageous when
GAGO is administered in vivo, in which the sustained release could maintain the high concentration of GA in the plasma
within the therapeutic window for an extended amount of time. The subsequent controlled release of the nanocomposite
entrapped GA could potentially enhance the intracellular antibacterial effects and prevent a sudden surge of exposure of
GA at high concentration, which could increase the possibility of this multidrug-resistant microorganism adapting
quickly and developing resistance. It is also worth noting that the concentration of samples used for the CFU counting
method and time-kill experiment of 150 pg/mL adhered to the cytotoxicity profile of GO as reported. The loading of GA
onto GAGO nanocomposite was also reported to be 28.92 + 6.20% in the present study. This further explained the more
significant antibacterial effects of GA on CA-MRSA and the discrepancy in the action of GA when compared to GAGO
nanocomposite in these bacterial strains.

HRTEM was employed to explore the interaction between the nanocomposite and bacteria to investigate the
mechanism of action for the antibacterial property of GA. Two strains of S. aureus bacteria, MRSA and MSSA, were
chosen due to the superior antibacterial property of GAGO in these two strains compared to CA-MRSA. The cell walls
of MRSA and MSSA were compromised upon exposure to GAGO, in which they appear thinner and damaged,’®
accompanied by the reduced cellular content due to cytoplasm leakage.”' The irreversible damage and disintegration
of the bacterial cell walls were postulated as the main mechanism in the action of GAGO that exhibits its antibacterial
activity, resulting in apoptosis of the bacteria.”* Prolonged exposure to GAGO was necessary to gradually interrupt the
cell wall of S. aureus, hence, damaging the peptidoglycan layer. GO, on the other hand, did not demonstrate
a significant decrease in cellular content upon contact with MSSA, and the bacteria cells appear rather as normal
round shape, similar to the control MSSA. Several studies have demonstrated superior antibacterial activity of GO
towards Gram-negative bacteria compared to Gram-positive bacteria, such as S. aureus. Gram-positive bacteria
possess a different cell wall structure and composition than Gram-negative bacteria. The cell wall of S. aureus
consists of thick and dense peptidoglycan, making it difficult even for GO that contains sharp edges to penetrate the
cell walls."

Conclusion

In summary, the integration of GA onto the GO sheet could impose more effects of GAGO on MRSA and MSSA at
a lower concentration of GA. The effects involved improved biocompatibility in 3T3 fibroblast cells and zebrafish
embryos and stability in different physiological media. GAGO nanocomposite exhibited inhibition towards all bacteria
strains employed, ie, MRSA, MSSA, MRSA-pvi+, and MRSA-pvl-. The present study demonstrates the antibacterial
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potential of GAGO against MRSA strains, but further study is warranted to understand the mechanism of action of
GAGO and its resistance in MRSA strains.
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