molecules m\py

Article

Photothermal-Induced Antibacterial Activity of Gold
Nanorods Loaded into Polymeric Hydrogel against
Pseudomonas aeruginosa Biofilm

Amal G. Al-Bakri 1'*t and Nouf N. Mahmoud 2

1
2

School of Pharmacy, The University of Jordan, Amman 11942, Jordan
Faculty of Pharmacy, Al-Zaytoonah University of Jordan, Amman 11733, Jordan

*  Correspondence: agbakri@ju.edu.jo

t These authors contributed equally to this work.

Academic Editors: Joan Estelrich and Maria Antonia Busquets ﬁr;e‘fgtfé’sr
Received: 15 May 2019; Accepted: 19 July 2019; Published: 23 July 2019

Abstract: In this study, the photothermal-induced bactericidal activity of phospholipid-decorated
gold nanorods (DSPE-AuNR) suspension against Pseudomonas aeruginosa planktonic and biofilm
cultures was investigated. We found that the treatment of planktonic culture of Pseudomonas aeruginosa
with DSPE-AuNR suspension (0.25-0.03 nM) followed by a continuous laser beam exposure resulted
in ~6 log cycle reduction of the bacterial viable count in comparison to the control. The percentage
reduction of Pseudomonas aeruginosa biofilm viable count was ~2.5-6.0 log cycle upon laser excitation
with different concentrations of DSPE-AuNR as compared to the control. The photothermal ablation
activity of DSPE-AulNR (0.125 nM) loaded into poloxamer 407 hydrogel against Pseudomonas aeruginosa
biofilm resulted in ~4.5-5 log cycle reduction in the biofilm viable count compared to the control.
Moreover, transmission electron microscope (TEM) images of the photothermally-treated bacteria
revealed a significant change in the bacterial shape and lysis of the bacterial cell membrane in
comparison to the untreated bacteria. Furthermore, the results revealed that continuous and pulse
laser beam modes effected a comparable photothermal-induced bactericidal activity. Therefore, it can
be concluded that phospholipid-coated gold nanorods present a promising nanoplatform to eradicate
Pseudomonas aeruginosa biofilm responsible for common skin diseases.

Keywords: photothermal therapy; phospholipid; gold nanorods; Pseudomonas aeruginosa; biofilm;
hydrogel

1. Introduction

Biofilms are functional consortia of sessile microorganisms encased within a self-generated
extracellular polymeric matrix composed of polysaccharides; proteins and DNA [1,2]. Biofilms exhibit
distinct architectural; phenotypic and biochemical characteristics [3,4] that give them advantages over
their planktonic counterparts in terms of virulency; pathogenicity and resistance to antimicrobial
agents [1,4].

The biofilm trait of high antimicrobial resistance to antibiotics and disinfectants is a multifactorial
and is attributed to slow antibiotic penetration, reduced microbial growth rates, persisters and unique
physiology [5,6].

Essentially, biofilm-derived infections are aggressive, persistent and difficult to treat. Pseudomonas
aeruginosa is a versatile opportunistic bacterial pathogen [7] responsible for a wide array of
life-threatening acute and chronic infections [8]. Pseudomonas aeruginosa is among the most common
colonizers of infected wounds and is an abundant biofilm former [9]. Biofilms are a protected
mode of growth presenting a major problem in infection treatment due to high recalcitrance to
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chemotherapy treatment [10]. Within a chronic wound, the biofilm tolerance to several antibiotics and
disinfectants causes the failure of commonly used chemotherapy to reduce biofilm wound bioburden,
and consequently, impedes the wound healing cascade [11].

The antimicrobial treatment of Pseudomonas aeruginosa wound infections is challenged by its
characteristic intrinsic, acquired and biofilm mode of resistance [12-15].

Unfortunately, failure in treatment is associated with septicaemia which is a fatal complication.
Due to this, new alternative non-antibiotic methods should be explored for success in controlling and
eradicating Pseudomonas aeruginosa biofilm-based infections.

Gold nanoparticles (AuNP), and in particular, gold nanorods (AuNR), have received marked
interest in nanomedicine and drug delivery, due to their exclusive optical properties and the ease
with which their surfaces can be functionalized with diverse ligands and moieties [16,17]. Upon near
infra-red (NIR) excitation into the confined surface plasmon resonance bands of AuNR, the excited
electrons release their energy as localized heat [18,19], and this photothermal effect is responsible for
the intriguing therapeutic applications of AuNR, such as photothermal ablation of cancer cells [20] and
eradication of several pathogenic micro-organisms [21,22]. Therefore, nanomaterial-based antibacterial
platforms are considered a smart solution for bacterial infections” management since therapeutic failure
due to resistant bacterial strains and biofilm formation presents a major health challenge.

The bacterial uptake of gold nanoparticles, which is essential for their photothermal ablation
activity, is highly dependent on the size and surface chemistry of the nanoparticles. We previously
investigated the bactericidal effect and photothermal-based antibacterial activity of gold nanorods
that contain several surfaces decorating ligands against common skin pathogens [21-23]. The results
revealed that the surface functionality of the nanoparticles has a key role in enhancing the uptake
and destructive ability of AuNP towards bacteria. For example, phospholipid-decorated AuNR
demonstrated potent bactericidal activity against Staphylococcus aureus as compared to AuNR coated
with cholesterol moiety [22].

The photothermal-based bacterial eradicating activity of AuNP was demonstrated in several
studies, either independently or in conjugation with drugs [24-26]. In one study, AuNPs resulted
in around a 50% reduction in Candida albicans biofilm [27], and in another study, gold nanocrosses
were targeted against the Pseudomonas aeruginosa biofilm using antibodies, that resulted in complete
eradication of the biofilm upon NIR excitation with an 800 nm laser beam at a power density of
~3.0 W cm~2 [28]. The photothermal-based antibacterial activity of monolayers of gold nanostars
against planktonic and biofilm bacteria was investigated by Pallavicini, et al. [29,30]. Additionally,
the antibacterial activity of photo-thermally active Prussian blue nanoparticles has been reported
recently [31].

Hydrogels have biocompatible and biodegradable characteristics which make them an attractive
vehicle for topical delivery systems [32-35]. Poloxamer 407 (Pluronic® F127) is a non-ionic surfactant
characterized by thermo-reversible gelation activity, rendering it an attractive formulation choice
for many drug delivery systems [36-38]. Poloxamer 407 aqueous solutions are fluid below the
sol-gel transition temperature (T sol-gel), and the solutions turn to a semi-solid state above this
temperature [36]. Significantly, poloxamer 407 polymer was used in our current study as a vehicle
of the nanorods to enhance their application and improve their contact duration and deposition
within a bacterial biofilm. Furthermore, it demonstrated an accelerated wound healing ability through
the enhancement of cell proliferation and production of epidermal growth factor, in addition to its
anti-microbial activity [36,39,40]. Recently, in an experiment, AuNP loaded into poloxamer 407 hydrogel
demonstrated an enhanced scar-less healing of the wound in rats and accelerated collagen deposition
at the wound site [41].

In this study, gold nanorods decorated with phospholipid-polyethylene glycol (PEG) were
prepared, characterized and loaded into poloxamer 407 hydrogel. The photothermal-induced
antibacterial activity of the surface-modified gold nanorods of different concentrations was evaluated
against Pseudomonas aeruginosa planktonic and biofilm culture. Bactericidal activity against Pseudomonas
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aeruginosa biofilm was investigated for AuNR upon loading into poloxamer 407 hydrogel using
continuous and pulsed laser modality. Fluorescence microscopy and transmission electron microscope
(TEM) were used to characterize the photothermal ablation effect of DSPE-AuNR against Pseudomonas
aeruginosa.

2. Results and Discussion

Chronic skin wounds represent a major health burden associated with high morbidity and
mortality due to susceptibility to infection.

In this study, photothermal-induced antibacterial activity was investigated for phospholipid-coated
AuNR against Pseudomonas aeruginosa planktonic and biofilm cultures. The effect of continuous vs.
pulse modes of laser treatment on bacterial photothermal ablation was examined. Furthermore,
the photothermal ablation of DSPE-AuNR suspended in poloxamer gel against Pseudomonas aeruginosa
was also evaluated.

2.1. Synthesis and Characterization of AuNR Suspensions

AuNR were synthesized as described previously [42] and characterized by optical spectroscopy,
zeta potential and hydrodynamic size to confirm successful surface functionalization. Figure 1A
demonstrates the normalized optical absorption spectra of AuNR of different concentrations (0.06,
0.125 and 0.25 nM) with typical transverse and longitudinal peaks at 520 nm and 805 nm, respectively
without broadening or tailing. The attachment of thiolated ligand to the surface of AuNR occurs through
the coordinate bond between gold and the thiol group of DSPE-PEG-SH [43-45]. The optical spectrum
of DSPE-PEG-SH ligand dispersed in water revealed a peak at 265 nm. Upon functionalization of
AuNR with DSPE-PEH-SH ligand, a new peak was observed in the spectrum of DSPE-AuNR at 265 nm,
confirming the successful attachment of DSPE-PEG-SH to the surface of AuNR. The hydrodynamic
diameter of the nanorods measured through dynamic light scattering (DLS) was increased upon surface
decoration of the nanorods with DSPE-AuNR. In addition, the effective surface charge of AuNR was
shifted from positive zeta potential due to the surface absorbed cetyltrimethylammonium bromide
(CTAB) molecules to slightly negative charge (—10 mV) upon functionalization with DSPE-PEG-SH,
which confirms the successful functionalization with DSPE-PEG-SH (Figure 1C).

The loading of AuNR suspension of different molar concentrations (0.06, 0.125 and 0.25 nM) into
poloxamer 407 hydrogel gel did not affect the colloidal stability of the nanorods as no change in their
colloidal colour was observed upon loading into the hydrogel. Furthermore, the normalized optical
spectra of DSPE-AuNR loaded into the hydrogel revealed no significant broadening or tailing of the
longitudinal plasmon peak (Figure 1B) which confirms their excellent colloidal stability. Moreover,
no significant changes were observed in the hydrodynamic size and zeta potential of the nanorods
upon loading into the hydrogel which suggests their excellent colloidal stability (Figure 1C). The sol-gel
transition temperature of DSPE-AulNPs loaded into the hydrogel was ~35.9 °C at 18% of poloxamer 407,
suggesting that the prepared hydrogel of AuNR could be converted into gel form at body temperature.

The shape and size of the nanorods were characterized by transmission electron microscope (TEM).
Figure 1D shows the TEM image of DSPE-AuNR which confirms the rod shape of the nanoparticles
with an average width and length of 49.8 + 2.6 nm and 11.8 + 1.8 nm respectively and an average aspect
ratio (AR) of 3.88. As presented in Figure 1E, the colloidal colour of DSPE-AuNR loaded into poloxamer
407 hydrogel is compared to the original colloidal colour of the gold nanorods, confirming the excellent
colloidal stability of the nanorods upon loading into the hydrogel at different molar concentrations.
The surface functionalization of AuNR by DSPE-PEG-SH ligand was validated previously by 'H-NMR
in our recent work [22].
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Figure 1. Characterization of AuNP and DSPE-AuNR suspensions. (A) UV-Vis spectra of CTAB-
coated-AuNR and upon surface replacement of CTAB by DSPE-PEG-SH ligand (at different molar
concentrations). (B) UV-Vis spectra of AuNR suspension of different molar concentrations (0.06,
0.125 and 0.25 nM) loaded into poloxamer 407 hydrogel. (C) Hydrodynamic size measured by DLS and
zeta potential of AuNR, DSPE-AuNR suspensions and DSPE-AuNR loaded into hydrogel. (D) TEM
image of DSPE-AuNR suspension confirms the rod shape of the nanoparticles having an average AR of
3.88. (E) Photos of DSPE-AuNR suspension and DSPE-AuNR loaded into poloxamer 407 hydrogel at
different molar concentrations which confirms the colloidal stability of the nanorods on being loaded
into the hydrogel.

2.2. Antibacterial Activity of DSPE-AuNR Suspension against Pseudomonas Aeruginosa

The antibacterial activity of DSPE-AuNR against planktonic Pseudomonas aeruginosa culture was
evaluated by determining the minimum inhibitory concentration (MIC) and the equivalent bactericidal
effect at one concentration within the MIC range. The MIC value of DSPE-AulNR suspension was
0.75 nM (~65.5 pug/mL) which resulted in 99.998% reduction in bacterial viability (~4.7-Log cycle).
As indicated in the literature, AuNP of different sizes, shapes and surface chemistries have antibacterial
activity at the concentration range of ~10-200 pg/mL [46]. Compared to silver nanoparticles, Salomoni,
et al., reported three log cycle reduction of Pseudomonas aeruginosa viability upon treatment with silver
nanoparticles at the concentration 5.0 pg/mL [47].

In order to exclude the possible contribution of residual CTAB or the coating material on the
observed antibacterial of AuNR, the MIC was performed for the supernatant of DSPE-PEG-GNR after
centrifugation and for the aqueous dispersion of DSPE-PEG-SH ligand. No antibacterial activity was
observed for the supernatant of DSPE-AuNR suspension after centrifugation and for the aqueous
dispersion of DSPE-PEG-SH, eliminating the possible contribution of CTAB or the coating material on
the antibacterial activity of DSPE-AuNR.

In our recent study, we demonstrated that PEG-AuNR at 4.0 nM effected only 2.0 log cycle
reduction in bacterial viability and no significant antibacterial activity was observed for PEG-AuNR
at 0.75 nM [41]. In this study, AuNR were functionalized with a thiolated-PEGylated phospholipid
moiety which is supposed to enhance their colloidal stability and bacterial uptake and maximize their
photothermal effect at a low concentration.
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Poor outer membrane permeability of Pseudomonas aeruginosa limits the activity of several
antibiotics [48]. To this end, lipid-based nanocarriers were demonstrated to enhance the cellular uptake
of the loaded drug through endocytosis [49] or destabilizing membranes by means of physicochemical
interactions with membrane components. For example, phospholipids can have a pivotal role in
destabilizing the outer membrane of Gram-negative bacteria and thus increase its permeability
due to its inherent high affinity towards Ca2+ and Mg2+ membrane bound ions [50]. Essentially,
the phospholipids, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphate phospholipid drastically enhanced
the permeability of 3-lactam antibiotics through Pseudomonas aeruginosa [51]. Moreover, Baker, et al.,
found that exposing Pseudomonas aeruginosa to exogenous fatty acids enhanced the bacterial membrane
permeation and decreased their resistance towards polymyxin B by inducing significant changes
in the bacterial membrane phospholipid structure [52]. Furthermore, the antibacterial activity
of monoglycerides-conjugated lipid nanocapsules was reported against Staphylococcus aureus and
methicillin-resistant Staphylococcus aureus [53]. Based on these previous results, we synthesized a
phospholipid-coated AuNR as a promising ligand to be assessed for antibacterial activity. In our recent
work, we demonstrated that the phospholipid-based nanogold suspension shows potent bactericidal
activity (~0.011 nM) against the Gram-positive Staphylococcus aureus [22].

It is essential to mention that our nanorods were found to be stable when mixed with bacterial
growth medium, and there was no significant aggregation of the nanorods as evidenced by their
colloidal colour and optical spectra (results not shown). The colloidal stability of AuNR upon exposure
to biological barrier or bacterial growth medium was found to depend greatly on nanoparticles’
surface functionalization [23,54]. Exposure of AuNP to biological barriers or growth media induced
nanoparticles aggregation and severely influenced their biological activity [23,54].

2.3. Photothermal-Based Antibacterial Activity of DSPE-AuNR Suspension Against Pseudomonas Aeruginosa

Photothermal-based applications of AuNR are the cornerstone of their biomedical applications
in nanomedicine [20]. The obtained localized intense photothermal effect on exciting AuNP with a
suitable laser wavelength demonstrates an immense ablation effect on cancer or bacterial cells [55,56].

In this study, the photothermal-induced lysis or erosion activity of DSPE-AuNR against
Pseudomonas aeruginosa was investigated at sub-MIC concentrations (0.125, 0.06 and 0.03 nM) in
order to augment the antibacterial effect of AuNR at low concentrations. The results demonstrated
that treatment of Pseudomonas aeruginosa with DSPE-AuNR suspension (0.125-0.03 nM) followed
by a continuous laser beam excitation (CW, 3W ¢cm~2) effected an extra ~5.0 log cycle reduction in
bacterial viable count compared to the treatment using DSPE-AuNR alone (dark condition), Figure 2A,B.
This synergistic effect can be related to the elevated temperature produced upon laser treatment which
showed to cause areas of severe irreversible cell membrane disruption of Pseudomonas aeruginosa
planktonic culture [25]. In earlier studies, this photothermal damage of cell membrane was attributed
to multiple factors including vapor bubble formation and thermal disintegration [57].

2.4. Photothermal-Based Antibacterial Activity of DSPE-AuNR Suspension Against Pseudomonas Aeruginosa
Biofilm

In the current study, Pseudomonas aeruginosa biofilms (24, 48 and 72 h) demonstrated resistance to
DSPE-AuNR treatment, where it caused a non-significant decrease in viable count upon treatment
under dark conditions even at the highest tested concentration; 0.25 nM (less than 78.0%, Figures 3-5).
Nevertheless, photothermal laser therapy unequivocally increased the killing efficiency of the
DSPE-AuNR, where a significant reduction in the bacterial viable count (5.5-6.0 log reduction) was
achieved after laser excitation at concentration of 0.25 nM (Figures 3-5). Synchronously, lower but still
significant reductions in biofilm viability were achieved at lower concentrations of excited DSPE-AuNR
(Figures 3-5).
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Figure 2. Photothermal-induced bactericidal activity of DSPE-AuNR suspension against planktonic

suspension of Pseudomonas aeruginosa. (A) Calculated percentage of bacterial viable count reduction

related to control upon treatment with AuNR suspension of different concentrations after NIR laser

excitation (3W cm~2) and at dark conditions. (B) Calculated average log reduction of bacterial viable

count upon treatment with AuNR suspension of different concentrations after NIR laser excitation and

at dark conditions.
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Figure 3. Photothermal-induced bactericidal activity of DSPE-AuNR suspension against Pseudomonas

aeruginosa biofilm (24 h). (A) Calculated percentage of bacterial viable count reduction related to control

upon treatment with AuNR suspension of different concentrations after NIR laser excitation (3 W cm™~2)

and at dark conditions. (B) Calculated average log reduction of bacterial viable count upon treatment

with AuNR suspension of different concentrations after NIR laser excitation and under dark conditions.
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Figure 4. Photothermal-induced bactericidal activity of DSPE-AuNR suspension against Pseudormonas
aeruginosa biofilm (48 h). (A) Calculated percentage of bacterial viable count reduction related to control
on treatment with AuNR suspension of different concentrations after NIR laser excitation (3 W cm~2)
and at dark conditions. (B) Calculated average log reduction of bacterial viable count on treating with
AuNR suspension of different concentrations after NIR laser excitation and under dark conditions.
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Figure 5. Photothermal-induced bactericidal activity of DSPE-AuNR suspension against Pseudomonas
aeruginosa biofilm (72 h). (A) Calculated percentage of bacterial viable count reduction related to control
upon treatment with AuNR suspension of different concentrations after NIR laser excitation (3 W cm™2)
and at dark conditions. (B) Calculated average log reduction of bacterial viable count on treatment with
AuNR suspension of different concentrations after NIR laser excitation and under dark conditions.

In light of the reported weak antibacterial activity DSPE-AuNR on the biofilm culture,
the significant antibacterial activity of our laser treated DSPE-AuNR is most probably attributed
to the effect of the localized generated heat upon laser treatment. Nanoparticles interaction and
penetration into biofilm involves three steps of initial transportation to biofilm vicinity followed by
attachment and finally migration within the biofilm [58]. These steps are affected by the following
parameters among many others; nanoparticles characteristics, biofilm matrix composition and the
condition of biofilm culture including temperature. It was previously proposed that the slimy
extracellular matrix of biofilm acts as an efficient sequestering agent causing significant accumulation
of nanoparticles [58]. Ferry, et al., demonstrated that environmental biofilms accumulated more
than 60% of added gold nanorods [59]. Additionally, nanoparticles of different physicochemical
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characteristics were shown to interact with and penetrate biofilms. Wan, et al., showed that a
lipid shell-enveloped polymeric nanoparticle with the high integrity of lipid shells improved mucus
penetration and interaction with Pseudomonas aeruginosa cystic fibrosis bacterial biofilm model [60].
Recently, Yu Zhao, et al., demonstrated that NIR-activated thermosensitive small positive charge
spherical-shaped liposomes particles caused a combined antibiotic and photothermal therapy effect on
Pseudomonas aeruginosa biofilm. This treatment resulted in 80% biofilm elimination at low dose and
short laser excitation time [61]. Likewise, recently, Teirlinck, et al., demonstrated that laser treatment
of Pseudomonas aeruginosa biofilms loaded with cationic 70-nm gold nanoparticles resulted in vapor
nanobubbles based distortion of biofilm integrity and a subsequent improved antibiotic diffusion [62].
Accordingly, we speculate that the antibiofilm effect of our laser-activated nanoparticles is due to its
interaction with the biofilm encased bacteria and the production of cytotoxic heat levels within the
biofilm vicinity. Moreover, the local rise in temperature during the laser treatment session (15 min)
would enhance further penetration and deposition of the DSPE-AuNR and would aid in effecting this
significant ablation on the treated biofilm.

2.5. Photothermal-Based Antibacterial Activity of DSPE-AuNP Suspension Loaded into Poloxamer 407
Hydrogel against Pseudomonas Aeruginosa Biofilm

DSPE-AuNR were suspended in poloxamer 407 hydrogel as drug delivery for topical formulation.
Thermo-responsive gels containing gold nanoparticles were used previously as antibacterial and
wound healing agents, since they have the tendency to hold high water content that helps to supply
dry wounds with the necessary fluids [41].

Figure 6A,B demonstrate the bactericidal activity of DSPE-AuNR loaded into poloxamer
407 hydrogel against Pseudomonas aeruginosa biofilm (24, 48 & 72 h). Loading the nanorods into
the hydrogel did not reduce their bactericidal activity. DSPE-AuNR/hydrogel happened in 4.5-5 log
cycles reduction of biofilm viable count as compared to the dark condition and the hydrogel alone.

Treatment Reduction of Average Log 6=
(DSPE-AuNR/Gel) Bacterial Viable Count ; c 24 hr 48 hr 72 hr
Reduction v .
0.125 nM ) S ' T .
L -
Bacterial Biofilm (24 hr) g
T
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. . g Q
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Q
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DSPE-AUNR/Gel +Laser 99.99740.00 Az Q Q;v?
R

Poloxamer Gel 73.6415.08 0.57 06_,

Figure 6. Photothermal-induced bactericidal activity of DSPE-AuNR suspension loaded into poloxamer
407 hydrogel against Pseudomonas aeruginosa biofilm (24, 48 & 72 h). (A) Calculated percentage of
bacterial viable count reduction related to control upon treatment with AuNR/hydrogel after NIR laser
excitation (3 W ecm™2) and under dark conditions. (B) Calculated average log reduction of bacterial
viable count upon treatment with AuNR/hydrogel after NIR laser excitation and under dark conditions.

Two modes of NIR laser excitation are usually applied in the range of 700-1400 nm: pulsed or
continuous (CW) modes. CW mode has been extensively used for photothermal and photodynamic
therapy and commonly results in the destruction of cancer cells through hyperthermia and coagulation
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and may cause thermal damage to the neighbouring normal cells. Conversely, the pulsed laser is
effective for selective and localized harm without causing excessive damage to the normal cells and
usually results in intracellular micro bubbles; furthermore, it is known to have a cumulative effect of
photothermal and photomechanical on the cells [63-65].

In this study, we compared the photothermal-based bactericidal activity of DSPE-AuNR/hydrogel
against Pseudomonas aeruginosa using CW and pulse modes of laser excitation. The results indicated
that utilizing different modes of laser excitation, the same percentage and log reduction of bacterial
viable count were obtained: ~4 log cycle and ~1 log cycle reduction for both CW and pulse laser at
3 W cm™2 and 1 W em™2 of the laser dose, respectively (Figure 7A,B).

Treatment Reduction of Average Log 5m
(DSPE-AuNR/Gel) Bacterial Viable Count ; c
0.125 nM %) Reduction o
3 B 4
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Q
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Figure 7. Photothermal-induced bactericidal activity of DSPE-AuNR suspension loaded into poloxamer
407 hydrogel against Pseudomonas aeruginosa biofilm (72 h) using CW or pulse laser at 3 W cm~2 and
1 W em™2. (A) Calculated percentage of bacterial viable count reduction related to control on treatment
with AuNR/hydrogel after NIR laser excitation (CW vs. pulse) and at dark conditions. (B) Calculated
average log reduction of bacterial viable count on treatment with AuNR/hydrogel after NIR laser
excitation (CW vs. pulse) and under dark conditions.

The localized heat obtained upon exciting DSPE-AuNR with a laser beam was recorded over
15 min of laser excitation. The colloidal stability of the nanorods was lost after 20 min of laser excitation
when a significant colour change of the nanorods suspension and broadening of the longitudinal
peak of UV-vis spectrum was observed (unpublished observation). The maximum temperature of the
nanorods suspension upon excitation by laser was 53 °C, 60 °C and 62 °C at 0.03, 0.06 and 0.125 nM
AuNR concentrations respectively. It takes one minute for the AuNR suspension to reach the maximum
temperature upon laser excitation after which a slight increase in temperature was observed over
time. Loading DSPE-AuNR into the hydrogel did not reduce the generated heat of the nanorods
as presented in Figure 8A. Additionally, the pulse mode of the laser beam produced low maximum
apparent temperature as compared to CW mode at the same laser dose (3 W cm~2); 55 °C vs. 64 °C
respectively. However, both modes of laser excitation effected similar bactericidal activity. Similarly,
pulse and CW modes of laser dose of 1.0 W cm~2 produced different apparent suspension temperature,
wherein the maximum temperature was 48.5 °C and 54.0 °C respectively, after which a slight increase
in temperature was observed over time (Figure 8B); however, similar bactericidal activity was obtained
for both.
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Figure 8. Temperature induced by NIR laser excitation of DSPE-AuNR suspensions over 15 min.
(A) Temperature of DSPE-AuNR suspension at three different molar concentrations, DSPE-AuNR
loaded into hydrogel upon excitation with CW or pulse laser (3 W cm™2). (B) Temperature of
DSPE-AuNR suspension upon excitation with 1 W cm =2 of CW or pulse laser. The initial temperature
was 19.6 £ 1.1 °C. Data are presented as mean + SD (n = 3).

The pulsed laser provides extremely high and localized heat, but less average power and heat
compared to the CW laser. Accordingly, favourably, the pulse laser can result in extreme temperature
conditions without excessive heating of the surrounding cells and space compared to CW laser [66].
We propose that although the pulse mode of laser should lead to more intense heat generation [66],
the measured heat represented an average of the heat rising and falling in times measured in
nanoseconds, which consequently resulted in a lower apparent measured temperature relative to CW
mode of laser beam.
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Generally, temperatures of 50 °C and above are reported to inactivate non-sporulating bacteria
at a rate positively correlated with the generated heat [67,68]. For example, the thermal killing
of Pseudomonas aeruginosa biofilm was demonstrated by thermal shock ranging from 50 °C to
80 °C for durations of 1 to 30 min, where temperature has a larger effect on biofilm eradication
than exposure time [69]. Different types of materials were reported to generate heat that was
sufficient to kill different types of bacteria in planktonic or biofilm cultures. Kim, et al., found
that excitation of catechol-conjugated poly(vinylpyrrolidone) sulfobetaine linked to polyaniline by
NIR laser caused temperature elevation (52-55 °C) that was efficient to kill Staphylococcus aureus
and Escherichia coli after 3 min of NIR excitation [70]. Moreover, NIR laser excitation of graphene
oxide-polyethyleneimine nanoheaters resulted in temperature elevation of more than 50 °C, that was
capable to kill Staphylococcus aureus and Escherichia coli bacteria, in addition to Staphylococcus epidermidis
bacterial biofilm [71]. Similarly, in our study, the heat generated upon DSPE-AuNP excitation is
responsible for the photo-thermolysis of bacteria in planktonic or biofilm cultures; however, the possible
contribution of the nanorods themselves to the observed antibacterial effect could not be excluded.

Simultaneously, the photothermal antibiofilm effect was observed by fluorescent microscopy [71].
Fluorescence microscopy imaging of the bacterial biofilm after staining with live-dead stain revealed
that exciting the bacterial biofilm with a laser beam after treatment with DSPE-AuNR resulted in
significant death of biofilm cells (Figure 9A) compared to the control (Figure 9B). These results
confirm the role of photothermal therapy in eradicating the bacterial biofilm using surface modified
gold nanorods.

Figure 9. Fluorescence microscopy images of Pseudomonas aeruginosa biofilm on receiving photothermal
therapy. (A) Untreated biofilm. (B) Biofilm treated with DSPE-AuNR and excited with a continuous
laser beam. Red and green indicate dead and live bacteria respectively. Scale: 150 pm

The photothermal-induced bactericidal activity of DSPE-AuNP against Pseudomonas aeruginosa
was also investigated by TEM imaging. Untreated bacteria showed well-defined intact rod-shape cells
(Figure 10A-C). Upon treatment with DSPE-AuNR and excitation with laser, bacteria demonstrated
significant changes in their shape, drastic disintegration of the bacterial membrane and complete lysis
of the bacteria (Figure 10D-I). These findings confirm our hypothesis of the ability of DSPE-AuNR to
penetrate the bacterial cell membrane and maximize the photothermal-induced destruction and lysis
of the cells upon laser excitation.
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Figure 10. TEM images of untreated Pseudomonas aeruginosa (A—C) and after treatment with DSPE-AuNR
and excitation with CW laser beam (D-I). Photothermal therapy resulted in significant changes in the
morphology of the bacteria and lysis of bacterial cells.

3. Materials and Methods

3.1. Chemical Synthesis of AuNR Suspension

Synthesis of AuNP was carried out using CTAB (Sigma-Aldrich Chemicals, St. Louis, MO, USA)
following a method described previously [42]. Briefly, for seed synthesis, a solution of HAuCl4
(0.25 mM) was prepared in 0.1 M CTAB. A volume of 0.6 mL of NaBH4 was added to gold-CTAB
solution (10.0 mL) under stirring. Subsequently, the following materials were added to 95.0 mL of
CTAB aqueous solution (0.1 M) for AuNR synthesis: 5.0 mL of HAuCly solution (10 mM), 1.2 mL of
silver nitrate solution (10.0 mM), 0.55 mL of ascorbic acid solution (0.1 M) and 0.12 mL of the seed
solution. AuNR suspension was left overnight at 25 °C overnight. The obtained AuNP suspension was
centrifuged twice (Centrifuge, Labofuge I, Heraeus Christ, Hanau, Germany) for 10 min at 16,500 g,
suspended in milli-Q water and stored at 4 °C.

3.2. Surface Modification of AuNR with DSPE-PEG-SH (DSPE-PEG-SH); DSPE-AuNR

A volume of 1.0 mL of DSPE-PEG-SH solution (25.0 mg/mL, MW ~2000 g/mole, Nanosoft
Polymers, Winston-Salem, NC, USA) was mixed with AuNP suspension (10.0 mL) and kept under
stirring condition for 24 h. The resulted surface-modified AuNP suspension was centrifuged twice for
10 min at 11510% g in order to remove excess CTAB and was stored at 4 °C.
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3.3. Characterization of AuNR and DSPE-AuNR Suspensions

The prepared AuNP and DSPE-AuNR suspensions were characterized by UV-vis absorption
spectra (UV-Vis Spectrophotometer, Shimadzu UV-1800, Kyoto, Japan), zeta potential (Nicomp Nano
73000 particle size/zeta potential analyzer (Particle Sizing Systems, Santa Barbara, CA, USA) and TEM
imaging (FEI Morgani 268, operating voltage of 60 kV, Eindhoven, The Netherlands). The surface
modification of AuNR by DSPE-PEG-SH ligand was confirmed by proton nuclear magnetic resonance
(*H NMR) in our recent work [22].

3.4. Loading of DSPE-AuNR into Poloxamer 407 Hydrogel

DSPE-AuNR suspensions of different concentrations were loaded into poloxamer 407 polymer
(18%, BSAF, Ludwigshafen, Germany). The obtained hydrogels were kept at 4 °C for 24 h, and then
were sterilized by UV light for 45 min before use.

The obtained DSPE-AulNR/hydrogels were characterized by their colloidal colour, UV-Vis
absorption spectra and zeta potential. The sol-gel transition temperature of the hydrogel of DSPE-AuNR
was measured following the method described previously [72].

3.5. Determination of the Bacteriostatic and Bactericidal Activities of DSPE-AuNR Suspension Against
Pseudomonas Aeruginosa

3.5.1. Bacterial Strains

Overnight working cultures of Pseudomonas aeruginosa, ATCC 9027 (Oxoid, Basingstoke-Hampshire,
UK) grown in nutrient broth medium (Oxoid, Basingstoke, UK), adjusted to 0.5 McFarland standard
were used throughout the study. Long term preservation of the cultures was done at —80 °C with
glycerol, while short term preservation was done on nutrient agar plates at 4 °C.

The bacteriostatic activity of DSPE-AuNP suspension was determined using the standard two-fold
broth micro dilution method which determines the minimal inhibitory concentration (MIC) of
DSPE-AuNP against Pseudomonas aeruginosa planktonic cultures according to the Clinical and Laboratory
Standards Institute (CLSI, 2016).

Briefly, wells of 96 microtiter plates (JET BIOFIL, Guangzhou, China) were filled with 150 pL
of Muller Hinton broth (Oxoid, UK). The first well was filled with a double strength media. To the
first well, 150 uL of DSPE-AuNP stock suspension (4 nM) was added, from which 10 two-fold serial
dilutions were made across the plate’s well prefilled with 150 uL of single strength media. Each well
was subsequently inoculated with a MacFarland-adjusted overnight culture to obtain an inoculum
size of ca. 1 x 10® CFU/mL in each well. For each plate set up, positive and negative controls were
used. Plates were incubated overnight aerobically at 37 °C. After incubation, the MIC value was
determined as the average of DSPE-AuNR concentrations that caused inhibition and no inhibition
within the sequentially ordered wells. Subsequently, the number of bacterial cells (CFU/mL) within the
well of lowest concentration exhibiting no turbidity was determined using the standard spread plate
count method as performed previously [21]. To do that, a volume of 100 uL of the designated well was
serially ten-fold diluted in normal saline. A volume of 100 pL of each dilution was spread onto nutrient
agar plates (Oxoid, Basingstoke, UK). The plates were incubated overnight aerobically at 37 °C.

The number of bacterial colonies and the dilution factor were used to calculate the viable bacterial
cells (CFU/mL). These values were compared to the initial inoculum size to calculate the percent
reduction in the viable count and the log reduction in viability as a measure of the bactericidal activity
of DSPE-AuNR suspension.

In order to exclude the possible contribution of residual CTAB or the coating material to the
observed antibacterial of AuNR, the MIC test was performed for the supernatant of DSPE-AuNR after
centrifugation twice for 10 min at 11510x ¢ and for the aqueous dispersion of DSPE-PEG-SH ligand.
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3.5.2. Photothermic Ablation Activity of DSPE-AuNR Suspension against Pseudomonas aeruginosa
Planktonic Culture

The photothermal-bactericidal activity of DSPE-AuNR upon laser treatment to Pseudomonas
aeruginosa planktonic culture was determined by exciting a pre-incubated (10 min) inoculated
DSPE-AuNR suspension with CW 808 nm, ~1-3W cm~2, or pulse mode, pulse width of ~1.0 us
at area of ~0.5 cm? (Laser diode, max power output 9 W, 808 nm, OSTECH, Berlin, Germany) for 15 min.
To do that, 150 pL of different concentrations of DSPE-AuNP suspension (0.25, 0.125, 0.06. 0.03 nM)
and 10 pL of standardized culture were added (ca. 1 x 10° CFU/mL) to 150 pL of single strength media.
This set up was incubated at 37 °C for 10 min. Subsequently, it was excited using either continuous
laser or pulse laser mode for 15 min. The photothermal-based bactericidal activity of DSPE-AuNR
suspension was determined using the standard plate count method described previously.

The temperature of DSPE-AuNR suspensions exposed to different laser intensities was measured
by inserting a digital thermometer probe (Extech, FLIR Commercial Systems Inc., Wilsonville, OR,
USA) into the suspensions. The temperature of ultrapure water exposed to laser excitation was also
measured and subtracted from that of the AuNR solutions. The initial temperature of the AuNR
suspensions was recorded as well.

Non-laser treated replicate of the above mentioned set up was used as the dark control (25 min of
incubation at 37 °C). Light control was prepared by exposing the culture to a laser beam for 15 min
using the same photothermic parameters as the test experiments.

3.5.3. Biofilm Culture of Pseudomonas aeruginosa

Biofilms were cultured on sterile borosilicate glass beads with a diameter range of 3-3.5 mm.
Each bead was placed in a well of a 96-well microtiter plate (JET BIOFIL, Guangzhou, China), to which
200 uL of nutrient broth was added, followed by 20 pL of a standardized Pseudomonas aeruginosa
culture to obtain an inoculum size of ca. 1 x 10° CFU/mL. The plates were incubated aerobically at
37 °C for 72 h in a shaker incubator. After every 24 h, the spent media was pipetted out carefully and
replaced by 200 uL of fresh media. The density of biofilm formed at 24, 48 and 72 h was determined
using the standard plate count method and expressed as CFU/bead.

After biofilm culturing, beads were removed and washed three times using normal saline to
remove loosely attached bacterial cells. Each bead was placed in a centrifuge tube filled with normal
saline (100 pL), vortexed to remove attached bacteria, serially diluted over five ten-fold serial dilutions
and then plated out (100 uL) on nutrient agar media. The number of colonies and dilution factors were
used to quantitatively determine biofilm density as CFU/bead.

3.5.4. Photothermal-Induced Antibiofilm Activity of DSPE-AuNR Suspension

The bactericidal activity of DSPE-AuNR suspension (0.25, 0.125, 0.06 and 0.03 nM) on 24, 48 and
72 h biofilm cultures was determined by challenging the washed biofilm beads with DSPE-AuNR
suspension for 10 min incubation at 37 °C, followed by laser excitation for 15 min using continuous or
pulse mode.

After treatment, beads were recovered, and biofilm viable density was determined following
the method previously mentioned. The antibiofilm activity was compared to the positive control of
untreated biofilm and the dark control (25 min of incubation at 37 °C). The percentage reduction in
viable count and log reduction in viability were calculated.

3.5.5. Photothermic Ablation Activity of DSPE-AuNR/Gel against Pseudomonas aeruginosa Biofilm
Culture

The photothermic ablation effect of 0.125 DSPE-AuNR/Gel on the viability of 72-h biofilms under
multiple laser excitation conditions was determined using the viable count method described previously.
The washed pre-incubated (10 min) biofilm was excited by continuous or pulsed laser for 15 min.
Post treatment, the bactericidal activity was determined, and the ablation effect was calculated as
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percent killing or log reduction relative to the untreated biofilm and compared to the dark control
(25 min of incubation at 37 °C).

3.5.6. Characterization of Biofilm Viability by Fluorescent Microscopy

Filmtracer LIVE/DEAD biofilm viability kit (Invitrogen, Thermo Fischer Scientific, Eugene, OR,
USA) was used to stain the biofilm. A 72-h biofilm was prepared on micro cover glasses (Deckgléser,
Schwerte, Germany) in 12 well cell culture plate (SPL, Korea). The wells were filled with 2 mL nutrient
broth (Oxoid, Basingstoke, UK). Each well was inoculated with ca. 1 X 10® CFU/mL of overnight culture
of Pseudomonas aeruginosa. The culture set up was incubated in shaker incubator for 72 h. After every
24 h, the media was changed and replaced with fresh media. For staining, the 72-h biofilm was washed
three times with filter sterilized water. To each glass cover, 200 pL of the dead/live stain was added.
The setup was incubated away from light at room temperature for 25 min. Subsequently, the micro
cover glasses were gently rinsed with filter-sterilized water. All the excess stain and rinse water were
removed from the base of the well. The coverslips were placed on glass slides and were imaged using
EVOS M5000 cell imaging system (Invitrogen, Thermo Fischer Scientific, Eugene, OR, USA) at 20X
using EVOS GFP light Cube (AMFEP4651; excitation 470/22 nm; emission 510/42 nm) and EVOS RFP
Light Cube (AMEP4652; excitation 531/40; emission 593/40 nm).

3.5.7. Characterization of Photothermal Ablation Activity of DSPE-AuNR Suspension against
Pseudomonas aeruginosa Biofilm by Transmission Electron Microscope (TEM)

An overnight culture of Pseudomonas aeruginosa (250 pL, ca. 1.0 X 108 CFU/mL) was mixed with
DSPE-AuNR (50 pL, 0.25 nM) and was incubated for 10 min at 37 °C. The mixture was exposed to
a laser beam (808 nm, CW, 3W cm™2) for 15 min; then, the mixture was pelleted at 6000 rpm for
10 min and the obtained bacterial pellets were fixed in 3% glutaraldehyde (Sigma-Aldrich Chemicals,
St. Louis, MO, USA) and processed as described previously [21]. Sections approximately 70 nm thick
were obtained and mounted onto Formvar copper grids and imaged by TEM. Untreated bacteria were
processed as previously described and was used as a control.

4. Conclusions

The eradication of Pseudomonas aeruginosa biofilm is becoming a challenge in the treatment of
several skin infections. The photothermal ablation activity of non-spherical shapes of gold nanoparticles
particularly nanorods is the cornerstone of nanomedicine. In this study, we shed light on the ability
of gold nanorods decorated with phospholipid to destroy Pseudomonas aeruginosa biofilm in vitro.
The surface modification of gold nanorods with a phospholipid bilayer resulted in the enhancement
of their uptake in the bacterial cell membrane and maximization of photothermal ablation activity
when excited with a continuous or pulse laser beam. The TEM imaging of the photothermally-treated
cells indicated a massive disintegration of bacterial cell membrane and subsequent cell lysis compared
to the untreated cells. Loading the gold nanorods into poloxamer 407 hydrogel did not reduce their
bactericidal activity upon excitation with a laser beam. A gold-based nano system could be considered
an effective alternative to antibiotics to eradicate the biofilm of Pseudomonas aeruginosa.

Author Contributions: The authors equally contributed to the design of the study, conduct the experiments,
write and review the paper.

Funding: This research was funded by the Deanship of Scientific Research at The University of Jordan; grant number
[1820-1104], Abdul Hameed Shoman Foundation, Amman, Jordan; grant number [3/2017] and [Deanship of
Scientific Research and Graduate Studies at Al-Zaytoonah University of Jordan] grant number [2017-2016/64/04].

Conflicts of Interest: There are no conflict to declare.



Molecules 2019, 24, 2661 16 of 19

References

1. Costerton, ].W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilms: A common cause of persistent infections.
Science 1999, 284, 1318-1322. [CrossRef] [PubMed]

2. Flemming, H.C.; Wingender, ]J.; Szewzyk, U.; Steinberg, P; Rice, S.A.; Kjelleberg, S. Biofilms: An emergent
form of bacterial life. Nat. Rev. Microbiol. 2016, 14, 563-575. [CrossRef] [PubMed]

3. Davey, M.E.; O'Toole, G.A. Microbial biofilms: From ecology to molecular genetics. Microbiol. Mol. Biol. Rev.
2000, 64, 847-867. [CrossRef] [PubMed]

4. Hoyle, B.D.; Costerton, ].W. Bacterial resistance to antibiotics: The role of biofilms. In Progress in Drug Research/
Fortschritte der Arzneimittelforschung/Progres des Recherches Pharmaceutiques; Birkhduser: Basel, Switzerland, 1991.

5. Mah, TF; O'Toole, G.A. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol. 2001, 9,
34-39. [CrossRef]

6. Davies, D. Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2003, 2, 114-122.
[CrossRef] [PubMed]

7. Moradali, M.F,; Ghods, S.; Rehm, B.H. Pseudomonas aeruginosa Lifestyle: A Paradigm for Adaptation,
Survival, and Persistence. Front. Cell. Infect. Microbiol. 2017, 7, 39. [CrossRef] [PubMed]

8.  Lyczak, J.B.; Cannon, C.L.; Pier, G.B. Establishment of Pseudomonas aeruginosa infection: Lessons from a
versatile opportunist. Microbes Infect. 2000, 2, 1051-1060. [CrossRef]

9. Serra, R.; Grande, R.; Butrico, L.; Rossi, A.; Settimio, U.E,; Caroleo, B.; Amato, B.; Gallelli, L.; de Franciscis, S.
Chronic wound infections: The role of Pseudomonas aeruginosa and Staphylococcus aureus. Expert Rev.
Anti-Infect. Ther. 2015, 13, 605-613. [CrossRef]

10. Hoiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. Antibiotic resistance of bacterial biofilms. Int. |.
Antimicrob. Agents 2010, 35, 322-332. [CrossRef]

11. Mulcahy, L.R; Isabella, V.M.; Lewis, K. Pseudomonas aeruginosa biofilms in disease. Microb. Ecol. 2014,
68, 1-12. [CrossRef]

12.  Breidenstein, E.B.; de la Fuente-Nunez, C.; Hancock, R.E. Pseudomonas aeruginosa: All roads lead to
resistance. Trends Microbiol. 2011, 19, 419-426. [CrossRef] [PubMed]

13. Hancock, R.E.; Speert, D.P. Antibiotic resistance in Pseudomonas aeruginosa: Mechanisms and impact on
treatment. Drug Resist. Updates 2000, 3, 247-255. [CrossRef] [PubMed]

14. Mah, T.F,; Pitts, B.; Pellock, B.; Walker, G.C.; Stewart, P.S.; O'Toole, G.A. A genetic basis for Pseudomonas
aeruginosa biofilm antibiotic resistance. Nature 2003, 426, 306-310. [CrossRef] [PubMed]

15. Poole, K. Pseudomonas aeruginosa: Resistance to the max. Front. Microbiol. 2011, 2, 65. [CrossRef] [PubMed]

16. Kong, FY,; Zhang, ].W.; Li, R.F,; Wang, Z.X.; Wang, W.J.; Wang, W. Unique Roles of Gold Nanoparticles in
Drug Delivery, Targeting and Imaging Applications. Molecules 2017, 22, 9.

17.  Mahmoud, N.N.; Sabbah, D.A.; Abu-Dahab, R.; Abuarqoub, D.; Abdallah, M.; Ameerah; Khalil, E.A.
Cholesterol-coated gold nanorods as an efficient nano-carrier for chemotherapeutic delivery and potential
treatment of breast cancer: In vitro studies using the MCF-7 cell line. RSC Adv. 2019, 9, 12718-12731.
[CrossRef]

18. Huang, X,; Jain, PK.; El-Sayed, I.H.; El-Sayed, M.A. Plasmonic photothermal therapy (PPTT) using gold
nanoparticles. Lasers Med. Sci. 2008, 23, 217-228. [CrossRef] [PubMed]

19. Hu,M,; Chen,].;Li, Z.-Y,; Au, L.; Hartland, G.V,; Li, X.; Marquez, M.; Xia, Y. Gold nanostructures: Engineering
their plasmonic properties for biomedical applications. Chem. Soc. Rev. 2006, 35, 1084-1094. [CrossRef]
[PubMed]

20. Huang, X.; El-Sayed, I.H.; El-Sayed, M.A. Applications of gold nanorods for cancer imaging and photothermal
therapy. Methods Mol. Bio. 2010, 624, 343-357.

21. Mahmoud, N.N,; Alkilany, A.M.; Khalil, E.A.; Al-Bakri, A.G. Nano-Photothermal ablation effect of Hydrophilic
and Hydrophobic Functionalized Gold Nanorods on Staphylococcus aureus and Propionibacterium acnes.
Sci. Rep. 2018, 8, 6881. [CrossRef]

22.  MMahmoud, N.N.; Alhusban, A.A.; Ali,].I.; Al-Bakri, A.G.; Hamed, R.; Khalil, E.A. Preferential Accumulation

of Phospholipid-PEG and Cholesterol-PEG Decorated Gold Nanorods into Human Skin Layers and Their
Photothermal-Based Antibacterial Activity. Sci. Rep. 2019, 9, 5796. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.284.5418.1318
http://www.ncbi.nlm.nih.gov/pubmed/10334980
http://dx.doi.org/10.1038/nrmicro.2016.94
http://www.ncbi.nlm.nih.gov/pubmed/27510863
http://dx.doi.org/10.1128/MMBR.64.4.847-867.2000
http://www.ncbi.nlm.nih.gov/pubmed/11104821
http://dx.doi.org/10.1016/S0966-842X(00)01913-2
http://dx.doi.org/10.1038/nrd1008
http://www.ncbi.nlm.nih.gov/pubmed/12563302
http://dx.doi.org/10.3389/fcimb.2017.00039
http://www.ncbi.nlm.nih.gov/pubmed/28261568
http://dx.doi.org/10.1016/S1286-4579(00)01259-4
http://dx.doi.org/10.1586/14787210.2015.1023291
http://dx.doi.org/10.1016/j.ijantimicag.2009.12.011
http://dx.doi.org/10.1007/s00248-013-0297-x
http://dx.doi.org/10.1016/j.tim.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21664819
http://dx.doi.org/10.1054/drup.2000.0152
http://www.ncbi.nlm.nih.gov/pubmed/11498392
http://dx.doi.org/10.1038/nature02122
http://www.ncbi.nlm.nih.gov/pubmed/14628055
http://dx.doi.org/10.3389/fmicb.2011.00065
http://www.ncbi.nlm.nih.gov/pubmed/21747788
http://dx.doi.org/10.1039/C9RA01041F
http://dx.doi.org/10.1007/s10103-007-0470-x
http://www.ncbi.nlm.nih.gov/pubmed/17674122
http://dx.doi.org/10.1039/b517615h
http://www.ncbi.nlm.nih.gov/pubmed/17057837
http://dx.doi.org/10.1038/s41598-018-24837-7
http://dx.doi.org/10.1038/s41598-019-42047-7
http://www.ncbi.nlm.nih.gov/pubmed/30962476

Molecules 2019, 24, 2661 17 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mahmoud, N.N.; Alkilany, A.M.; Khalil, E.A.; Al-Bakri, A.G. Antibacterial activity of gold nanorods against
Staphylococcus aureus and Propionibacterium acnes: Misinterpretations and artifacts. Int. J. Nanomed. 2017,
12,7311-7322. [CrossRef] [PubMed]

Huang, W.C,; Tsai, PJ.; Chen, Y.C. Functional gold nanoparticles as photothermal agents for selective-killing
of pathogenic bacteria. Nanomedicine 2007, 2, 777-787. [CrossRef] [PubMed]

Norman, R.S; Stone, ] W.; Gole, A.; Murphy, C.J.; Sabo-Attwood, T.L. Targeted photothermal lysis of the
pathogenic bacteria, Pseudomonas aeruginosa, with gold nanorods. Nano Lett. 2008, 8, 302-306. [CrossRef]
[PubMed]

Huang, L.; Dai, T.; Hamblin, M.R. Antimicrobial photodynamic inactivation and photodynamic therapy for
infections. Methods Mol. Biol. 2010, 635, 155-173. [PubMed]

Yu, Q.; Li, J.; Zhang, Y.; Wang, Y.; Liu, L.; Li, M. Inhibition of gold nanoparticles (AuNPs) on pathogenic
biofilm formation and invasion to host cells. Sci. Rep. 2016, 6, 26667. [CrossRef]

Teng, C.P; Zhou, T,; Ye, E,; Liu, S.; Koh, L.D.; Low, M.; Loh, X.J.; Win, K.Y.; Zhang, L.; Han, M.-Y. Effective
Targeted Photothermal Ablation of Multidrug Resistant Bacteria and Their Biofilms with NIR-Absorbing
Gold Nanocrosses. Adv. Healthc. Mater. 2016, 5, 2122-2130. [CrossRef] [PubMed]

Pallavicini, P.; Bassi, B.; Chirico, G.; Collini, M.; Dacarro, G.; Fratini, E.; Grisoli, P.; Patrini, M.; Sironi, L.;
Taglietti, A.; et al. Modular approach for bimodal antibacterial surfaces combining photo-switchable activity
and sustained biocidal release. Sci. Rep. 2017, 7, 5259. [CrossRef]

Pallavicini, P.; Dona, A.; Taglietti, A.; Minzioni, P.; Patrini, M.; Dacarro, G.; Chirico, G.; Sironi, L.; Bloise, N.;
Visai, L.; et al. Self-assembled monolayers of gold nanostars: A convenient tool for near-IR photothermal
biofilm eradication. Chem. Commun. 2014, 50, 1969-1971. [CrossRef]

Borzenkov, M.; D’ Alfonso, L.; Polissi, A.; Sperandeo, P.; Collini, M.; Dacarro, G.; Taglietti, A.; Chirico, G.;
Pallavicini, P. Novel photo-thermally active polyvinyl alcohol-Prussian blue nanoparticles hydrogel films
capable of eradicating bacteria and mitigating biofilms. Nanotechnology 2019, 30, 295702. [CrossRef]
Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. Adv. Drug
Deliv. Rev. 2010, 62, 83-99. [CrossRef] [PubMed]

Hoffman, A.S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 2012, 64, 18-23. [CrossRef]
Peppas, N.A ; Bures, P.; Leobandung, W.; Ichikawa, H. Hydrogels in pharmaceutical formulations. Eur. J.
Pharm. Biopharm. 2000, 50, 27-46. [CrossRef]

Finnegan, S.; Percival, S.L. Clinical and Antibiofilm Efficacy of Antimicrobial Hydrogels. Adv. Wound Care
2015, 4, 398-406. [CrossRef] [PubMed]

Dumortier, G.; Grossiord, J.L.; Agnely, F.; Chaumeil, J.C. A review of poloxamer 407 pharmaceutical and
pharmacological characteristics. Pharm. Res. 2006, 23, 2709-2728. [CrossRef] [PubMed]

Branco, M.C.; Schneider, J.P. Self-assembling materials for therapeutic delivery. Acta Biomater. 2009, 5,
817-831. [CrossRef] [PubMed]

Kojarunchitt, T.; Hook, S.; Rizwan, S.; Rades, T.; Baldursdottir, S. Development and characterisation of
modified poloxamer 407 thermoresponsive depot systems containing cubosomes. Int. J. Pharm. 2011, 408,
20-26. [CrossRef] [PubMed]

Du, L,; Tong, L.; Jin, Y,; Jia, J.; Liu, Y; Su, C.; Yu, S.; Li, X. A multifunctional in situ-forming hydrogel for
wound healing. Wound Repair Regen. 2012, 20, 904-910. [CrossRef]

Percival, S.L.; Chen, R.; Mayer, D.; Salisbury, A.M. Mode of action of poloxamer-based surfactants in wound
care and efficacy on biofilms. Int. Wound J. 2018, 15, 749-755. [CrossRef]

Mahmoud, N.N.; Hikmat, S.; Abu Ghith, D.; Hajeer, M.; Hamadneh, L.; Qattan, D.; Khalil, E.A. Gold
nanoparticles loaded into polymeric hydrogel for wound healing in rats: Effect of nanoparticles” shape and
surface modification. Int. |. Pharm. 2019, 565, 174-186. [CrossRef]

Mahmoud, N.N.; Alkilany, A.M.; Dietrich, D.; Karst, U.; Al-Bakri, A.G.; Khalil, E.A. Preferential accumulation
of gold nanorods into human skin hair follicles: Effect of nanoparticle surface chemistry. J. Colloid Interface
Sci. 2017, 503, 95-102. [CrossRef] [PubMed]

Nuzzo, R.G.; Dubois, L.H.; Allara, D.L. Fundamental studies of microscopic wetting on organic surfaces.
1. Formation and structural characterization of a self-consistent series of polyfunctional organic monolayers.
J. Am. Chem. Soc. 1990, 112, 558-569. [CrossRef]

Gustafson, T.P; Cao, Q.; Wang, S.T.; Berezin, M.Y. Design of irreversible optical nanothermometers for
thermal ablations. Chem. Commun. 2013, 49, 680-682. [CrossRef] [PubMed]


http://dx.doi.org/10.2147/IJN.S145531
http://www.ncbi.nlm.nih.gov/pubmed/29070948
http://dx.doi.org/10.2217/17435889.2.6.777
http://www.ncbi.nlm.nih.gov/pubmed/18095845
http://dx.doi.org/10.1021/nl0727056
http://www.ncbi.nlm.nih.gov/pubmed/18062714
http://www.ncbi.nlm.nih.gov/pubmed/20552347
http://dx.doi.org/10.1038/srep26667
http://dx.doi.org/10.1002/adhm.201600346
http://www.ncbi.nlm.nih.gov/pubmed/27336752
http://dx.doi.org/10.1038/s41598-017-05693-3
http://dx.doi.org/10.1039/C3CC48667B
http://dx.doi.org/10.1088/1361-6528/ab15f9
http://dx.doi.org/10.1016/j.addr.2009.07.019
http://www.ncbi.nlm.nih.gov/pubmed/19799949
http://dx.doi.org/10.1016/j.addr.2012.09.010
http://dx.doi.org/10.1016/S0939-6411(00)00090-4
http://dx.doi.org/10.1089/wound.2014.0556
http://www.ncbi.nlm.nih.gov/pubmed/26155382
http://dx.doi.org/10.1007/s11095-006-9104-4
http://www.ncbi.nlm.nih.gov/pubmed/17096184
http://dx.doi.org/10.1016/j.actbio.2008.09.018
http://www.ncbi.nlm.nih.gov/pubmed/19010748
http://dx.doi.org/10.1016/j.ijpharm.2011.01.037
http://www.ncbi.nlm.nih.gov/pubmed/21272624
http://dx.doi.org/10.1111/j.1524-475X.2012.00848.x
http://dx.doi.org/10.1111/iwj.12922
http://dx.doi.org/10.1016/j.ijpharm.2019.04.079
http://dx.doi.org/10.1016/j.jcis.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28502717
http://dx.doi.org/10.1021/ja00158a012
http://dx.doi.org/10.1039/C2CC37271A
http://www.ncbi.nlm.nih.gov/pubmed/23223185

Molecules 2019, 24, 2661 18 of 19

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Borzenkov, M.; Chirico, G.; D’Alfonso, L.; Sironi, L.; Collini, M.; Cabrini, E.; Dacarro, G.; Milanese, C.;
Pallavicini, P.; Taglietti, A.; et al. Thermal and Chemical Stability of Thiol Bonding on Gold Nanostars.
Langmuir 2015, 31, 8081-8091. [CrossRef] [PubMed]

Zhang, Y.; Shareena Dasari, T.P.; Deng, H.; Yu, H. Antimicrobial Activity of Gold Nanoparticles and Ionic
Gold. J. Environ. Sci. Health Part C 2015, 33, 286-327. [CrossRef]

Salomoni, R.; Leo, P; Montemor, A.F; Rinaldi, B.G.; Rodrigues, M. Antibacterial effect of silver nanoparticles
in Pseudomonas aeruginosa. Nanotechnol. Sci. Appl. 2017, 10, 115-121. [CrossRef]

Andrade, F; Rafael, D.; Videira, M.; Ferreira, D.; Sosnik, A.; Sarmento, B. Nanotechnology and pulmonary
delivery to overcome resistance in infectious diseases. Adv. Drug Deliv. Rev. 2013, 65, 1816-1827. [CrossRef]
Wang, Z.; Dong, K; Liu, Z.; Zhang, Y.; Chen, Z.; Sun, H.; Ren, J.; Qu, X. Activation of biologically relevant
levels of reactive oxygen species by Au/g-C3N4 hybrid nanozyme for bacteria killing and wound disinfection.
Biomaterials 2017, 113, 145-157. [CrossRef]

Gennis, R.B. Interactions of Small Molecules with Membranes: Partitioning, Permeability, and Electrical
Effects. In Biomembranes: Molecular Structure and Function; Gennis, R.B., Ed.; Springer: New York, NY, USA,
1989; pp. 235-269.

Laux, D.C.; Krivan, H.C.; Krogfelt, K.A.; Utley, M.; Cohen, P.S. Specific phospholipids enhance the activity of
B-lactam antibiotics against Pseudomonas aeruginosa. J. Antimicrob. Chemother. 2000, 46, 377-384.

Baker, L.Y.; Hobby, C.R.; Siv, A.W.; Bible, W.C.; Glennon, M.S.; Anderson, D.M.; Symes, S.J.; Giles, D.K.
Pseudomonas aeruginosa responds to exogenous polyunsaturated fatty acids (PUFAs) by modifying
phospholipid composition, membrane permeability, and phenotypes associated with virulence. BMC
Microbiol. 2018, 18, 117. [CrossRef] [PubMed]

Umerska, A ; Cassisa, V.; Matougui, N.; Joly-Guillou, M.L.; Eveillard, M.; Saulnier, P. Antibacterial action of
lipid nanocapsules containing fatty acids or monoglycerides as co-surfactants. Eur. J. Pharm. Biopharm. 2016,
108, 100-110. [CrossRef] [PubMed]

Mahmoud, N.N.; Al-Qaoud, K.M.; Al-Bakri, A.G.; Alkilany, A.M.; Khalil, E.A. Colloidal stability of gold
nanorod solution upon exposure to excised human skin: Effect of surface chemistry and protein adsorption.
Int. ]. Biochem. Cell Biol. 2016, 75, 223-231. [CrossRef] [PubMed]

Hwang, S.; Nam, J.; Jung, S.; Song, J.; Doh, H.; Kim, S. Gold nanoparticle-mediated photothermal therapy:
Current status and future perspective. Nanomedicine 2014, 9, 2003-2022. [CrossRef] [PubMed]

Mocan, L.; Tabaran, FA.; Mocan, T.; Pop, T.; Mosteanu, O.; Agoston-Coldea, L.; Matea, C.T.; Gonciar, D.;
Zdrehus, C.; Iancu, C. Laser thermal ablation of multidrug-resistant bacteria using functionalized gold
nanoparticles. Int. |. Nanomed. 2017, 12, 2255-2263. [CrossRef] [PubMed]

Letfullin, R.R.; Joenathan, C.; George, T.F.; Zharov, V.P. Laser-induced explosion of gold nanoparticles:
Potential role for nanophotothermolysis of cancer. Nanomedicine 2006, 1, 473-480. [CrossRef] [PubMed]
Ikuma, K.; Decho, A.W.; Lau, B.L. When nanoparticles meet biofilms-interactions guiding the environmental
fate and accumulation of nanoparticles. Front. Microbiol. 2015, 6, 591. [CrossRef] [PubMed]

Ferry, ].L.; Craig, P.; Hexel, C.; Sisco, P,; Frey, R.; Pennington, P.L.; Fulton, M.H.; Scott, I.G.; Decho, AW.;
Kashiwada, S.; et al. Transfer of gold nanoparticles from the water column to the estuarine food web. Nat.
Nanotechnol. 2009, 4, 441. [CrossRef]

Wan, F; Nylander, T.; Klodzinska, S.N.; Foged, C.; Yang, M.; Baldursdottir, S.G.; Nielsen, HM. Lipid
Shell-Enveloped Polymeric Nanoparticles with High Integrity of Lipid Shells Improve Mucus Penetration
and Interaction with Cystic Fibrosis-Related Bacterial Biofilms. ACS Appl. Mater. Interfaces 2018, 10,
10678-10687. [CrossRef]

Zhao, Y.; Dai, X.; Wei, X.; Yu, Y,; Chen, X.; Zhang, X.; Li, C. Near-Infrared Light-Activated Thermosensitive
Liposomes as Efficient Agents for Photothermal and Antibiotic Synergistic Therapy of Bacterial Biofilm.
ACS Appl. Mater. Interfaces 2018, 10, 14426-14437. [CrossRef]

Teirlinck, E.; Xiong, R.; Brans, T.; Forier, K.; Fraire, ].; Van Acker, H.; Matthijs, N.; De Rycke, R.; De Smedt, S.C.;
Coenye, T.; et al. Laser-induced vapour nanobubbles improve drug diffusion and efficiency in bacterial
biofilms. Nat. Commun. 2018, 9, 4518. [CrossRef]

Abbasian, M.; Mahmoodzadeh, F; Salehi, R.; Amirshaghaghi, A. Chemo-photothermal therapy of cancer
cells using gold nanorod-cored stimuli-responsive triblock copolymer. New J. Chem. 2017, 41, 12777-12788.
[CrossRef]


http://dx.doi.org/10.1021/acs.langmuir.5b01473
http://www.ncbi.nlm.nih.gov/pubmed/26154493
http://dx.doi.org/10.1080/10590501.2015.1055161
http://dx.doi.org/10.2147/NSA.S133415
http://dx.doi.org/10.1016/j.addr.2013.07.020
http://dx.doi.org/10.1016/j.biomaterials.2016.10.041
http://dx.doi.org/10.1186/s12866-018-1259-8
http://www.ncbi.nlm.nih.gov/pubmed/30217149
http://dx.doi.org/10.1016/j.ejpb.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27597268
http://dx.doi.org/10.1016/j.biocel.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26923289
http://dx.doi.org/10.2217/nnm.14.147
http://www.ncbi.nlm.nih.gov/pubmed/25343350
http://dx.doi.org/10.2147/IJN.S124778
http://www.ncbi.nlm.nih.gov/pubmed/28356741
http://dx.doi.org/10.2217/17435889.1.4.473
http://www.ncbi.nlm.nih.gov/pubmed/17716149
http://dx.doi.org/10.3389/fmicb.2015.00591
http://www.ncbi.nlm.nih.gov/pubmed/26136732
http://dx.doi.org/10.1038/nnano.2009.157
http://dx.doi.org/10.1021/acsami.7b19762
http://dx.doi.org/10.1021/acsami.8b01327
http://dx.doi.org/10.1038/s41467-018-06884-w
http://dx.doi.org/10.1039/C7NJ02504A

Molecules 2019, 24, 2661 19 of 19

64.

65.

66.

67.

68.

69.

70.

71.

72.

Gharatape, A.; Davaran, S.; Salehi, R.; Hamishehkar, H. Engineered gold nanoparticles for photothermal
cancer therapy and bacteria killing. RSC Adv. 2016, 6, 111482-111516. [CrossRef]

Huang, X.; El-Sayed, I.H.; Qian, W.; El-Sayed, M.A. Cancer Cell Imaging and Photothermal Therapy in
the Near-Infrared Region by Using Gold Nanorods. |. Am. Chem. Soc. 2006, 128, 2115-2120. [CrossRef]
[PubMed]

Rekhi, S.; Tempere, J.; Silvera, LF. Temperature determination for nanosecond pulsed laser heating. Rev. Sci.
Instrum. 2003, 74, 3820-3825. [CrossRef]

Russell, A.D. Lethal Effects of Heat on Bacterial Physiology and Structure. Sci. Prog. 2003, 86, 115-137.
[CrossRef] [PubMed]

O’Toole, A.; Ricker, E.B.; Nuxoll, E. Thermal mitigation of Pseudomonas aeruginosa biofilms. Biofouling 2015,
31, 665-675. [CrossRef]

Kim, S.H.; Kang, E.B.; Jeong, C.J.; Sharker, SM.; In, L; Park, S.Y. Light Controllable Surface Coating for
Effective Photothermal Killing of Bacteria. ACS Appl. Mater. Interfaces 2015, 7, 15600-15606. [CrossRef]
Budimir, M.; Jijie, R.; Ye, R.; Barras, A.; Melinte, S.; Silhanek, A.V.; Markovic, Z.; Szunerits, S.; Boukherroub, R.
Efficient capture and photothermal ablation of planktonic bacteria and biofilms using reduced graphene
oxide—polyethyleneimine flexible nanoheaters. J. Mater. Chem. B 2019, 7, 2771-2781. [CrossRef]

Costerton, J.W.; Lewandowski, Z.; DeBeer, D.; Caldwell, D.; Korber, D.; James, G. Biofilms, the customized
microniche. J. Bacteriol. 1994, 176, 2137-2142. [CrossRef]

Bhandwalkar, M.].; Avachat, A.M. Thermoreversible nasal in situ gel of venlafaxine hydrochloride:
Formulation, characterization, and pharmacodynamic evaluation. AAPS PharmSciTech 2013, 14, 101-110.
[CrossRef]

Sample Availability: Samples of the compounds are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C6RA18760A
http://dx.doi.org/10.1021/ja057254a
http://www.ncbi.nlm.nih.gov/pubmed/16464114
http://dx.doi.org/10.1063/1.1593790
http://dx.doi.org/10.3184/003685003783238699
http://www.ncbi.nlm.nih.gov/pubmed/12838607
http://dx.doi.org/10.1080/08927014.2015.1083985
http://dx.doi.org/10.1021/acsami.5b04321
http://dx.doi.org/10.1039/C8TB01676C
http://dx.doi.org/10.1128/jb.176.8.2137-2142.1994
http://dx.doi.org/10.1208/s12249-012-9893-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis and Characterization of AuNR Suspensions 
	Antibacterial Activity of DSPE-AuNR Suspension against Pseudomonas Aeruginosa 
	Photothermal-Based Antibacterial Activity of DSPE-AuNR Suspension Against Pseudomonas Aeruginosa 
	Photothermal-Based Antibacterial Activity of DSPE-AuNR Suspension Against Pseudomonas Aeruginosa Biofilm 
	Photothermal-Based Antibacterial Activity of DSPE-AuNP Suspension Loaded into Poloxamer 407 Hydrogel against Pseudomonas Aeruginosa Biofilm 

	Materials and Methods 
	Chemical Synthesis of AuNR Suspension 
	Surface Modification of AuNR with DSPE-PEG-SH (DSPE-PEG-SH); DSPE-AuNR 
	Characterization of AuNR and DSPE-AuNR Suspensions 
	Loading of DSPE-AuNR into Poloxamer 407 Hydrogel 
	Determination of the Bacteriostatic and Bactericidal Activities of DSPE-AuNR Suspension Against Pseudomonas Aeruginosa 
	Bacterial Strains 
	Photothermic Ablation Activity of DSPE-AuNR Suspension against Pseudomonas aeruginosa Planktonic Culture 
	Biofilm Culture of Pseudomonas aeruginosa 
	Photothermal-Induced Antibiofilm Activity of DSPE-AuNR Suspension 
	Photothermic Ablation Activity of DSPE-AuNR/Gel against Pseudomonas aeruginosa Biofilm Culture 
	Characterization of Biofilm Viability by Fluorescent Microscopy 
	Characterization of Photothermal Ablation Activity of DSPE-AuNR Suspension against Pseudomonas aeruginosa Biofilm by Transmission Electron Microscope (TEM) 


	Conclusions 
	References

