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Background: In the last decades, nosocomial infections caused by drug-resistant
Pseudomonas aeruginosa became a common problem in healthcare facilities. Antibiotics
are becoming less effective as new resistant strains appear. Therefore, the development of
novel enhanced activity antibacterial agents becomes very significant. A combination of
nanomaterials with different physical and chemical properties enables us to generate novel
multi-functional derivatives. In this study, graphene oxide and polyvinylpyrrolidone-
stabilized silver nanoparticles hybrid nanocomposite (GO-Ag HN) were synthesized. The
relation between antibiotic resistance and GO-Ag HN potential toxicity to clinical
P. aeruginosa strains, their antibiotic resistance, and molecular mechanisms were assessed.
Methods: Chemical state, particle size distribution, and morphology of synthesized GO-Ag NH
were investigated using spectroscopy and microscopy techniques (UV-Vis, FTIR, XPS, TEM,
SEM, AFM). Broad-spectrum antibiotic resistance of P. aeruginosa strains was determined using
E-test. Antibiotic resistance genes were identified using polymerase chain reaction (PCR).
Results: In this study, the toxicity of the GO-Ag NH to the isolated clinical P. aeruginosa strains
has been investigated. A high antibiotic resistance level (92%) was found among P. aeruginosa
strains. The most prevalent antibiotic resistance gene among tested strains was the AMPC beta-
lactamase gene (65.6%). UV-vis, FTIR, and XPS studies confirmed the formation of the silver
nanoparticles on the GO nanosheets. The functionalization process occurred through the interaction
between Ag nanoparticles, GO, and polyvinylpyrrolidone used for nanoparticle stabilization. SEM
analysis revealed that GO nanosheets undergo partial fragmentation during hybrid nanocomposite
preparation, which remarkably increases the number of sharp edges and their mediated cutting
effect. TEM analysis showed that GO-Ag HN spherical Ag nanoparticles mainly 9-12 nm in size
were irregularly precipitated on the GO nanosheet surface. A higher density of Ag NPs was
observed in the sheets” wrinkles, corrugations, and sharp edges. This hybrid nanocomposite poses
enhanced antibacterial activity against carbapenem-resistant P. aeruginosa strains through
a possible synergy between toxicity mechanisms of GO nanosheets and Ag nanoparticles. With
incubation time increasing up to 10 minutes, the survival of P. aeruginosa decreased significantly.
Conclusion: A graphene oxide and silver nanoparticles hybrid composite has been shown to be
a promising material to control nosocomial infections caused by bacteria strains resistant to most
antibiotics.

Keywords: graphene oxide nanosheets, silver nanoparticles, hybrid nanocomposite,

antibacterial activity, Pseudomonas aeruginosa, carbapenem-resistant bacteria

Introduction
The situation in clinical microbiology has changed drastically over the last decades.
The widespread use of broad-spectrum antibiotics has generated conditions for the
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appearance of multidrug-resistant bacteria that further cause
clinical problems." Bacteria have developed many ways of
antibiotic resistance, such as decreased cell permeability,
enzyme inactivation, target protection and overproduction,
and increased efflux due to over-expression.” Nosocomial
infections cause

d by previously uncommon bacteria became a major
issue in hospitals worldwide. Pseudomonas aeruginosa is
one of the most common opportunistic pathogens to cause
nosocomial infections.® The main feature that allowed
P. aeruginosa strains to become a major nosocomial patho-
gen was its resistance. P. aeruginosa has already been
shown to have intrinsic resistance mechanisms like beta-
lactamase production, up-regulated efflux pumps, and
reduced permeability of the outer membrane that reduces
susceptibility to aminoglycosides, fluoroquinolones, and
beta-lactams.*> Moreover, P aeruginosa strains have
acquired a broad spectrum of antibiotic resistance genes.
The most notable of them belong to the class B beta-
lactamases, like blaVIM, blaIMP, blaGIM, or blaSPM.®’
These mechanisms allow P. aeruginosa not only to survive
in hospitals but also to thrive and reproduce.

Antibiotics are becoming less effective as new resistant
strains appear, limiting treatment options.® The importance
of preventing the infection is becoming clearer as the costs
of treatment grow.’ Therefore, there is a great significance
and importance to develop alternate antibiotic-independent
drugs. In this respect, nanomaterials are promising due to
their unique physical and chemical properties, such as
large surface area relative to volume, that enables intimate
interaction with microorganism’s membrane, biocompat-
ibility, surface functionalization, and which helps in the
development of more effective antibacterial agents.'®'?
Moreover, the antibacterial nanomaterials can overcome
the problem of resistance and diminish undesirable side
effects of the treatment, to some extent owing to the use at
a much lower dose.'

Broad-spectrum antibacterial properties against both
Gram-positive and Gram-negative bacteria of metal-based
nanoparticles (NPs) have been demonstrated.''"* Long-term
antibacterial and biofilm prevention provided by NPs is corre-
lated with the structural and physical properties such as size,
shape, surface charge, concentration, and colloidal state.'® The
properties of NPs can be controlled by choosing the method of
synthesis and varying reaction conditions such as the precursor
concentration, molar ratio of the surfactant, etc.'® Silver nano-
particles (Ag NPs) can be prepared by physical methods,
chemical synthesis, or using biological techniques.'®'” They

are the most effective nano-agent against bacterial infections,
allowing their use in a wide range of applications. Ag NPs
seem to have high potential to solve the problem of multidrug-
resistance, which is often observed in bacterial strains like
Acinetobacter  baumannii, Klebsiella pneumonia, and
Pseudomonas aeruginosa.'"®*° The toxicity of Ag NPs is
a concentration and time dependent.®® Although Ag NPs are
effective against more than 650 pathogens, the precise
mechanism of their antimicrobial action is not fully under-
stood yet.?! Nevertheless, Ag NP adhesion to microbial cells,
penetration through the cell wall, generation of reactive oxy-
gen forms and free radicals, and modulation of microbial
signal transduction pathways, have been recognized as the
most prominent modes of antimicrobial action that results in
cell death?'** The combined bactericidal effect of the
released Ag’ ions and Ag NPs may be possible.?
Unfortunately, Ag NPs lose their active surface area and
show weaker antibacterial activity due to the spontaneous
aggregation of nanoparticles. To overcome this problem,
a carrier that disperses Ag NPs and enhances their antibacterial
effects could be used. At this point, a graphene-based material,
ie, graphene oxide (GO), seems to be a reliable nanomaterial
due to easy processing, low cost of production, unique chemi-
cal and physical properties, and ability to kill or inhibit bacteria
on its own.>*?” Recent studies show that the antibacterial
efficiency of GO is caused by its sharp edge-mediated cutting
effect, cell entrapment ability, and oxidative stress effect.”*>’
However, some negative results of the GO antibacterial effect
on P aeruginosa have been found. They are related to the
negative charge of the bacterial cell membrane or the periplas-
mic space that leads to a tendency to repulse the mechanical
interactions between GO and Gram-negative bacteria.>*"'
Meanwhile, the GO-based nanocomposites with metal nano-
particles have shown strong inhibition efficiency against noso-
comial infection.*** It is reported that metal nanoparticles can
interact with the GO sheets through electrostatic binding,
physisorption, and charge—transfer interactions.
Nanocomposites composed of GO and Ag NPs are mainly
fabricated using various reductants, such as sodium borohy-
dride, sodium citrate, hydrazine monohydrate, ascorbic acid,
glucose, starch, hydroquinone, microorganisms, and plant
extracts.”’***> GO surface modification and functionalization
with Ag NPs enhance antimicrobial activity, and increase
stability and dispersity.>**** Additionally to the synergistic
antibacterial effect, GO can prevent the aggregation of Ag
NPs, and, in turn, the Ag NPs, immobilized on the GO
nanosheet surface, prevent the aggregation of GO.** Zhu et al*®
GO-Ag NP-based

reported that an increase of the
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nanocomposite antibacterial effect could also be attributed to
the large amount of cations on the surface of the composite,
which enhances the interaction with bacterial cell membranes.

Despite several achievements, the contribution of each
physicochemical property on the antibacterial activity of
still  not

Therefore, considerable efforts are needed to understand

graphene-based nanocomposites is clear.
the factors affecting the interactions and mechanisms
involved in induced bacterial death. Besides, the antibac-
terial tests on the majority of graphene-based nanocompo-
sites were applied mainly against E. coli and S. aureus.
Therefore, it is very important to test other pathogenic
species to demonstrate a broad bactericidal range of hybrid
nanocomposites. In this study, the antibiotic resistance of
isolated clinical P. aeruginosa strains was evaluated and
toxicity of the graphene oxide and silver nanoparticles
hybrid composite on these pathogenic bacteria has been
investigated.

Materials and Methods

Materials

Highly concentrated graphene oxide (GO) aqueous disper-
sion with a concentration of 5 mg/mL (carbon — 79%,
oxygen — 20%) and flake size of 0.5-5 pm was used as
received (from Graphene Laboratories Inc.). Silver nitrate
(AgNO;, >99.8% Sigma-Aldrich), polyvinylpyrrolidone
with a molecular weight of My, = 40,000 mol ™! (PVP40,
Sigma-Aldrich) and other used chemicals were of analy-
tical grade.

Preparation of GO-Ag Nanocomposite
Firstly, the Ag NP colloidal solution in PVP was prepared
by the chemical reduction method. In this case, the appro-
priate amount (2 g) of PVP, used as reducing agent, stabi-
lizer, and anticoagulant, was dissolved in ethanol (8 g). An
AgNO; solution was added to deionized water (0.2
g AgNOs in 1 mL H,0) drop-wise with vigorous stirring
at room temperature for 1 h (AgNO;:PVP=1:10). PVP-
stabilized Ag NPs were formed and their colloidal solution
of ca. 10 mg/mL concentration was obtained after preci-
pitation of 24 h at room temperature. After this period, the
solution color changed from light yellow to yellowish-
brown.

The GO and PVP-stabilized Ag NPs hybrid nanocom-
posite (GO-Ag HN) was prepared by drop-wise addition of
an Ag NP dispersion to the GO dispersion (5 mg/mL) at
aratio of GO:Ag NPs=1.3:1. GO-Ag HN colloidal solution

was sonified for 30 min to produce a homogeneous nano-
composite mixture with an Ag NP concentration of ca.
5 mg/mL. Figure 1 briefly shows the fabrication steps of
the GO-Ag nanocomposite.

Characterization of GO-Ag

Nanocomposite

An optical spectrometer Avantes, composed of a deuterium
halogen light source AvalLight DHc (Avantes, Apeldoorn,
the Netherlands) and spectrometer Avaspec-2048 (Avantes,
Apeldoorn, the Netherlands), was used to record UV-visible
(UV-vis) light absorbance spectra. The analysis was per-
formed in the wavelength range of 200-800 nm.

The Fourier transform infrared (FTIR) spectra were
recorded using the Spectrum GX FTIR spectrometer (Perkin-
Elmer, USA), equipped with a horizontal attenuated total
reflection (HATR) accessory. The HATR FTIR spectra of
samples were recorded at room temperature in the wavenum-
ber range of 4000-600 cm ' with a resolution of 1 cm .
Collected spectra were processed with the Spectrum® v5.0.1
software from the Perkin-Elmer.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out to obtain information about the elemental
chemical states and surface composition of GO and its
nanohybrid samples on the upgraded Vacuum Generator
(VG) ESCALAB MKII spectrometer fitted with a new
XR4 twin anode. The non-monochromatized MgK,
X-ray source was operated at h® = 1253.6 eV with 300
W power (20 mA/15 kV). During spectral acquisition,
pressure in the analysis chamber was lower than 5x10~’
Pa. The spectra were acquired using an electron analyzer
pass energy of 20 eV for narrow scans and resolution of
0.05 eV, and with a pass energy of 100 eV for survey
spectra. All spectra were recorded at a take-off angle of
90° and calibrated from the hydrocarbon contamination
using the C 1s peak at 284.8 eV. The spectra calibration,
processing, and fitting routines were performed using
Avantage software (5.962) provided by Thermo VG
Scientific (Waltham, MA, USA). Core level peaks of
N Is, Ag 3d, C 1s, S2p, and O 1s were analyzed using
a nonlinear Shirley-type background. The calculation of
the elemental composition Scofield’s based on relative
sensitivity factors was performed.

Microscopy investigations were used for the GO nano-
hybrid morphology characterization. TEM images were
acquired by Tecnai G2 F20 X-TWIN (FEI) equipped
with a field emission electron gun. The TEM accelerating
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Figure | lllustration for the preparation of the GO-Ag hybrid nanocomposite: (A) synthesis of PVP-stabilized Ag NPs (interaction mechanism), (B) GO and Ag NPs

solutions mixing scheme.

voltage was 200 kV. Elemental analysis was performed
using an energy dispersive X-ray (EDX) spectrometer.
Samples were prepared by diluting colloidal solutions of
GO and its composite in ethanol and placing a drop of
solution on a Lacey carbon grid and left overnight at
ambient temperature.

Scanning electron microscopy (SEM) micrographs
were acquired using field emission scanning electron
microscope Quanta 200 FEG (FEI, Oregon, USA) and
e-line plus multi-application nanoengineering workstation
(Raith, Dortmund, Germany).

Surface topography imaging and detection of bacteria
inhibition were carried out using atomic force microscopy
(AFM). AFM experiments were carried out at room tempera-
ture using a NanoWizardIIl microscope (JPK Instruments,
Bruker Nano GmbH, Berlin, Germany), and data were ana-
lyzed using a SurfaceXplorer (Microtestmachines, Gomel,
Belarus) and JPKSPM Data Processing software (Version
spm-4.3.13, JPK Instruments, Bruker Nano GmbH, Berlin,
Germany). The AFM images (scanning area 4x4 um) were

collected using an AppNano production V-shaped n-type
silicon cantilever (0.01-0.025 ohm/cm, spring constant of
13—77 N/m, tip curvature radius of 10.0 nm and cone angle
of 20°) operating in contact mode.

For SEM, AFM and XPS testing samples were prepared
by spreading a thin layer of tested GO-based colloidal
solutions on a silicon-covered chip and drying it at 35°C
for 24 h.

Isolation of P. aeruginosa and the
Antibiotic Susceptibility Testing

A retrospective P. aeruginosa collection of 64 carbapenem-
resistant clinical strains was tested. Samples were collected
during the 2011-2013 period and kept in a freezer at —80°C
temperature. Antibiotic resistance was determined using the
E-test (Liofilchelm, Italy) method, and interpreted by
EUCAST (European
Susceptibility Testing) guidelines. For molecular testing of

Committee on Antimicrobial

resistance genes DNA was extracted using QlAamp DNA
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Mini Kit (QIAGEN, USA) and PCR was run with specific
primers as described previously.?” Gel electrophoresis was
run in 2% agarose gel to visualize PCR results.

GO-Ag HN Antibacterial Assay

To determine the bacterial growth inhibition of GO-Ag
hybrid nanocomposite to carbapenem- resistant bacteria we
used previously developed methodology.®® P. aeruginosa
strains were cultivated overnight on 5% blood agar (BD,
USA) at a temperature of 37°C. Saline was used to make
P, aeruginosa inoculate of 0.5 MF concentration. Nine parts
of inoculate were mixed with one part of the GO-Ag hybrid
nanocomposite solution. The mix was pulse vortexed and
spread on 5% blood agar plate with a 1 pL loop instantly after
vortexing, and every 1 min interval up to 10 min, and then
after 120 min. Bacterial growth was evaluated after plates
were incubated for 24 h at 37°C.

Statistical Analysis

For structural and morphological analysis, reported values
refer to an average of not less than three tests. For bacteria
susceptibility testing, statistical significance was deter-
mined using IBM SPSS statistics (IBM, USA) software.
Statistical analysis was performed using the Chi-squared
test. To determine results as significant p<0.05 was used.

Results
Characteristics of the GO-Ag

Nanocomposite

UV-vis spectroscopy was used to monitor the formation of Ag
NPs on GO sheets. Two characteristic bands were observed in
the UV-vis spectrum of pristine GO (Figure 2). An absorption
band at 227 nm is attributed to T—m* transitions of the aromatic
C-C bonds, while the shoulder centered at 302 nm is derived
from n—n* transitions of C=0 bonds. Meanwhile, the UV-vis
spectrum of Ag NPs contains a strong absorption peak cen-
tered at 425 nm due to the localized surface plasmon reso-
nance (LSPR) of nanoparticles. It can be proposed that Ag
NPs with a mean size of 25 nm are synthesized after the
reduction of AgNO; in the presence of PVP, whereas the
UV peak position depends on the mean size of
nanoparticles.’*** The attachment of Ag NPs to the GO sur-
face is confirmed primarily through the detection of a damped
absorption band attributed to the LSPR of nanoparticles.
Additionally, this absorption band is blue-shifted to 414 nm,
indicating that GO nanosheets are functionalized with Ag NPs
of smaller size. Moreover, the redshift of the GO absorption

Absorbance (a.u.)

200 300 400 500 600 700
Wavelength (nm)

Figure 2 UV-vis absorption spectra of GO (A), Ag NPs (B) and GO-Ag HN (C).

peak at 227-258 nm in the GO-Ag HN spectrum demonstrates
that the oxygen-containing functional groups on the GO were
mostly removed and partial restoration of m—conjugation
within the graphene sheets occurred via reduction reaction
and the formation of the nanohybrid structure.*'**

FTIR measurements were carried out to investigate the
interaction between GO nanosheets and Ag NPs. As can
be seen in Figure 3, GO exhibits strong absorption peaks
related to the stretching vibrations of OH (3396 cm '),
C=0 in carboxyl and carbonyl moieties (1711 cm "), ske-
letal vibration of aromatic C=C or intramolecular hydro-
gen bonds or residual H,O (1621 e¢m™').*** The other
peaks at 1387 cm_l, 1222 ¢cm !, and 1053 cem™ ! corre-
spond to C-O-H deformation, C—H stretching (epoxy
groups), and C—O-C stretching (alkoxy groups) vibrations,
respectively.*> Such an abundance of hydroxyl and oxyge-
nous groups makes GO convenient for modification with
plasmonic Ag NPs. FTIR spectrum of PVP-stabilized Ag
NPs mainly displays absorption band characteristics for
PVP.**47 A strong peak at 1286 cm ', typical of a -C-N
bond, and a peak at 1635 cm™'
group C=0 are observed in the Ag NP spectrum. Oxygen

related to the carbonyl

and nitrogen atoms arising from PVP units are involved in
the formation of coordination bonds with silver atoms*®
and GO.*" In the spectrum of GO-Ag HN, the carboxylic
(C=C) and carbonyl (C=0) stretching vibrations of the GO
carbon skeletal structure are redshifted. This can be attrib-
uted to the functionalization process that occurred through
bonding between GO and PVP-stabilized Ag NPs.
Besides, the changes of wavenumbers for the —OH stretch-
ing vibrations (from 3401 to 3447 cm ') are usually
related to hydrogen bonding formation.*’

The chemical state of materials to be tested was inves-
tigated using XPS analysis. In Figure 4A the survey spec-
tra clearly demonstrate the peaks associated with C Is,
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Figure 3 FTIR spectra of GO, Ag NPs and GO-Ag HN.

O Is in GO and C 1s, O 1s, N 1s, Ag 3d in the hybrid
nanocomposite. The intensity of the peak related to C 1s is
increased in GO-Ag HN, while the intensity of peak O 1s
is reduced, indicating the reduction of GO. The C/O ratio
of GO-Ag HN increases twice compared to that of GO due
to the removal of oxygen functionalities. Ag 3d peaks in
survey spectra provide evidence for the successful anchor-
ing of Ag NPs on GO nanosheets. Figure 4B presents
high-resolution C 1s XPS spectra of GO, which show
four peaks at 284.7 eV (C=C/C-C in aromatic ring),
286.9 eV (C-OH), 2873 eV (C=0), and 288.7 eV
(O=C-OH).*>**->! These peaks indicate the presence of
different oxygen-containing functional groups (epoxy,

Wavenumber (cm)

hydroxyl, carbonyl, and carboxyl) on the surface of GO
nanosheets. High-resolution C 1s XPS spectra of GO-Ag
HN are shown in Figure 4C. The considerable increase of
the integrated area of sp® carbon peak is accompanied by
the decrease of integrated areas for oxygenated carbon
moieties (C-OH and O=C-OH peaks), revealing that
epoxy and carboxyl groups help in the anchoring of Ag
NPs on GO nanosheets and restoration of sp> carbon net-
work due to the reduction.

Figure 4C shows the high-resolution the Ag 3d spectrum
for the GO—Ag HN. There are two peaks of Ag 3ds,, and Ag
3d;/, shown in Figure 4D that are centered at binding ener-
gies 0of 367.4 eVand 373.4 eV, respectively, which prove that
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Figure 4 XPS spectra of the GO and GO-Ag HN: (A) survey scans, (B) C Is of GO, (C) C Is of GO-Ag HN and (D) Ag 3d from GO-Ag HN.

silver is present only in metallic form, indicating the forma-
tion of Ag NPs on the surface of GO nanosheets.>'~*

Microscopy investigations (TEM, SEM, AFM) were
used to analyze morphological aspects of the GO-Ag HN.
TEM image confirms that the thickness of the flat GO
nanosheet corresponds to a single atomic layer (Figure 5A).
Microscopic wrinkles, curls, and corrugations due to the
flexibility of the GO sheets are visible.

During chemical reduction of AgNO3 with PVP, poly-
dispersed Ag NPs were synthesized almost spherical in
shape in the size range of 1040 nm (Figure 5B). Some
triangular formations and rods can be also observed. In the
case of the hybrid nanocomposite, the positively charged
Ag NPs are irregularly precipitated on the negatively
charged GO nanosheet surface with almost no aggregation
(Figure 5C and D). It was noticed that the amount of Ag
NPs is significantly higher in the GO sheet wrinkles, curls,
and corrugations (Figure 5D), and at the edges (Figure 5C).
Almost no free Ag NPs were observed outside the GO
sheets, which demonstrates high interfacial interaction

between the Ag NPs and GO. EDX analysis confirmed the
presence of Ag NPs on the surface of the GO nanosheet —
strong Ag peaks are visible in Figure 5E. The histogram,
presented in Figure SF, indicates that there are variations in
the particle sizes ranging from 3 nm to 30 nm, with almost
50% of the particles in the 9—12 nm range.

AFM analysis performed on the thin hybrid nanocom-
posite film on the silicon surface also reveals Ag NPs
embedded into GO nanosheets (Figure 6).

Our previous AFM investigation showed that GO sheet
thickness was found to be ca. 8 nm.** Figure 6A reveals
a predominantly hill-valley-structured GO-Ag HN film sur-
face of nanoscale topography. Ag NPs and some of their
aggregates are distributed randomly and attached to GO sheets
in the agreement with TEM data. The 3D image reveals
a pyramid-like morphology of Ag NP aggregates with
a height of 5—15 nm and width of about <100 nm (Figure 6B).

Figure 7 shows SEM micrographs of the GO films
before and after modification with Ag NPs assembled on
silicon surface by vertical dip-coating. Several layers of
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Figure 5 TEM images of GO-Ag HN and its ingredients: (A) wrinkled GO nanosheet, (B) PVP-stabilized Ag NPs, (C and D) GO nanosheets decorated with Ag NPs, (E)
EDX spectrum of GO-Ag HN, (F) size distribution of Ag NPs on GO nanosheets surface.

aggregated and crumpled nanosheets that are closely asso-
ciated with each other form a GO film with microscopic
wrinkles and curls (Figure 7A).

In the case of the GO-Ag HN (Figure 7B), Ag NPs are
deposited on the wrinkled and curled GO sheet surface as
supported by TEM and AFM analysis. Detailed SEM analy-
sis reveals that the GO nanosheets undergo partial fragmen-
tation due to the PVP reduction and intensive mixing during
the preparation of hybrid nanocomposite. Therefore, visible
changes in GO-Ag HN morphology are observed. As can be
seen in Figure 7C and D, GO-Ag HN consists of individual

closely associated GO nanosheets of leaf-like morphology
with sharp edges decorated with Ag NPs. Changes in the
lateral size of GO sheets are found to influence antibacterial
activities of GO by altering its adsorption abilities, dispersi-

bility, number of corners, and sharp edges.***>>

Pseudomonas aeruginosa Susceptibility to
Antibiotics

Growing antibiotic resistance is complicating the treatment
of patients and increasing the risk of fatal outcomes.
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Nosocomial infections caused by P. aeruginosa are a major
threat in the hospital environment, since MDR strains are
already proven to carry a higher risk of severe illness.’
Antibiotic resistance was determined for all 64 clinical
strains of P. aeruginosa. The resistance patterns differed
from those seen in European hospitals in a 2011-12 study
by Sader et al.** Most of the strains were resistant to cipro-
floxacin — 79.7% (n=51), meropenem — 76.6% (n=49),
gentamicin — 71.9% (n=46), and piperacillin — 56.3%
(n=36). Almost half of the tested strains were resistant to
ceftazidime (43.5%, n=28). The most effective antibiotic
for the tested strains was amikacin. Only 28.1% (n=18) of
strains were resistant to this antibiotic.

Molecular testing showed that the most prevalent antibio-
tic resistance gene among P. aeruginosa strains was the
AMPC beta-lactamase gene (65.6%, n=42). Prevalence of
the VIM gene was higher than described by Castanheira et al.”
The VIM gene was found in 43.8% (n=28) of isolated
P aeruginosa strains, while ESBL genes were found in 4.7%
(n=3) of strains with one strain having PER gene and two
strains having GES gene. The presence of two resistance genes
was detected for 17.2% (n=11) of P. aeruginosa strains, with
a combination on AMPC and VIM accounting for all of the
cases.

When results of antibiotic resistance testing were
matched to resistance gene presence, no clear relation was
found among strains resistant to meropenem and piperacillin
(Table 1). More of the strains resistant to meropenem were
negative for AmpC and ESBL genes (90.1% (n=20) and
78.7% (n=48), respectively). Among meropenem-resistant
strains, 69.0% (n=29) were positive for AmpC and 33.3%
(n=1) for ESBL genes. In contrast, among strains positive
for MBL genes, more were resistant to meropenem (82.1%,
n=23) compared to MBL negative ones (72.2% (n=26)).
Regardless of the presence of the AmpC, ESBL, and MBL

genes from 50% to 67% of all tested P. aeruginosa strains
were resistant to piperacillin.

P aeruginosa strains that tested negative for the AmpC
gene were significantly more resistant to cefepime than
positive ones (77.3% (n=17) and 26.2% (n=11), respectively,
p<0.001). ESBL genes were present in all of cefepime-
resistant strains (100% (n=3)), while 41.0% (n=25) of
ESBL negative were resistant. A similar pattern was
observed when comparing AmpC negative and positive
P aeruginosa strains in regard to ciprofloxacin resistance.
Of strains negative for the AmpC gene, 95.5% (n=21) were
resistant to ciprofloxacin, while among positive ones only
66.7% (n=28) were resistant (p=0.045). ESBL negative
strains were ciprofloxacin-resistant in 82.0% (n=50) of
cases, while positive ones were resistant in 66.6% (n=2) of
cases. Of MBL gene positive P. aeruginosa strains, 89.3%
(n=25) were ciprofloxacin-resistant, while among MBL
negative strains 75.0% (n=27) were resistant.

AmpC negative P. aeruginosa strains were resistant to
gentamicin in significantly higher rates than positive
strains (95.5% (n=21) and 66.7% (n= 28), respectively,
p=0.012). Strains positive for MBL genes were signifi-
cantly more resistant to gentamicin than strains without
these genes (92.9% (n=26) and 63.9% (n=23), respec-
tively, p=0.008). Amikacin resistance was strongly asso-
ciated with genes that determine beta-lactamatic activity
determining genes. Strains that tested negative for AmpC
were more resistant to amikacin than positive ones (72.7%
(n=16) and 4.8% (n=16), respectively, p<0.001). All of the
ESBL producing strains (100.0% (n=3)) were amikacin
resistant, while only 24.6% (n=15), p=0.02 ESBL negative
strains showed resistance. More than half (53.6% (n=15))
of MBL producing strains were resistant to amikacin,
while only 8.3% (n=3) of the MBL negative strains were

resistant.

Table | Antibiotic Susceptibility of Resistant P. aeruginosa Grouped by Presented Resistance Genes

Antibiotic AmpC Extended Spectrum Beta-Lactamases Metallo Beta-Lactamases
Negative (%) Positive (%) Negative (%) Positive (%) Negative (%) Positive (%)
Meropenem 90.1 (n=20) 69.0 (n=29) 78.7 (n=48) 33.3 (n=1) 72.2 (n=26) 82.1 (n=23)
Piperacillin 63.6 (n=14) 52.4 (n=22) 55.7 (n=34) 66.7 (n=2) 61.2 (n=22) 50.0 (n=14)
Cefepime 77.3 (n=17)* 26.2 (11)* 41.0 (n=5) 100.0 (n=3) 33.3 (n=12) 57.1 (n=16)
Gentamicin 95.5 (n=21)* 66.7 (n=28)* 75.4 (n=46) 100.0 (n=3) 63.9 (n=23)* 92.9 (n=26)*
Ciprofloxacin 95.5 (n=21)* 73.8 n= (31) 82.0 (n=50) 66.7 (n=2) 75.0 (n=27) 89.3 (n=25)
Amikacin 72.7 (n=16)* 4.8 (n=2)* 24.6 (n=15)* 100.0 (n=3)* 8.3 (n=3)* 53.6 (n=15)*

Note: *p<0.05.
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Antibacterial Effect of the GO-Ag HN on
MDR P. aeruginosa

Our results followed previously revealed trends of GO-
metal nanoparticle based composites being effective bacter-
icidal agents against a wide range of bacteria strains due to
the possible synergy of the multiple toxicity mechanisms.*’
In this study, the investigations were performed to elucidate
the toxicity mechanisms of GO-Ag HN on P. aeruginosa
strains with acquired resistance genes. The effect of the
hybrid GO-Ag HN on the bacterial viability was tested on
all 64 isolated clinical strains of P. aeruginosa. A clear
correlation between growth intensity and incubation time
(up to 10 min) before plating was observed (p<0.001). Most
of the strains (78.1%, n=50) showed abundant growth when
plated without incubation, while 20.3% (n=13) of strains
showed sparse or average growth, and only one strain was
completely inhibited. Only two strains remained growing
abundantly after 5 min of incubation. The breakpoint where
total growth inhibition was the most common outcome
appeared after 6 min of incubation, when the growth of
43.8% (n=28) of P. aeruginosa strains was not observed.
The number of strains that were inhibited decreased after
long time incubation comparing to the 10-minute mark
(Figure 8).

No clear relation was found between growth intensity
and resistance to amikacin, ceftazidime, ciprofloxacin, and
piperacillin. When resistance to meropenem was taken into
account, a difference of growth intensity appeared between
susceptible and resistant strains. Meropenem-resistant
strains were more viable than susceptible ones at incubation
time from 0 to 10 min (Table 2). Despite the fact that

statistically significant difference was achieved only at incu-
bation times of 1, 4, and 10 min (p=0.036, p=0.034, and
p=0.039, respectively), the greater viability of resistant
strains was seen in the incubation time range of 0—-10 min.
After 2 h incubation, an interesting trend appeared: contrary
to previous results a greater proportion of meropenem sus-
ceptible strains showed growth than meropenem-resistant
ones. This trend was even stronger in the case of gentamicin-
resistant strains: after 2 h incubation, susceptible strains
were significantly more likely to grow than resistant ones.
When considering the total number of colonies and merope-
nem resistance level, a statistically significant correlation
was found on incubation times of 1-10 min.

Molecular testing showed that only three P. aeruginosa
strains had ESBL genes, while 28 strains had the VIM gene.
When strains were affected by GO-Ag HN, the presence of
ESLB genes was associated with lower viability in the case
when no incubation was performed before plating (p<0.001).
Completely opposite results were obtained when VIM posi-
tive strains were incubated with GO-Ag HN (Figure 9).
After 1 min of incubation, growth was significantly more
intense among VIM positive strains (p=0.017). However,
after 2 h incubation, only VIM negative strains grew, when
no colonies were formed by VIM positive strains (p=0.012).
No significant difference in growth intensity was observed
between strains positive and negative for the AMPC gene.

The structural changes of the bacteria cell membrane
after GO-Ag HN treatment were elucidated at different
times using AFM analysis. The images of untreated
P aeruginosa show rod-shaped morphology with a length
of 2.5-3 pum (Figure 10A). The cell membrane is unda-
maged; therefore, the profile of the cell depicts an intact

80
T 60
s
c
©
0 40 /
fhis
o
t
©
o 20|

0

10 100

Time (log min)

e NoO growth Sparse growth

Average growth == Abundant growth

Figure 8 The growth intensity distribution of GO-Ag hybrid nanocomposite effected P. aeruginosa. The graph shows rapid decline of P. aeruginosa growth in first 6 minutes of

incubation.
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Table 2 The Dispersion of P. aeruginosa Growth Intensity Dependant on Meropenem Susceptibility Status

Time (Min) 0 1* 2 3 4% 5 6 7 8 9 10% 120

Susceptible No growth (%) 0.0 0.0 14.3 214 14.3 50.0 50.0 786 85.7 85.7 100.0 81.8
Sparse growth (%) 0.0 42.9 50.0 64.3 714 50.0 50.0 214 7.1 14.3 0.0 18.2
Average growth (%) 28.6 214 214 7.1 14.3 0.0 0.0 0.0 7.1 0.0 0.0 0.0
Abundant growth (%) 714 35.7 14.3 7.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Resistant No growth (%) 2.0 6.0 10.0 18.0 22.0 340 | 42.0 50.0 54.0 60.0 66.0 84.8
Sparse growth (%) 12.0 14.0 220 30.0 30.0 380 | 40.0 34.0 38.0 32.0 30.0 15.2
Average growth (%) 6.0 10.0 20.0 24.0 30.0 24.0 14.0 12.0 8.0 8.0 4.0 0.0
Abundant growth (%) 80.0 70.0 48.0 28.0 18.0 4.0 4.0 4.0 0.0 0.0 0.0 0.0

Note: *p<0.05.

and relatively smooth cell surface without ruptures and
bulges. Significant changes in the cell morphology of GO-
Ag HN treated P. aeruginosa cells were obtained. After
incubation for 10 min with GO-Ag HN, P. aeruginosa
cells maintained rod-shaped morphology, but some bulges,
sags, and pores appear on the surface of cells, as shown in
Figure 10B. Besides, some micelle-like structures are also
visible on the edges of cells suggesting damage to the
P aeruginosa outer membrane. The unevenness of the sur-
face increased and cells lost their rod-shaped morphology
and the borders of cells were diffused after 30 min incuba-
tion with GO-Ag HN (Figure 10C). Such changes reveal
membrane damage that increases permeability and mem-
brane leakage and results in cell lysis.

The height profile analysis provided a quantitative evalua-
tion of bacteria dimension changes. As seen in Figure 10D,
bacteria height decreases significantly as the duration of incu-
bation with GO-Ag HN increases. After incubation for 120

400

min, P. aeruginosa height becomes close to that of free GO-Ag
HN film (see Figure 6), and only the cell debris was noted,
indicating bacterial death.

Discussion
A Gram-negative opportunistic pathogen, with active
movement and obligate oxygen demand, Pseudomonas
aeruginosa is one of the major pathogenic bacteria in
health-care settings, and can lead to chronic infections
and acquire antibiotic tolerance. Nosocomial infections
caused by P. aeruginosa are a major threat in a hospital
environment, since MDR strains are already proven to
carry a higher risk of severe illness. Growing antibiotic
resistance is complicating patient treatment and increasing
the risk of fatal outcome.’

At the present time, prevention and therapy of
P. aeruginosa infections has become increasingly challen-
ging, owing to its intrinsic and acquired drug-resistance
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Figure 9 Comparison of average CFU count of VIM negative and positive P. aeruginosa strains during incubation with GO-Ag HN. VIM positive strains formed significantly

more colonies than negative strains after one minute of incubation.
Note: *p=0.017.
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Figure 10 AFM views (left — lateral force microscopy; center — 3D views; right — 2D views) of P. aeruginosa upon treatment duration with GO-Ag HN: (A) untreated; (B) 10
min treated; (C) 30 min treated; (D) bacteria height changes during incubation with GO-Ag HN.

properties. Carbapenems have been the most important
therapeutic option when dealing with multidrug-resistant
P. aeruginosa for decades.”® In this study, we isolated and
tested 64 imipenem-resistant clinical P. aeruginosa strains.
Among them, 59 were multidrug-resistant. The most con-
cerning result was that meropenem resistance was found in
49 of the strains (more than 76%). The threat posed by
antibiotic-resistant P. aeruginosa strains requires great
efforts to develop highly effective and safe bactericidal
products with a wide spectrum of activity.>’

In recent years, there has been increased interest in
GO-based nanocomposites for use to control multidrug-
resistant pathogens such as P. aeruginosa. The incorpora-
tion of inorganic nanostructures on the GO surface has
enhanced the antibacterial efficiency of the nanocompo-
site. The most effective inorganic nanostructures against
bacterial infections are Ag nanoparticles. They can be
prepared by various techniques. In this study, we synthe-
sized Ag NPs by polyol reduction method in the presence
of PVP. PVP was used not only as a reducing agent but
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also as a protection of the Ag NPs from growing and
agglomerating due to the steric effect. We chose PVP of
relatively high molecular weight (Mw = 40,000 mol '),
because longer chains cause a higher steric effect.*® After
the introduction of PVP, Ag" ions or Ag® particles interact
with N or O in PVP, and a covered layer was generated on
the surface. Zhang et al’® analyzed nanoparticles with
a diameter of about 50 nm and assumed that interactions
with N and O were equal. However, Wang et al®® proved
that in the case of Ag nanoparticles with a diameter smal-
ler than 50 nm, the coordination between N and silver was
the main reaction, while interaction with O was less
important. Thus, the main mechanism for protection of
Ag nanoparticles by PVP was N, in PVP, coordinating
with silver and forming a protection layer as presented
in Figure 1. In addition, we found that the dispersion of
PVP-stabilized
increased stability. Tejamaya et al®® have shown that dis-

silver nanoparticles has considerably
persion of PVP-stabilized Ag NPs was stable over 21 days
with only small losses in total concentration; also, no
changes of shape, aggregation, or dissolution compared
to other synthesis methods were observed. Our UV-vis and
AFM investigations showed that PVP-stabilized Ag NPs,
nearly spherical in shape, with a mean size of 25 nm were
synthesized. However, after precipitation on the surface of
GO sheets, the main size of Ag NPs decreased to 9-12 nm
with almost no aggregation (Figure 5C, D, and F), because
GO prevented nanoparticles from aggregation better than
PVP°' Ag NPs of such size are able to attach to the
surface of the bacteria and even penetrate the cell wall.*

We found* that GO nanosheets show toxicity on differ-
ent Gram-positive and Gram-negative bacterial strains,
including microencapsulation ability. The GO antibacterial
mechanism can be related to the mechanical destruction of
membranes, redox reaction with biomolecules, and cataly-
sis of extracellular metabolites.”>** As can be seen in
Figure 7C and D, GO undergoes morphological changes
after addition of PVP-stabilized Ag NPs, and leaf-like GO
nanosheets of the size ranging from ca. 300 nm to 600 nm
with sharp edges were formed. Perreault et al>® found that
GO-based surface coatings showed higher antimicrobial
activity in smaller GO sheet sizes, which could be ascribed
to the higher defect density. Sharp edges and corners of the
sheets can cause physical damage to the cell membrane
upon direct contact with bacteria.”’ GO-based nanostruc-
tures began to show an antibacterial effect when the contact
angle was 37°, reached a maximum at 90°,°* and may result
in the formation of pores in bacterial cell walls, osmotic

imbalance, and cell death. SEM analysis of GO-Ag HN
showed that the edges of the fragmented GO nanosheets
are densely decorated with Ag NPs (Figure 7D). This can
enhance the penetration capacity of Ag NPs after the sharp
edges of GO spontaneously pierce and cause cell membrane
defects. Discussions on the mechanisms of Ag NP interac-
tion with bacterial cells are continuing despite a remarkable
amount of experimental data on their toxicity and mode of
action.'>'®2122 Dakal et al*' described that Ag NPs can
interact with Gram-negative bacteria in several ways: 1) the
electrostatic interaction between positively charged Ag
NPs and the negatively charged cell membrane facilitates
Ag NP attachment onto the cell membrane. Morphological
changes are caused by shrinkage of the cytoplasm and
membrane detachment, finally leading to the rupture of
the cell wall. 2) Ag NPs can penetrate the bacteria and
interact with sulfur- and phosphorus-containing structures,
such as proteins, lipids, and DNA, resulting in their deacti-
vation. 3) The increased concentration of Ag' ions is
expected to generate free radicals and reactive oxygen spe-
cies (ROS) and a consequent increase in cellular oxidative
stress that promotes both cytotoxic as well as genotoxic
effects. 4) The Ag NP effect on bacterial signal transduction
pathways that affect bacterial growth and other molecular
and cellular activities.

We obtained significant changes in the cell morphology of
P aeruginosa cells after incubation for 10 min with GO-Ag
HN. Some bulges, pores, and micelle-like structures appear on
the surface of a cell, suggesting damage to the outer mem-
brane. Different metal nanoparticles appear to have a similar
effect on bacteria cells, eg, when bacteria were treated with
Fe;04, NP roughness was reduced several times compared to
untreated samples.®’

In this study, we showed that GO-Ag HN reduces
P aeruginosa bacterial strain survival and ability to
form colonies. This potentially happens due to a higher
probability of bacterial cells colliding with GO-Ag HN
particles in a liquid medium. Our synthesized GO-Ag HN
appears to have a much faster effect. It took about 7 min-
utes to inhibit the growth of most P. aeruginosa strains
instead of 2 to 3 hours as was described by Prasad et al.®*
The higher survival rate of bacterial cells was noticed
among meropenem-resistant P. aeruginosa strains. This
might be associated with metallo beta-lactamase pre-
sence, since P. aeruginosa strains testing positive for
these genes were more likely to be meropenem resistant
and form more bacterial colonies after incubation with
GO-Ag HN. It is possible that enzymes encoded by
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metallo  beta-lactamase genes help to  protect
bacterial cells from damage or help to repair them
afterward.

Conclusion

A simple two-stage methodology has been performed for

the synthesis of polyvinylpyrrolidone-stabilized silver and

graphene oxide hybrid nanocomposite (GO-Ag HN). GO

nanosheets were decorated with spherical Ag NPs with

a main diameter of 9-12 nm. During preparation GO

nanosheets undergo partial fragmentation and coatings

are composed of closely associated 300—-600 nm sheets

with an increased amount of sharp edges positioned at

various angles. This GO-Ag HN possesses enhanced con-

tact-based antibacterial activity against antibiotic-resistant

bacteria strains, such as P. aeruginosa strains with

acquired resistance genes. An incubation time of only 7

min was enough to inhibit the growth of the most isolated

clinical P. aeruginosa strains. Interestingly, meropenem-

resistant strains showed higher tolerance to GO-Ag HN,

which is associated with biochemical or morphological

properties of these strains. After GO-Ag HN acts on

P aeruginosa, the cell membrane becomes shriveled,

damaged and constituents leak out. These results indicate

that GO-Ag HN is a promising antibacterial agent to con-

trol nosocomial infections caused by antibiotic-resistant

bacteria strains.
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