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Graphical abstract

F. aeruginosa

98.5 %
Bacterial Reduction

Highlights

e A novel therapy for combating bacteria avoiding the use of antibiotics is shown

e GO dispersions (120 ug/mL) exhibit antibacterial performance against P. aeruginosa
e GO dispersions (>2 pug/mL) kill P. aeruginosa only under NIR irradiation

e A 98.49 % Kkilling rate is achieved (5 min NIR irradiation and 2 ug/mL of GO)

e GO may be utilized as localized photothermal agent

e GO could be used for clinical treatment of bacterial infections of soft tissues.

Abstract
The manuscript shows the application of unmodified graphene oxide (GO) as a
photothermally susceptible material to trigger antibacterial effects. The synthesis and

characterization of unmodified GO easily dispersed in aqueous solutions is also shown. High



GO concentrations in the dark and low GO concentrations irradiated with near infrared light
(NIR) produced death in nosocomial bacterium (Pseudomonas aeruginosa). It is
demonstrated that GO dispersion in the dark produced a dose-dependent increase in the
antibacterial action at concentrations up to 120 pg/mL. On the other hand, by using much
lower concentrations (c.a. 2 pg/mL) of GO (non toxic in the dark) and irradiating with near-
infrared radiation during 15 min, a degree of mortality of 98.49 % was observed. The P.
aeruginosa treated with GO and irradiated exhibited DNA fragmentation due to the physical
damage of cell membranes. The GO 2 pug/mL dispersions proved favorable, since they do not
induce cell death in the dark, whereas the combination with NIR light triggers the damage to
the cell membranes. This characteristic is clearly an advantage in comparison with traditional
antibacterial nanomaterials (such as nanoparticles), which induce cell killing due to the
nanoparticles toxicity per se. Furthermore, this work provides a novel treatment for
combating bacterial nosocomial infections without the use of antibiotics, opening a new area

of clinical application via simple photothermal therapy.
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1. Introduction

Bacteria are microorganisms that can cause deadly infections. In immunocompromised
individuals, Pseudomonas aeruginosa is a common nosocomial pathogen causing serious

infections associated with a high rate of morbidity and mortality [1]. Additionally, pathogenic



bacteria have evolved and showed great resistance against most of the conventional drugs
therapies available in the market [2,3]. According to the World Health Organization,
infections caused by bacteria which can resist to antibiotics is a top threat to human health
[4]. Due to increased and irrational use of wide-spectrum antibiotics, the evolution and spread
of antibiotic resistant bacteria is becoming a major global health threat [5]. Therefore, the
development of innovative therapeutic strategies and novel antimicrobials for killing bacteria
and to combat infections is becoming crucial [6].

Recent advances in nanotechnology have produced new nanomaterials that can be used to
combat infectious diseases [7,8]. Moreover, during the last few years, several nanomaterials
have been investigated in order to address the issue of antibiotic resistant bacteria [9]. Thus,
not only new materials but also new methodologies are necessary to reverse the antibiotic
resistance of pathogenic bacteria. The use of nanomaterials in photothermal processes for
selective treatment of bacterial infections is a novel, recent and promising therapeutic
modality [10]. Photothermal therapy (PTT) is an alternative approach in which photothermal
agents are employed to produce localized heating [11]. This materials have the capacity of
absorbing near-infrared light (NIR) in the spectral region where water and hemoglobin
present minimal optical absorption (700 to 900 nm), that ensures maximum light penetration
depth without tissue damage [12]. Various nanomaterials such as carbon nanotubes,
graphene, and gold nanorods have been employed to generate sufficient heat to kill bacteria
upon exposure to NIR light [13,14]. Several investigations have demonstrated that gold
nanoparticles can be used as an agent in photothermal therapy to trigger the destruction of
bacteria [15,16]. If the nanoparticles are attached to bacterial cells, the localized heating that

occurs during NIR irradiation causes irreparable cellular damage.



Nowadays, graphene has attracted the attention of the entire scientific community because of
its remarkable electrochemical, mechanical, electronic and thermal properties, which make
it a potential candidate for bio-applications [17,18]. However, due to its low water solubility,
many graphene derivatives have been proposed for applications where the nanomaterial
structural quality is not an important issue [19]. Taking this into account, GO prepared by
oxidation of graphite consists of single-atom-thick graphene layers bearing hydroxyl,
epoxide, and carboxylic acid groups [20]. This material is of great interest due to its low cost,
easy access, high dispersibility in water and its interesting electrical, thermal, mechanical,
and optical properties [21]. The potential applications of GO are those related to biomedicine,
including drug delivery, antibacterial action, biosensing and photothermal therapy, among
others [22—24]. In fact, graphene nanosheets in the form of graphene nanowalls deposited on
stainless steel and reduced graphene (rGO) nanosheets have already shown high potential as
antibacterial agents [25]. Moreover, GO decorated with silver nanoparticles have displayed
excellent antibacterial activity against P. aeruginosa [26]. However, to date there are no
studies dealing with the effect of the GO concentration on bacterial mortality.

Several research works showed that the graphene oxide was initially considered as a
biocompatible nanomaterial [27-30]. However, in vitro and in vivo toxicity studies of GO
have reported contradictory results since the toxicity of GO depends on different factors such
as line cell, concentration, size and synthetic methods employed [31-33]. It has been recently
reported that GO with different sizes (ranging from 150 nm to 1000 nm large GO) presents
a similar toxicity at low concentrations (10 ug/mL), however at concentration of 100 pg/mL
the difference in toxicity as a response to size becomes obvious [34]. While the toxicity does
not depend on the particle size for the RAW 264.7, NB4 and HL60 cell lines, a clear

relationship between the size and cytotoxicity was observed for three adherent cell lines: NIH



3T3, A459 and U87 [34]. Another interesting study proposed that GO with particle of
microns induce more severe inflammatory response than nanometric particles [35]. Chng and
Pumera proposed that the cytotoxicity of GO depends on the synthetic procedure used to
prepare GO [36]. Besides, the evaluation of the toxicity of GO in vivo, Zhang et al. did not
find significant pathological changes in all the examined organs when mice were exposed to
GO (dose 1mg/kg) for 14 days [37].

Thus, in this work the antibacterial effect of different concentrations of GO dispersions on P.
aeruginosa is studied. Also, recent studies showed that functionalized GO and rGO have
been used in photothermal therapy [38], as photothermal absorbers to kill bacteria [39]. While
rGO presents higher light absorption than GO, it is insoluble in biological media since it lacks
enough hydrophilic functional groups, found mainly only at edges and defects [40]. To
overcome this situation, rGO was modified by adsorption of hydrophilic polymers, or with
magnetic or metallic nanoparticles [38,41]. In contrast, in this work the efficiency of
unmodified graphene oxide as photothermal susceptor to kill a bacteria (P. aeruginosa) is
demonstrated, since GO contains reactive groups which are biologically more active than
rGO [42]. The ability of the GO in the dispersions to act as a photothermal absorber of NIR
irradiation was evaluated in vitro. Based on the results, it is shown that unmodified GO may
be utilized as a photothermal receptor agent for NIR light against bacterial infections usually
found in nosocomial situations. Therefore, a novel way to fight antimicrobial resistance in
nosocomial settings avoiding the use of conventional drugs is described.

2. Experiments

2.1. Synthesis of graphene oxide



Natural graphite powder (Aldrich) was oxidized using the modified Hummers method [43].
Briefly, graphite powder (2 g) was added to concentrated H.SO4 (200 ml) immersed in an
ice bath. Then, KMnOQO4 (12 g) was added gradually under constant stirring and cooling to
keep the suspension temperature below 20 °C, and the reaction left under stirring for 2 h.
Subsequently, 360 ml of distilled water were added ensuring that the temperature does not
exceed 50 °C. Then, 40 ml of H202 (a volume fraction of 30 %) was added to the mixture
which adopted a bright yellow color. The mixture was washed with distilled water until the
pH of the suspension reached a value of 3. The supernatant was discarded by centrifugation
(30 min; 7,000 r.p.m.) and the graphite oxide dispersion obtained was dissolved in distilled

H>0 and subjected to ultrasound for 1 h to generate GO sheets or monolayers.

2.2. Characterization of GO

Fourier transform infrared (FTIR) spectra of the GO were recorded from KBr pellets of solid
samples in a Nicolet Impact 410 spectrometer. The UV-Vis spectra of GO water dispersion
were recorded on a HP 8452A spectrophotometer. Confocal Raman measurements were
undertaken in the Raman Microspectroscopy Laboratory of the Characterization Service in
the Institute of Polymer Science & Technology, CSIC using a Renishaw InVia Reflex Raman
system (Renishaw plc., Wotton-under- Edge, UK), employing a grating spectrometer with a
Peltier-cooled charge-coupled device (CCD) detector coupled to a confocal microscope. All
spectra were processed using RenishawWIRE 3.2 software. The Raman scattering was
excited using an Argon ion laser wavelength of 514.5 nm and the laser beam was focused on
the sample with a 100x microscope objective (N.A. = 0.85), with a laser power at the sample

of 62 mW. The average size of the GO was evaluated by High-resolution transmission



electron microscope (HRTEM) at the Centro Nacional de Microscopia Electrénica, Madrid,
Spain. For measurement of GO flake lateral dimensions, HRTEM micrographs were
performed on a JEOL JEM-2100 instrument, using a LaB6 filament, a lattice resolution of
0.25 nm and an acceleration voltage of 200 kV. HRTEM micrographs were taken at random
locations across the grids, to ensure a non-biased assessment. Samples were prepared by
drop-casting a few microliters of dispersion onto holey carbon films (copper grids) and dried
at 120 °C under vacuum for 12 hours. A water dispersion of GO (0.2 mg/mL) was employed
to carried out dynamic light scattering (DLS, Malvern 4700 with goniometer and 7132
correlator, with an argon-ion laser operating at 488 nm; the measurements were made at the
scattering angle of 90°). Also, in order to analyze the stability of the GO dispersion the
absorbance at 660 nm [44] was recorded, during 5 hours of dispersions (0.2 mg/mL of GO
in water, saline solution and in Luria Broth medium) using a Hewlett-Packard 8453 diode

array UV-visible spectrophotometer.
2.3. Bacterial Culture.

P. aeruginosa (strain ATCC 15692 / PAO1) was used as strain models in this study. The
bacterial strains were streaked and grown overnight under aerobic conditions (16 h) at 37 °C
in Luria Broth (LB) agar plates from frozen stock. One colony of each strain was inoculated
in 20 mL LB medium overnight at 37 °C with shaking. This culture was used as a source for
the experiments and it was statically incubated and reduced to a final density of 1x10°
CFU/mL (colony-forming units per milliliter) determined by comparing the ODeoo of the

sample with a standard curve relating ODsoo to cell number.

2.4. Antibacterial activity in the dark



Bacteria were cultured overnight in LB broth at 37 °C with shaking. An aliquot of the
bacterial culture was aseptically transferred to fresh broth and incubated at 37 °C to the
exponential growth phase, where the bacterial concentration of the suspension was 10°
CFU/mL in saline solution (0.85% NaCl). The Gram-negative cells were incubated with GO
over a wide range of concentrations. The bacteria were inoculated into Eppendorf and
incubated for 3 h with GO at 37 °C. Bacterial cells (P. aeruginosa, 10° CFU/mL) were
inoculated in saline solutions containing different concentrations of GO (2, 6, 13, 20, 40, 60,

80, 100 and 120 pg/mL).

A bactericidal effect is defined as a decrease in the cell concentration (CFU/mL) after 24 h.
Colonies were counted and compared with those on control plates to calculate changes in
cell-growth inhibition. In the control test, the cells were treated with an isotonic saline
solution without GO. Negative controls consisting of a bacteria-free medium were used. The
percentage of bacterial growth inhibition was calculated using the difference between
numbers of colonies from bacteria cultivated in presence of GO dispersions and those from
bacteria as control. All treatments were prepared in triplicate and repeated in three

independent experiments.
2.5. Photothermal antibacterial activity of GO

Bacterial cells (10° CFU/mL) were inoculated in a saline solution containing 2 pg/mL GO
during 3 h, and were subsequently treated by NIR laser irradiation (875 nm, 500 mW) for 15
minutes. Afterwards, the cells were incubated for 5 h at 37 °C in LB medium. The dark
control group was performed under the same experimental procedure but without for laser
irradiation. The light control group was performed under the same experimental procedures

but without the incorporation of GO. Finally, the percentage of bacterial growth inhibition



post-treatment was calculated using the difference between the numbers of colonies from
bacteria incubated with GO respect to those from bacteria in the control. All treatments were

prepared in triplicate and repeated in three independent experiments.
2.6. Viability Test

Bacterial cells were stained with a LIVE/DEAD® BacLight™ Bacterial Viability Kit (Life
Technologies, Carlsbad, CA, USA), whereby live cells are stained green with SYTO 9 and
dead cells are stained red with propidium iodide (PI). The P. aeruginosa cells were exposed
to different treatments; i. Control group: cells without GO nor NIR exposure, ii. Light Control
group: cells without GO exposed to NIR, iii. Dark Control group: cells with GO not exposed
to NIR, and iv. GO+Light group: cells with GO and exposed to NIR for 24 h at 37 °C.
Afterwards, the culture medium was removed and the samples were rinsed with saline
solution, stained with LIVE/DEAD BacLight™ for 15 min in the dark. Cells were finally
examined by fluorescence microscopy (Nikon Eclipse 50i). The light microscopy system was
additionally equipped with filters to acquire epifluorescence images of the live (green

fluorescent) and dead (red fluorescent) cells.
2.7. DNA fragmentation

P. aeruginosa cells were grown in LB medium, washed with saline solution, and re-

suspended in saline solution at a concentration of 1x108 CFU/mL.

The cells were exposed to four different treatments; i. Control group: cells incubated 3h
without GO nor NIR exposure, ii. Light Control group: cells incubated without GO exposed
for 15 min to NIR irradiation, iii. Dark Control group: cells incubated with 5 pg/mL of GO

not exposed to NIR, and iv. GO+Light group: cells incubated with 5 pg/mL with GO and



exposed to NIR for 15 min of NIR irradiation. After 5 hours, genomic DNA was isolated
using a Genomic DNA Isolation Kit (Accuprep® Genomic DNA Extraction Kit, Bioneer
trade (Shanghai) Co., Ltd) and DNA fragmentation was evaluated by agarose gel
electrophoresis. The DNA electrophoresis of the four samples and DNA molecular weight
marker was performed in 1% agarose gel containing 1 mg/mL gel green and migrated for 90
min at 80 V, and the DNA fragments were visualized by exposing the gel to light, followed

by photography.

2.8. Statistical analysis

The results were CFU/mL and analyzed by one-way analysis of variance (ANOVA) followed
by post hoc statistical tests, using the Tukey test for each pair of compared groups. Statistical

significance was defined as p<0.05.

3. Results and Discussion

3.1. Graphene oxide characterization

One of the advantages of using GO instead of graphene lies in its easy dispersion in aqueous
solutions, which is very important for bio-applications. The GO prepared in this study is
highly dispersible in water, as it can be seen in the digital photography (Figure 1A) of a
typical GO dispersion (2 mg/mL). In addition, the absorbance at 660 nm of GO dispersions
(in water, saline solution and LB medium) remains almost constant during 5 hours (Fig. 1A)
suggesting good stability as no precipitation of solid GO occurs in this period of time. This
ensures dispersion stability during the experiments or applications. The spectroscopic
characterization of the GO utilized is shown in Fig. 1B-D. The FTIR spectrum presents

several bands that can be attributed to the presence of diverse types of oxygen functionalities



such as C=0 carbonyl stretching centered at 1721 cm™; C—OH stretching at 1220 cm™, and
C-O stretching at ~1038 cm™. Moreover, the O—H deformation vibration at 1390 cm™, and
the O-H stretching vibrations at 3400 cm™ are clearly observed. Also, the C=C vibration
mode from graphitic domains that have not been oxidized appears at 1600 cm™ (Fig. 1B)

[45].

The Raman spectrum of GO is shown in Fig. 1C where the characteristic bands associated
with D and G modes can be observed at 1350 cm™ and 1610 cm™, respectively [46].
Additionally, the Raman spectrum shows that the G band is broadened and shifted to 1594
cmt in comparison with the starting graphite, which is an indication of the diminution of the
size of in-plane sp? domains due to the exhaustive oxidation [47]. Moreover, the relationship
between the intensity of D and G band (ID/IG ratio), a parameter commonly used to evaluate
the oxidation degree of graphene-like materials [48], gives a value of around 0.8 resembling
that of very oxidized materials [49]. The ID/IG ratio is associated to the size of the sp?
domains it has been demonstrated that it increases with oxidation degree [50,51]. Pulido et
al., show that an ID/IG ratio of 0.8 corresponds to a C/O ratio of 1.8 obtained from the curve
fitting of XPS spectra [52]. Therefore, we can assume a high degree of oxygenated moieties,

responsible for the good stability of GO dispersions.

Two UV-visible bands characteristic of GO: the first, a shoulder at c.a. 300 nm,
corresponding to n-n* transition of the C=0 groups [53] and the other, which appears at 230
nm that is attributed to a m-n* plasmonic peak is shown in Fig. 1D [54]. All the
spectroscopies, Raman, FTIR, and UV-visible, verify that the synthesized materials

correspond to graphene with a reasonable oxidation degree.



The size of GO is a very important parameter that can strongly affect its biocompatibility,
although there is not a consensus about the impact of GO lateral size and their effects in vitro
[35,55]. The dimensions of the dispersed GO flakes were analyzed by HRTEM. The Fig. 1E
shows a representative image of GO deposited onto TEM grids from water dispersions, where
small laminates very well distributed can be observed. Statistical analysis (of at least 40
flakes) reveals that the average length and width of the flakes are around 350 = 98 nm and
225 + 50 nm, respectively, in agreement with lateral dimensions of GO prepared under
similar conditions [56]. The size of GO laminates determined by HRTEM was also confirmed

by DLS experiment (Fig. 1F) that reveals a GO mean size of 437.6 nm.

3.2. Antibacterial activity in the dark

To investigate the antibacterial activity of the GO against P. aeruginosa bacteria, the colony
forming count (CFU) method was employed. In this study, the antibacterial viability was
evaluated by analyzing the cell viability of the P. aeruginosa incubated during 3h in saline
solution with different concentrations of GO at 37 °C. It is possible to observe in Fig. 2 that
as the GO concentrations increased the P. aeruginosa viability exponentially decreases.
Based on these results, the antimicrobial activity of the GO dispersions increased in a dose-
dependent manner. Moreover, 120 ug/mL of GO almost completely killed the P. aeruginosa
bacteria (0.042 % of viability) incubated in a saline solution. The results show that when 120
pg/mL GO dispersed in the saline solution is employed, the growth of Gram-negative
bacteria is almost completely suppressed. Therefore, the GO dispersions at this concentration
could be used as a potent antibacterial agent. In summary, GO dispersion shows the excellent

antibacterial function to Gram-negative bacteria. These results are comparable with recent



reports describing the strong antibacterial activity of Chlorin e6 molecule loaded on

polyethylene glycol (PEG)-functionalized graphene [57].

3.3. Photothermal destruction of bacterial cell

The photothermal killing of the bacterial cells was tested using a continuous wave solid-
statelaser of 785 nm wavelength, with a fluence of 500 m\W/cm?, as the excitation light source

and 2 pg/mL of GO dispersion.

This concentration was chosen due to in the cell viability test showed negligible diminution
on the P. aeruginosa viability. Moreover, many research studies have confirmed that GO in
this concentration presents a good biocompatibility regardless of the size, time and cell type
dependent cytotoxicity [58]. For instance Zhang et al. detected that the cytotoxicity in HeLa
cells was only detected with GO dispersion of 20 pug/ mL, besides a lot of cell floating were
observed after incubating the cell with 40 pug/mL of GO dispersion for 24 h [59]. In
adenocarcinomic human alveolar basal epithelial (A549) cells, nor obvious effects on the
morphology, viability, mortality, and membrane integrity were observed incubating the cell
with GO at concentration of 10 pg/mL[55]. Also, in BEAS-2B (human lung cells) significant
decreases in cell viability were observed at concentrations of 10-100 pg/mL [60]. The HBI.F3
(human neural stem cell line) cell viability was decreased with increasing GO concentration
form 25 to 200 ug/mL [61]. As well, GO concentrations of 142 ug/mL leads 50 % lysis of
Human Erythrocytes [62] and GO acting on human fibroblast cells exerts toxicity at doses

greater than 50 pg/mL [63].



The bacteria cell viability was assessed by the plate-count technique. The means and standard
deviations of the CFU/mL obtained for the studied groups after treatments are shown in

Fig. 3.

Based on these results, the photoelimination of P. aeruginosa (GO+Light) were statistically
significant, compared with the other groups: Control, Dark Control and Light Control (Fig.
3). As it can be seen, Light Control and Dark Control do not present any bactericidal effect
on P. aeruginosa. Insignificant reduction of colonies was observed in the dark, suggesting
that this bacteria strain is not affected by GO at a concentration of 2 pg/mL without external
stimulus. Under NIR laser irradiation (Light Control), the bacteria survival rate is high in the
absence of photothermal agents, indicating that the NIR laser alone is harmless to the
bacterial strain. On the other hand, the NIR light and GO interaction exhibits a very high
bactericidal activity after 5 h treatment. In addition, the results suggest that the large decrease
in viability caused by local heating is accompanied by complete disintegration of the bacteria.
Therefore, the combination of GO and NIR light irradiation, used in this study for a specific

bacterium, represents an interesting tool to destroy pathogens.

In this work, the reduction between two different test Control and others (Light Control, Dark
Control, and GO+Light) is quantified using the bacterial reduction ratio (LAR) following

Equation 1 [64].

_ (CFU/mL)control
LAR = log (CFU/mL)others ] (1)

Where (CFU/mL) control is the bacteria colony forming unit value per milliliter on control

test, (CFU/mL) others is the bacteria colony forming unit value per milliliter in the other



conditions (Light Control, Dark Control, GO+Light). Also, the bacterial growth reduction
percentage (%Rad) between the control and the other treatments is expressed in percentage

and was calculated using Equation 2.
%R,q = (1 —10714R)x 100 (2)

Where 10R is equal to the ratio between (CFU/mL) others to (CFU/mL) control;

and (1 — 107L4R) = ((CF v/ mL()CC;Zt/Tg:;)(ii lt’r/o TI”L)“"‘”S); that represents the normalized

reduction of the number of colonies between the control and the other treatments.

The CFU/mL, Log CFU/mL, LAR, and % Rad values obtained in the test are depicted in

Table 1.

It is possible to observe that the percentage reduction in bacterial growth obtained in the Dark
Control (6.89 %) and Light Control (8.62 %) experiments are insignificant compared with
the Control (0%). These results indicate that the 2 ug/mL GO dispersion exhibits no change
in the percentage viability per se. Further, a high %Rad value obtained when the NIR light
interacts with the GO (98.49 %) indicates that the decrease in the percentage of cell viability
is clearly due to the GO photothermal effect. It is well known that a good antibacterial
compound should selectively target bacteria over mammalian cells [59], and the combination
of GO with laser irradiation at 785 nm could pave the way. The benefit of GO over other

photothermal agents used for the ablation of pathogens is associated with the low laser power



used, making the approach more attractive. This hyperthermia approach might, potentially,

become a new adjuvant therapeutic method for bacterial infections.

3.4. Viability Test

To verify the reliability of the CFU method, fluorescence microscopy was used to further
examine the survival rate of cells after 15 min photothermal treatment with 2 ug/mL of GO
dispersion. The live and dead bacterial cells tests were subsequently conducted to visually
check the cell integrity disruption and bactericidal effect of the various treatments carried
out. As shown in Fig. 4A, in the control experiment few dead cells were found. In Figure 4B,
for the group treated without NIR irradiation (Dark Control), only very few P. aeruginosa
are stained by Pl suggesting that GO in dark condition is not enough to induce cell death.
Also, same results were observed for cells irradiated in absence of GO (Light Control)
(Fig. 4C). However, in the case of the group treated with GO and irradiated with NIR laser
(GO+Light), the most of bacteria are stained by Pl (Fig. 4D), indicating that this treatment
produces damage in the cells. This observation suggests that GO can efficiently induce cell
death by disrupting the cellular membrane integrity triggered by hyperthermia. The effective
killing of bacteria lies in the photothermal effect, whereby GO absorbs radiation and
subsequently releases that energy as heat to its closely surrounding environment. The heating
suddenly increases the local temperature, which triggers damage to different macromolecules
such as proteins and lipids in the cell membrane, and finally, leads to bacterial death. The
results are in agreement with those reported by Khan et al.[65] and Tian et al.[66] that
demonstrated the synergistic effect of combining GO and a 1064 nm Nd-YAG laser for

antibacterial and antifungal treatments.



3.5. DNA fragmentation

The amount of DNA from untreated and treated P. aeruginosa cells was evaluated by agarose
gel electrophoresis. Agarose gel electrophoresis of the isolated DNA from P. aeruginosa
Control and Light Control not exhibit DNA fragmentation (Fig. 5), while isolated DNA
cultivated with GO (5 pg/mL) presents a slight fragmentation. On the contrary, the isolated
DNA from P. aeruginosa treated with GO and irradiated exhibits a clear DNA fragmentation
(Fig. 5). This photothermal antibacterial effect could be attributed to membrane stress
induced by GO and NIR irradiation, which may result in physical damage to cell membranes,
leading the loss of bacterial membrane integrity and DNA leakage. Further, our results
suggest that the mechanism of antibacterial activity of GO depends on DNA fragmentation.
It has been demonstrated by Kumar et al. that nanoparticles of ZnO and TiO. produce DNA
damage and cell death in E. coli.[67] However, these nanomaterials induce cell death due to
the toxicity of the nanoparticles, in contrast, our results demonstrate that GO dispersions do
not exhibit noticeable DNA damage while that the combination of GO and a radiation trigger
provokes damage to cell membranes, leading to the loss of bacterial membrane integrity and

the leakage of DNA.

4. Conclusion

In this work, an unmodified GO dispersion showed significant antibacterial activity against
pathogen microorganism such as P. aeruginosa in a concentration-dependent manner,
demonstrating that the GO dispersions at high concentration could be used as a potent
antibacterial agent. Dispersion of unmodified GO in a concentration of 120 pg/mL ensures
99.9 % mortality of the bacteria in the dark. Additionally, by applying NIR radiation on a

low concentration of unmodified GO (2 ug/mL) a clear photothermal effect is observed with



a reduction of cell viability of 98.49 %. Using fluorescence microscopy, it is found that a low
concentration of unmodified GO dispersions can efficiently induce cell death by NIR
triggered hyperthermia which disrupts the integrity of the cell membrane. Moreover, clear
DNA fragmentation is observed by electrophoresis. In summary, this study demonstrates the
enormous potential of unmodified GO dispersion as an antibacterial agent both in the dark
(high GO concentrations) and under NIR illumination (low GO concentrations). These results
allow us to suggest a novel therapy for combating bacterial nosocomial infections that avoids

the use of conventional drugs which nowadays are developing high bacterial resistance.
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Fig. 1. Photography of an aqueous dispersion of GO (2 mg/mL) and absorbance at 660 nm
of GO (0.2 mg/mL) in: water (e), saline solution (+) and LB medium (x) versus time (A),
Characterization of the GO employed in this study by: FTIR spectroscopy (B), Raman
spectroscopy (C), UV-visible spectroscopy (D), High-resolution transmission electron

microscopy (E), and Dynamic light scattering (F).
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Fig. 2. Cell viability percentage after incubation with GO dispersions. Different
concentrations of GO were incubated with P. aeruginosa (10® CFU/mL), at 37 °C for 3 h.
Loss of cell viability rates was obtained by colony counting method. Error bars represent the

standard deviation.
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Fig. 3. Effect of different treatment on P. aeruginosa cell viability. Data are shown as means
and standard deviations calculated from three independent experiment. The treated group
(GO+Light) showed statistically significant differences from the control group by analysis

of variance (ANOVA) followed by post hoc statistical tests, using the Tukey test (*p< 0.05).



Fig. 4: Fluorescence images of live (green) and dead (red) bacterial cells of P. aeruginosa of
A) Control cells B) Light Control C) Dark Control and D) GO+Light. Samples were stained
and evaluated after staining them with LIVE/DEAD BacLight™ Bacterial Viability Kit. Live

bacteria appear as green, dead bacteria as red.




Fig. 5. Agarose gel electrophoresis of DNA lane 1 (Mw): molecular weight marker, lane 2
(GO): P. aeruginosa after treatment with GO, lane 3 (GO+Light): P. aeruginosa with GO
after irradiation with NIR laser, lane 4 (C): P. aeruginosa Control and lane 5 (C+Light): P.

aeruginosa after irradiation with NIR laser.



Table

Table 1: Viable bacterial cells quantity grown before the laser irradiation (CFU/mL),

bacterial reduction ratio (LAR), reduction percentage (% Rad)

CFU/mL (x10%) [ Log CFU/mL | LAR | % Raq

Control 3.48 8.54 0 0
Light Control | 3.13 8.50 0.039 | 8.62
Dark Control | 3.24 8.51 0.03 | 6.89

GO+Light 0.05 6.71 1.82 | 98.49




