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Abstract

Non-thermal plasma (NTP), generated at atmospheric pressure by DC cometary discharge with a metallic grid, and antibiotics
(gentamicin—GTM, ceftazidime—CFZ and polymyxin B—PMB), either alone or in combination, were used to eradicate
the mature biofilm of Pseudomonas aeruginosa formed on Ti-6Al-4V alloy. Our aim was to find the conditions for NTP
pre-treatment capable of enhancing the action of the antibiotics and thus reducing their effective concentrations. The NTP
treatment increased the efficacy of relatively low concentrations of antibiotics. Generally, the highest effect was achieved
with GTM, which was able to suppress the metabolic activity of pre-formed P. aeruginosa biofilms in the concentration range
of 4-9 mg/L by up to 99%. In addition, an apparent decrease of biofilm-covered area was confirmed after combined NTP
treatment and GTM action by SYTO®13 staining using fluorescence microscopy. Scanning electron microscopy confirmed a
complete eradication of P. aeruginosa ATCC 15442 mature biofilm from Ti-6Al-4V alloy when using 0.25 h NTP treatment
and subsequent treatment by 8.5 mg/L. GTM. Therefore, NTP may be used as a suitable antibiofilm agent in combination
with antibiotics for the treatment of biofilm-associated infections caused by this pathogen.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11274-020-02891-6) contains
supplementary material, which is available to authorized users.

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0001-8863-0696
http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-020-02891-6&domain=pdf
https://doi.org/10.1007/s11274-020-02891-6

108 Page2of13

World Journal of Microbiology and Biotechnology (2020) 36:108

Graphic abstract

Pseudomonas aeruginosa biofilm

(ATCC 15442)
HyN A ) "o H : rln

% gentamicin

8.5 mg/l

OH

OH  CH,

o,
non-thermal ¥ 5 s,
plasma ol TONAL
% O © .~"~ CH.
&y % s
e}
+ %

G,
gentamicin

0.25 h + 8.5 mg/I

Keywords Biofilm - Eradication - Gentamicin - Non-thermal plasma - Pseudomonas aeruginosa - Ti-6Al-4V

Introduction

The ability of Pseudomonas aeruginosa to form biofilm on
human tissues or abiotic materials used in medicine is a seri-
ous problem in patient care. Infections associated with the
biofilm formation are predominantly related to the hospi-
talization of patients (Mulcahy et al. 2014). These hospital-
acquired or nosocomial infections may be of exogenous or
endogenous (i.e. hematogenous) origin (Sendi et al. 2011).
Exogenous infections may occur during the surgery or in
the early postoperative phase in the case of wound heal-
ing disorders. The hematogenous way is associated with the
transmission of infection through the bloodstream (Zimmerli
and Moser 2012; Zimmerli and Sendi 2011). In addition to
the colonization of indwelling devices (venous or urinary
catheters), P. aeruginosa can also form biofilm on orthope-
dic implants (prosthetic joints) often made of titanium alloy
Ti-6Al-4V (Cole et al. 2014; Geetha et al. 2009; Pandey
et al. 2000; Trautner and Darouiche 2004). P. aeruginosa
represents 8% of all isolates causing infections associated
with the biofilm formation on implants (Campoccia et al.
2006) and patients with prosthetic joints are at life-long risk
of developing a hematogenous infection. Once the infection
is established, it might be very difficult to treat with high
probability of relapse (Sendi et al. 2011).

The P. aeruginosa biofilm formation is a complex process
that is driven by changes in environmental conditions (e.g.,
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nutrient availability) and by bacterial signaling mediated via
quorum sensing (QS) molecules (Davey and O toole 2000;
Dufour et al. 2010). The involvement of QS molecules in the
formation of P. aeruginosa biofilm and increased resistance
of biofilms to biocides have been described (Davies et al.
1998). According to the study, P. aeruginosa mutant unable
to synthesize the major QS molecules (N-acyl-homoserine
lactones, AHL) has radically altered biofilm architecture.
AHL are involved not only in the biosynthesis of exopoly-
saccharides, contained in the biofilm matrix (Gilbert et al.
2009), but also rhamnolipids which are important for the
biofilm architecture and biofilm dispersion (Boles et al.
2005; Davey et al. 2003). They are also involved in the pro-
duction of other virulence factors that facilitate bacterial
colonization, enable efficient host attack and overcome its
defense system (van Delden 2004).

For the treatment of P. aeruginosa infections, the old-
est but still widely used antibiotics in clinical practice are
aminoglycosides, e.g., gentamicin (GTM) (Ren et al. 2019).
The mechanism of bacterial resistance to these antibiotics
is facilitated via a decrease of their intracellular concentra-
tion, i.e., disabling their transport through the cytoplasmic
membrane, or via enzymatic inactivation (Ciofu and Tolker-
Nielsen 2019). Ceftazidime (CFZ) is the most active cepha-
losporin available against P. aeruginosa: it is effective at
lower concentrations than aminoglycosides, but resistance
may also develop (as is typical for other f-lactam antibiotics)
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(Richards and Brogden 1985). As the last drug of choice in
the treatment of infections caused by resistant gram-nega-
tive bacteria, polymyxin B (PMB) is still applied despite its
nephrotoxicity (Hermsen et al. 2003; Zavascki et al. 2007).

Due to the lack of novel antibiotics, new antimicrobial
approaches based on the combination of agents that have not
only antibacterial but also antibiofilm and hence anti-viru-
lence effects are sought. One of the possibilities is the use
of non-thermal plasma (NTP) which appears to be unable
to induce resistance in bacteria even in biofilm form (Alka-
wareek et al. 2012). In general, NTP is generated by sup-
plying energy to a neutral gas, resulting in the formation of
high energy electrons and photons. These give rise to reac-
tive ions, radicals and molecules after collision with neutral
atoms and molecules (Conrads and Schmidt 2000). Reactive
oxygen (e.g., ozone, superoxide, hydroxyl radicals, singlet
oxygen and atomic oxygen) and nitrogen species (e.g., nitric
oxide, nitrogen dioxide, nitrite and nitrates) are generated
when using air as the neutral gas. These reactive species can
cause oxidative stress and peroxidation of membrane lipids,
damage bacterial DNA, cause irreversible changes in the
native structure of enzymes or membrane permeability. As
already mentioned, this multiple-target mechanism reduces
the probability of resistance development against this antibi-
ofilm agent (Alkawareek et al. 2012).

The ability of NTP to increase the permeability of an
otherwise low permeable membrane of P. aeruginosa, a sig-
nificant pathogen belonging to the Enterococcus faecium,
Klebsiella pneumoniae, Staphylococcus aureus, Acinetobac-
ter baumannii, Pseudomonas aeruginosa and Enterobacter
spp- (ESKAPE) group, is highly important (Jimenez et al.
2012; Kvam et al. 2012). In an early work, Abramzon et al.
(2006) described the exposure of Chromobacterium viola-
ceum biofilm to plasma produced by Atomflo 250 reactor.
The antibiofilm activity of NTP and its ability to eradicate
the biofilm were later studied in many other works (e.g.,
Alkawareek et al. 2012, 2014; Vaiikova et al. 2018; Zelaya
et al. 2012) and summarized by Julak et al. (2018). Ziuzina
et al. (2015) described the potential of NTP to inactivate
other virulence factors. These effects (antibiofilm and anti-
virulence) of NTP may be related to the attenuation of the
QS systems via degradation of AHL (Flynn et al. 2016). This
was examined also in our previous study dealing with the
attenuation of AHL-dependent QS systems of P. aeruginosa
(Paldrychova et al. 2019).

The combination of NTP with another antimicrobial
agent against biofilm cells has been studied only in a
handful of publications (Du et al. 2013; Guo et al. 2018;
Gupta et al. 2017; Klebes et al. 2015; Koban et al. 2013;
Sun et al. 2012; Juldk et al. 2020). Koban et al. (2013)
dealt with the synergistic effects of NTP with disinfect-
ing agents against dental biofilms (i.e., Streptococcus
mutants). Du et al. (2013) focused on the investigation of

NTP and antiseptic chlorhexidine (CHX) action on Ente-
rococcus faecalis biofilms. Similarly, the sensitivity of
another gram-positive coccus Staphylococcus aureus to
gas plasma pre-treatment and a wide range of antibiotics
treatment was evaluated by Guo et al. (2018). Sun et al.
(2012) focused their research on enhancing the action of
antifungal drugs against Candida biofilms by NTP treat-
ment. Klebes et al. (2015) described the efficacy of tissue-
tolerable plasma and a modern conventional liquid anti-
septic (octenidine dihydrochloride with 2-phenoxyethanol)
on chronic wound infections in humans. Finally, Gupta
et al. (2017) evaluated the effect of NTP in combination
with CHX on P. aeruginosa biofilms on titanium surface.

To the best of our knowledge, our study is the first
attempt to use NTP treatment to enhance the antibiotics
action towards P. aeruginosa mature biofilm. We deter-
mined the effective exposure times of NTP treatment
needed for enhancing the efficacy of antibiotics (GTM,
CTZ and PMB) in reducing the metabolic activity of
mature P. aeruginosa biofilm cells and for decreasing
the area of Ti-6Al-4V alloy (the material widely used in
clinical practice for joint implant manufacture) covered
by biofilm produced by different strains of this bacterium.
In addition, we evaluated the ability of such combinations
to attenuate AHL-dependent QS systems for better under-
standing their effect on P. aeruginosa biofilm.

Materials and methods

Pseudomonas aeruginosa strains, culture conditions
and mature biofilm formation

Two of the strains (P. aeruginosa DBM 3081 and P. aer-
uginosa DBM 3777) were kindly provided by the Depart-
ment of Biochemistry and Microbiology (DBM), Univer-
sity of Chemistry and Technology, Prague. Another two
strains (P. aeruginosa ATCC 10145 and P. aeruginosa
ATCC 15442) were purchased from the American Type
Culture Collection (ATCC). The inoculum of all strains
of P. aeruginosa were cultured in LB medium (24 h,
37 °C, shaking at 100 rpm) prior use. An optical den-
sity of the prepared bacterial suspension was adjusted
to ODgppnm =0.600 £0.010. According to the procedure
given in detail in Vaiikova et al. (2018), 3 mL of this sus-
pension were added to a sterile polypropylene cultiva-
tion vessel (height 7 cm, diameter 3 cm, volume 40 mL;
p-LAB, Czech Republic) containing one circular titanium
alloy Ti-6Al-4V carrier of 1.5 cm in diameter (Prospon,
Czech Republic). Mature biofilm was formed for 24 h, at
37 °C and orbital shaking at 100 rpm.
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Determination of NTP exposure times for mature
biofilm treatment

The basic results for NTP effect on P. aeruginosa strains
biofilm when using alone were published in our previ-
ous study Paldrychova et al. (2019). In present study we
tested the combination of NTP treatment with subsequent
antibiotic treatment. To find the appropriate conditions for
the combination of both antibiofilm agents, the following
procedure was used: Mature biofilm-colonized titanium
alloy Ti-6Al-4V carriers were washed three times with
phosphate buffer saline (PBS) to remove the non-adher-
ent cells. The biofilms on carriers were then exposed to
NTP generated by DC cometary discharge with a metallic
grid (Fig. 1), previously described in Scholtz et al. (2013)
and used in our previous studies (Vatikova et al. 2018;
Paldrychova et al. 2019; Julak et al. 2020). It consisted of
two needle electrodes connected to a 5 kV power supply
(UNI-T UT 513). The electrodes were arranged at an angle
of 30°, their tips were 5 mm apart and the tip of the posi-
tive electrode was shifted 1 mm above the negative one.
The open air discharge burns at a current of 50—70 pA. The
electrically insulated metallic grid was inserted between
the discharge and the exposed object, improving the inac-
tivation efficiency and the size of the treated area. The
grid consisted of stainless steel wire 0.1 mm in diameter
forming a net with a mesh size of 1 mm. This arrangement
is shown schematically in Fig. 1. The chemical composi-
tion is similar to the pulseless glow and curved transition
spark discharges described in Khun et al. (2018), in which
the excited molecular nitrogen N,, the N,* ion, and OH'
radicals are dominant. The exposure times used were 0.25,
0.5 and 1 h. The carriers were subsequently placed into
the cultivation vessels containing 3 mL of LB medium
and the effect of NTP treatment on the mature biofilms on
carriers alone was evaluated by (3—4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay after
their cultivation for 24 h at 37 °C and shaking at 100 rpm.

Fig.1 NTP generated by DC
cometary discharge with a
metallic grid
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Each experiment was performed in triplicates in at least
three independent repetitions and the data were averaged.
The exposure time which reduced the metabolic activity
of biofilm cells by approximately 50% was used for further
experiments focused on the effect of the combination of
two antibiofilm agents (NTP and antibiotics) on eradica-
tion. These exposure times were 1 h for P. aeruginosa
DBM 3081, 0.5 h for P. aeruginosa DBM 3777 and P.
aeruginosa ATCC 10145, and 0.25 h for P. aeruginosa
ATCC 15442.

Determination of antibiotics concentrations
for mature biofilm treatment

To evaluate the effect of antibiotics (GTM, CFZ, PMB)
on mature biofilm alone, biofilms on carriers were washed
as described above and placed into the cultivation vessels
containing 3 mL of LB medium with the addition of GTM
(Sigma-Aldrich, Czech Republic), CTZ (Alfa Aesar, Ger-
many) or PMB (Sigma-Aldrich, Czech Republic) in a final
concentration range 0—100 mg/L. After the cultivation of
mature biofilm in the presence of antibiotics for next 24 h
at 37 °C (100 rpm), the antibiotic action was evaluated by
MTT assay. Each experiment was performed in triplicates
in at least three independent repetitions and the data were
averaged. The concentration which reduced the metabolic
activity of biofilm cells by approximately 50% was used in
further experiments exploring the effect of the combina-
tion of NTP and antibiotics on the biofilm eradication. The
antibiotics concentrations were for P. aeruginosa DBM
3081: 4 mg/L of GTM, 0.10 mg/L of CTZ and 3.5 mg/L
of PMB; for P. aeruginosa DBM 3777: 9 mg/L of GTM,
1 mg/L of CTZ and 15 mg/L of PMB; for P. aeruginosa
ATCC 10145: 6.5 mg/L of GTM, 0.5 mg/L of CTZ and
8.5 mg/L of PMB; and for P. aeruginosa ATCC 15442:
8.5 mg/L of GTM, 0.25 mg/L of CTZ and 7.5 mg/L of
PMB.
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NTP treatment and subsequent antibiotic treatment
of mature biofilm

Titanium alloy Ti-6Al-4V carriers colonized by mature bio-
film were washed as described above. The biofilm on carriers
was exposed to NTP for the time based on the experiments
focused on the NTP treatment alone. The carriers were sub-
sequently placed into cultivation vessels containing 3 mL
of LB medium with the addition of antibiotics (GTM, CTZ
or PMB) at concentrations determined in the experiments
focused on the antibiotic treatment alone. Each experiment
was performed in three replicates in at least three independ-
ent repetitions and the data were averaged. Fluorescence
microscopy with staining by SYTO® 13 dye, and scanning
electron microscopy (SEM) for selected combinations were
used to confirm the results obtained by the MTT assay and
crystal violet staining. In addition, we tested the ability of
selected combinations to attenuate AHL-dependent QS sys-
tems (determined as f-galactosidase activity).

MTT assay

The MTT assay was used to quantify the effect of both anti-
biofilm agents alone and their combination on eradication of
mature biofilm (expressed as metabolic activity of biofilm
cells). The assay is based on yellow colored MTT being
metabolized by viable biofilm cells to purple crystals of
formazan, which is then quantified spectrophotometrically
as given in detail in Vankova et al. (2018). In brief, 50 uL
of MTT (Across Organics, Belgium; 1 g/L) and 60 pL of
D-glucose (Penta, Czech Republic; 57.4 g/L) dissolved in
PBS were added to washed biofilm. The biofilm was incu-
bated with the reagents for 1-3 h (depending on the strain
used) at 37 °C and 150 rpm. After incubation, 100 puL of
formazan dissolving solution was added to the biofilm in
each well and the mixture was incubated for another 30 min
at 37 °C and 230 rpm. The formazan dissolving solution
consisted of 40% v/v dimethylformamide (Carl Roth, Ger-
many) dissolved in 2% acetic acid (Penta, Czech Republic)
and 16% w/v SDS (Carl Roth, Germany). A 100-uL aliquot
from each sample was transferred to another 96-well micro-
titer plate and measured spectrophotometrically at 570 nm
by Infinite Pro 200i Reader (Tecan, Switzerland).

Statistical analysis

The distant values of data obtained by MTT assay were
omitted according to Dixon’s Q test. Arithmetic means and
standard deviations falling within the interval 0.2 and 28%
were calculated for each concentration tested by the assay
in relative percentages (control samples were 100%). The
significance of the data was evaluated using one-way analy-
sis of variance (ANOVA) with significance level p <0.05.

Crystal violet staining

In addition to the MTT assay, the effect of NTP treatment
and subsequent antibiotic treatment on the total biofilm
biomass was evaluated by crystal violet staining. This dye
is bound to negatively charged molecules contained in the
biofilm matrix (Peeters et al. 2008). The principle and the
procedure of this method are given in detail in Paldrychova
et al. (2019). Briefly, washed biofilm was stained with 200
uL of 0.1% filtered solution of crystal violet (Carl Roth, Ger-
many) in distilled water at room temperature for 20 min.
The excess dye was poured away, and biofilm was washed
twice with saline. The dye bound in biofilm biomass was
extracted to 200 uL of 96% ethanol (Penta, Czech Republic)
at room temperature for 10 min. A 100-pL aliquot of each
sample was transferred to another 96-well microtiter plate
and measured spectrophotometrically at 580 nm on Infinite
Pro 200i Reader (Tecan, Switzerland).

Biosensor assay for AHL detection

The detection of AHL was performed with Agrobacterium
tumefaciens NTL4 (pZLR4) ATCC BAA 2240 as a biosen-
sor. This detection was performed in samples derived from
the cultivation of mature biofilm of all P. aeruginosa strains
formed on titanium alloy Ti-6Al-4V carriers (as described
above) in the presence of the antibiotic. The antibiotics dis-
playing the strongest effect enhanced by NTP treatment, as
well as their combination were used. The biosensor con-
tains a plasmid that responds to the presence of total AHL
level with the production of 3-p-galactosidase. Its enzymatic
activity can be determined using colorimetric assay with
X-gal (5-bromo-4-chloro-3-indolyl-p-p-galactopyranoside;
Omega Bio-tek, USA). This assay was carried out accord-
ing to the procedure described in detail in Paldrychova et al.
(2019). In short, AHL-containing P. aeruginosa superna-
tants surrounding its biofilm (2 pL) were transferred into
a 96-well microtiter plate (Gama group, Czech Republic).
Cultured A. tumefaciens NTL4 (pZLR4) cell suspension
adjusted to OD¢gg, =0.2504+0.020 (50 pL) was added into
each well and incubated for 16-18 h at 30 °C and 100 rpm.
An aliquot of 50 pL of lysis buffer was then added for 90 min
at 25 °C and 150 rpm to release -p-galactosidase and acti-
vate it by the addition of X-gal solution (50 pL) for 1 h at
25 °C and 150 rpm. The resulting blue product was deter-
mined spectrophotometrically at 660 nm on Infinite Pro
200i Reader (Tecan, Switzerland). Each experiment was
performed in six replicates.

Fluorescence microscopy with SYTO® 13 staining

To investigate the entire biofilm structure affected by NTP
treatment and subsequent antibiotic treatment, the mature
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biofilm of all P. aeruginosa strains tested (formed on tita-
nium alloy Ti-6Al-4V carriers as described above) was
influenced by the antibiotic whose action was the most
strongly enhanced by NTP treatment and the samples were
stained with SYTO® 13 dye and visualized using fluores-
cence microscope Eclipse E400 (Nikon, Japan). The effect
of antibiotic alone and its effect after NTP treatment were
compared. SYTO® 13 binds to the nucleic acids and to the
extracellular DNA of the cells (Ullal et al. 2010). The visu-
alization of untreated biofilm and biofilm treated by one or
both antibiofilm agents were performed in the same way as
in our previous study Paldrychova et al. (2019).

Scanning electron microscopy (SEM)

For detailed visualization of biofilm structure, the mature
biofilm of type strain P. aeruginosa ATCC 15442 formed
on titanium alloy Ti-6Al-4V carriers was observed using
SEM as described in detail by Volejnikova et al. (2019).
The image of the untreated surface of Ti-6Al-4V alloy was
depicted in our previous study Varikova et al. 2020. The
effect of NTP treatment alone and the sole treatment by the
antibiotic whose effect was the most strongly enhanced by
NTP treatment, as well as their successive application on
mature biofilm was observed with Nova NanoSEM 450 (Fei,
USA) electron microscope. Samples were gently washed
with sterile distilled water and let completely dry out by
laminar flow and subsequently in a desiccator under vacuum
at least five days before visualization. The images of the
dried samples were taken under low vacuum by LVD detec-
tor at magnification of X2500, spot size 5 and dwell time
20 ps, scale up 30 um.

Results
Effect of NTP on P. aeruginosa mature biofilm

The ability of NTP to affect P. aeruginosa mature biofilm
formed on the surface of titanium alloy Ti-6Al-4V alone
was demonstrated by the MTT assay. The results are sum-
marized in Table 1, where the lowest exposure times caus-
ing an approximately 50% eradication of mature biofilm
(as compared to the control 100%) are highlighted in bold.
The lowest NTP exposure time of 0.25 h was needed for
P. aeruginosa ATCC 15442. The longer exposure times of
0.5 h were determined for P. aeruginosa ATCC 10145 and
P. aeruginosa DBM 3777, the longest exposure (1 h) being
determined for P. aeruginosa DBM 3081. Therefore, indi-
vidual P. aeruginosa strains differ in their sensitivity to NTP
treatment. All results were significant according to ANOVA
(p<0.05).

@ Springer

Table 1 Effect of various NTP exposure times on metabolic activity
of Pseudomonas aeruginosa biofilm cells

Metabolic activity of biofilm cells

(rel. %)

Oh 0.25h 0.5h 1h
P. aeruginosa DBM 3081 100+1 93+6 73+2 40+1
P. aeruginosa DBM 3777 100+9 109+11 52+14 20+4
P. aeruginosa ATCC 10,145 100+4 66+2 36+1 19+1
P. aeruginosa ATCC 15,442 100+11 58+9 19+4 1343

The lowest exposure times causing approximately 50% inactivation
rates are highlighted in bold

Effect of GTM, CTZ and PMB antibiotics alone
and combined with NTP pre-treatment on mature P.
aeruginosa biofilm

The concentrations of antibiotics used for assessing the
combined effect of NTP treatment with subsequent antibi-
otic treatment on P. aeruginosa mature biofilm were those
causing approximately 50% decrease in metabolic activity
of biofilm cells. An example of selecting a suitable concen-
tration of the antibiotic is given for GTM in Supplementary
Material (Table Al). With the tested P. aeruginosa strains,
these concentrations of GTM ranged from 4 to 9 mg/L, for
CTZ from 0.1 to 1 mg/L and for PMB from 3.5 to 15 mg/L.

The NTP treatment used to enhance antibiotic action
against P. aeruginosa mature biofilm was based on the deter-
mined NTP exposure times and concentrations of antibiot-
ics reducing the metabolic activity of biofilm cells approxi-
mately by 50% when acting alone (Fig. 2).

The combination of NTP treatment with GTM (4-9 mg/L)
action (Fig. 2a, b) resulted in significant decrease in meta-
bolic activity of mature biofilm cells as well as total bio-
film biomass in all strains (p < 0.05) except P. aeruginosa
DBM 3081. The NTP treatment with subsequent GTM
action (6.5 mg/L) caused a significant (93%) decrease in
the metabolic activity of P. aeruginosa ATCC 10145 bio-
film cells (p <0.01) (Fig. 2a) and the decrement of the total
biofilm biomass by 87% (Fig. 2b). The metabolic activity of
P. aeruginosa DBM 3777 and P. aeruginosa ATCC 15442
biofilm cells was significantly (99%) reduced after NTP
treatment with subsequent GTM action (at 9 and 8.5 mg/L,
respectively) with p<0.00001 (Fig. 2a). In addition, the total
biomass of mature P. aeruginosa ATCC 15442 biofilm was
completely eradicated by such combination of antibiofilm
agents (Fig. 2b), indicating a great promise of this combined
action.

Although the selected effective concentrations of CTZ
(0.1-1 mg/L) were generally lower than those of GTM,
some biofilms (P. aeruginosa DBM 3777 and P. aer-
uginosa ATCC 15442) were not fully eradicated even at
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Fig.2 Effect of gentamicin (GTM), ceftazidime (CTZ) and poly-
myxin B (PMB) alone or with non-thermal plasma (NTP) pre-treat-
ment of Pseudomonas aeruginosa biofilm. a GTM + NTP, metabolic
activity; b GTM +NTP total biofilm biomass; ¢ CTZ+NTP, meta-

250 mg/L CTZ (data not shown). In combination with NTP
treatment, 1 mg/L. CTZ reduced the metabolic activity of
P. aeruginosa DBM 3777 biofilm cells by 96% (p < 0.05)
(Fig. 2¢) and eradicated the total biofilm biomass of P.
aeruginosa DBM 3777 by 99% (Fig. 2d). In the case of P.
aeruginosa ATCC 10145 and P. aeruginosa ATCC 15442
(6.5 mg/L or 8.5 mg/L of CTZ, respectively), the NTP
treatment resulted in 83% and 84% decrease of total bio-
film biomass, respectively.

w
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bolic activity; d CTZ+NTP total biofilm biomass; e PMB + NTP,
metabolic activity; f PMB +NTP, total biofilm biomass. Results are
given in relative percentages; control (untreated by any antibiofilm
agent) represents 100%

The selected concentrations of PMB were the high-
est of the tested antibiotics (3.5-15 mg/L), P. aeruginosa
DBM 3777 mature biofilm cells being the least sensitive to
its action (Fig. 2e, f). The NTP treatment plus subsequent
PMB action (15 mg/L) reduced the metabolic activity of P.
aeruginosa DBM 3777 biofilm cells by 85%, with p <0.05
(Fig. 2e) and caused an almost complete (98%) eradication
of mature biofilm (Fig. 2f). Overall, the NTP treatment with
subsequent PMB action resulted in more than 70% reduction
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of metabolic activity of P. aeruginosa mature biofilm cells
and was found very effective in enhancing the antibiotic
action.

Generally, the greatest effect of the combination of both
antibiofilm agents on the P. aeruginosa total biofilm biomass
reduction or eradication was observed for NTP treatment
and GTM action rather than for CTZ or PMB (Fig. 2b, d, f).

Effect of NTP pre-treatment and subsequent GTM
treatment on AHL relative level

Based on the above results, we studied the effect of GTM
and its combination with NTP treatment on the AHL rela-
tive level. With GTM alone, the AHL relative level was
decreased by 53-60% in P. aeruginosa DBM 3081, P.
aeruginosa DBM 3777 and P. aeruginosa ATCC 10145
(Fig. 3a—c). The only insensitive strain was P. aerugi-
nosa ATCC 15442, which was not affected (Fig. 3d). We
assumed that this AHL decrease was related to the decrease
of optical density of suspension cells surrounding P. aer-
uginosa biofilm. The NTP treatment with subsequent GTM
action in sensitive strains resulted in a 59-90% decrease of

AHL relative level (Fig. 3a—c), being the most effective in
P. aeruginosa DBM 3777 and ATCC 10145, similarly to
the decrease of optical density of their suspension cells.
Although the effect of GTM on AHL relative level in P.
aeruginosa ATCC 15442 was less enhanced by NTP pre-
treatment, the optical density of its suspension cells was
completely abolished (Fig. 3d). In fact, we do not yet have a
satisfactory answer to this phenomenon.

Fluorescence microscopic visualization of P.
aeruginosa mature biofilm exposed to NTP
pre-treatment and subsequent GTM treatment

To confirm the results obtained by MTT assay, the untreated
mature biofilm of P. aeruginosa and biofilm treated with
GTM alone and with the combination of NTP treatment
with subsequent GTM treatment were visualized using fluo-
rescence microscope (Fig. 4). All strains of P. aeruginosa
formed coherent mature biofilm on the surface of Ti-6Al-
4V alloy carriers when untreated (Fig. 4a—d). The thickest
complex biofilm structure was apparent in the case of P.
aeruginosa ATCC 15442 (Fig. 4d), whereas P. aeruginosa
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Fig.3 Effect of gentamicin (GTM) alone and with non-thermal
plasma (NTP) pre-treatment on f-galactosidase activity (black col-
umns) and optical density (white columns) of suspension cells sur-
rounding Pseudomonas aeruginosa biofilm-covered Ti-6Al-4V car-
riers. a P. aeruginosa DBM 3081, b P. aeruginosa DBM 3777, ¢ P.
aeruginosa ATCC 10145, d P. aeruginosa ATCC 15442. NTP treat-
ment exposure time was 1 h for P. aeruginosa DBM 3081, 0.5 h for P.
aeruginosa DBM 3777 and P. aeruginosa ATCC 10,145 and 0.25 h
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for P. aeruginosa ATCC 15,442. Antibiotic concentrations were for
P. aeruginosa DBM 3081: 4 mg/L of GTM, 0.10 mg/L of CTZ and
3.5 mg/L of PMB; for P. aeruginosa DBM 3777: 9 mg/L of GTM,
1 mg/L of CTZ and 15 mg/L of PMB; for P. aeruginosa ATCC
10145: 6.5 mg/L of GTM, 0.5 mg/L of CTZ and 8.5 mg/L of PMB;
and for P. aeruginosa ATCC 15442: 8.5 mg/L of GTM, 0.25 mg/L of
CTZ and 7.5 mg/L of PMB. Results are given in relative percentages;
control (untreated by any antibiofilm agent) represents 100%
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Fig.4 Visualization of Pseudomonas aeruginosa biofilm on Ti-6Al-
4V carriers treated with gentamicin (GTM) alone or combined with
non-thermal plasma (NTP) pre-treatment using flurescent micro-
scope. Untreated biofilm of P. aeruginosa DBM 3081 (a), P. aer-
uginosa DBM 3777 (b), P. aeruginosa ATCC 10145 (c¢) and P. aer-
uginosa ATCC 15442 (d); biofilm treated with GTM: P. aeruginosa

DBM 3777 appeared to be the least potent biofilm producer
(Fig. 4b). The treatment of P. aeruginosa formed mature
biofilm with GTM alone resulted in a slight reduction in
biofilm-covered surface (Fig. 4e—h). The mature biofilms of
all P. aeruginosa strains tested were evenly eliminated on
the entire surface (the uniform decrement of green signal)
as shown in Fig. 4e-h. In the case of P. aeruginosa ATCC
15442, the strongest colonizer of Ti-6Al-4V alloy carri-
ers, the NTP treatment with subsequent addition of GTM
resulted in an almost complete eradication of the cells from
the surface of the carrier.

SEM visualization of P. aeruginosa ATCC 15442
mature biofilm exposed to NTP pre-treatment
and subsequent GTM treatment

Detailed images of P. aeruginosa ATCC 15442 mature
biofilm formed on Ti-6Al-4V alloy carriers and then

P. aeruginosa
ATCC 15442

P. aeruginosa
ATCC 10145
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DBM 3081 (e), P. aeruginosa DBM 3777 (f), P. aeruginosa ATCC
10145 (g) and P. aeruginosa ATCC 15442 (h); biofilm exposed to
NTP and subsequent addition of GTM: P. aeruginosa DBM 3081 (i),
P. aeruginosa DBM 3777 (j), P. aeruginosa ATCC 10145 (k) and P.
aeruginosa ATCC 15442 (1). Scale bar=50 pm

treated by NTP alone or with subsequent GTM action
were obtained using SEM (Fig. 5). The untreated mature
biofilm of P. aeruginosa ATCC 15442 was very robust and
the entire surface of otherwise highly porous carrier was
completely covered by the biofilm (Fig. 5a). In the case
of NTP treatment of mature biofilm alone (Fig. 5b), the
biofilm still covered the whole carrier surface, although
its complexity was disrupted as the pores of Ti-6Al-4V
alloy were apparent (darker areas under cells in the pic-
ture), indicating a slight decrement in biofilm-covered
area. GTM treatment alone resulted in a greater decrease
in the biofilm-covered carrier area (Fig. 5c¢). The biofilm
was eradicated from the carrier surface (light areas in the
image) but the cells remained adhered to the pores of the
alloy (dark areas in the image). The NTP treatment and
subsequent addition of GTM to mature biofilm of P. aer-
uginosa ATCC 15442 resulted in a complete eradication
of the biofilm from the carrier (Fig. 5d); this indicates a

@ Springer



108 Page 100f 13

World Journal of Microbiology and Biotechnology (2020) 36:108

ET
Nova NanoSEM 450

v det GE| WD | dwel
1:21:05PM | 10.00 kV | LVD | 2500 | 5.0 mm | 20 ps | 5.0

Fig.5 Visualization of Pseudomonas aeruginosa ATCC 15442 bio-
film (a) on Ti-6Al-4V carriers treated with non-thermal plasma
(NTP) (b) and gentamicin (GTM) (c) alone or with combined NTP
pre-treatment and subsequent GTM treatment (d) using scanning

great potential of NTP exposure combined with antibiotic
prophylaxis for the treatment of biofilm-related infections.

Discussion

Due to the emergence of antimicrobial resistance (particu-
larly in biofilm cells) to conventional antibiotics that leads
to an increase in their effective doses to excessive and toxic
concentrations, novel approaches are being sought to treat
biofilm-associated infections. One of the most serious patho-
gens is P. aeruginosa, a member of the ESKAPE group,
whose complete biofilm eradication is extremely difficult
(Mulani et al. 2019). For this purpose, we used the NTP
treatment of mature P. aeruginosa biofilm to enhance the
action of antibiotics and reduce their effective concentra-
tions. The conventional antibiotics (GTM, CTZ, PMB) that
we tested are routinely used in clinical practice, but the bio-
film resistance towards them and severe side effects at high
dosage have been described (Ciofu and Tolker-Nielsen 2019;
Du et al. 2010; Zavascki et al. 2007).
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electron microscope. NTP treatment exposure time was 0.25 h. Con-
centration of GTM was 8.5 mg/L. Scale bar=30 pum, magnification:
%2500, detector: LVD, dwell time: 20 ps, spot size: 5

The effect of NTP on P. aeruginosa biofilm has been
investigated in several studies over the last two decades
(Alkawareek et al. 2012; Matthes et al. 2013; Paldrychova
et al. 2019; Soler-Arango et al. 2019; Triandafillu et al. 2003;
Ziuzina et al. 2015). In general, it has been shown that NTP
is an effective antibiofilm agent capable of complete reduc-
tion of metabolic activity of biofilm cells or their culturabil-
ity but not fully eradicating them. Alkawareek et al. (2012)
described a rapid decline in the number of surviving cells
after NTP exposure. Their confocal laser scanning images
depicted the biofilm cells with disrupted cell membranes but
approximately the same biofilm biomass remained and the
biofilm on their polystyrene carriers was thus not eradicated.
Soler-Arango et al. (2019) demonstrated the same findings
using SEM. Similarly, our previous study revealed a signifi-
cant NTP activity in reducing total biofilm biomass of some
P. aeruginosa strains, but the biofilms were not completely
eradicated even after long exposure times, as proved also by
fluorescence microscopy (Paldrychova et al. 2019). There-
fore, the use of NTP for biofilm weakening appeared to be
an appropriate alternative and we assumed that it should be
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better used as treatment to enhance subsequent antibiotic
action.

Gupta et al. (2017) described the possibility of direct NTP
treatment generated by plasma jet in combination with bioc-
ide CHX to sterilize titanium surface covered by P. aerugi-
nosa PAO1 biofilm. The ability of NTP and CHX to sterilize
titanium surface was evaluated by counting colony forming
units and XTT metabolic assay after biofilm harvesting from
titanium coupons using sonication. These methods showed a
complete sterilization of this surface. However, SEM images
depicted numerous residues of P. aeruginosa biofilm after
combined treatment by NTP and CHX (used at a very high
concentration of 10 g/L). Similarly, confocal laser scanning
microscopy showed the remaining biofilm biomass after
NTP plus CHX treatment. In the case of further cultivation,
these persistent cells can re-develop into the mature biofilm.

In our study we demonstrated that NTP pre-treatment can
lead to a significant decrease of effective concentrations of
antibiotics; especially the GTM action was highly enhanced.
This antibiotic was able to reduce the metabolic activity of
P. aeruginosa biofilm cells after NTP treatment in the con-
centration range of 4-9 mg/L and fluorescence microscopy
showed notable biofilm eradication rate in all strains tested.
The greatest effect of the combination of the two antibiofilm
agents was confirmed in the case of P. aeruginosa ATCC
15442 whose mature biofilm was almost completely eradi-
cated (as shown by SYTO® 13 staining of biofilm biomass)
after 0.25 h of NTP exposure and subsequent treatment
with 8.5 mg/L of GTM. Simultaneously, the SEM images
obtained in our work depicted a strong coverage of Ti-6Al-
4V alloy carrier by P. aeruginosa ATCC 15442 mature bio-
film untreated with any antibiofilm agent. The NTP or GTM
treatment alone did not significantly affect the P. aeruginosa
mature biofilm but their successive action caused complete
eradication (only the typical surface of Ti-6Al-4V alloy with-
out any adhered cells was shown). Hence, in comparison with
other studies in this field, we achieved the eradication of P.
aeruginosa biofilm biomass. Furthermore, it is important to
note that our experimental setup included also the ability of
persistent cells to re-develop biofilm after NTP exposure.
These results can therefore be considered very important.
In addition, the ability of the NTP/GTM combination to
attenuate AHL-dependent QS systems of P. aeruginosa was
evaluated. In general, the role of QS systems in the microbial
world is an important area of research that has an impact
on the strategies preventing biofilm formation or eradication
(Choudhary and Schmidt-Dannert 2010). Although it was
described that NTP is able to decompose commercially avail-
able AHL molecules exposed directly in suspension form
(Flynn et al. 2016), in our previous study we showed that
NTP is not a significant in vitro QS inhibitor in P. aerugi-
nosa strains also tested in the present study (not more than
20% inhibition of QS). However, NTP treatment obviously

enhanced the ability of GTM to either inhibit AHL-dependent
QS systems or reduce microbial load and stress the bacteria
resulting in reduced ALH production of most P. aeruginosa
strains used (up to 90% inhibition of QS). It should be noted
that the strongest colonizer of Ti-6Al-4V alloy, P. aeruginosa
ATCC 15442, whose biofilm was completely eradicated by a
combined action of NTP and GTM, was not greatly affected
in its AHL production by the NTP/GTM treatment; thus QS
is not the primary target for their action.

In conclusion, the use of a combination of NTP and anti-
biotics, which were primarily designed to inhibit the suspen-
sion growth of bacteria, could, by enhancing the effects of
antibiotics, prolong their use in clinical practice.
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