Lasers in Medical Science (2019) 34:1159-1165
https://doi.org/10.1007/510103-018-02707-y

ORIGINAL ARTICLE

@ CrossMark

Sub-lethal antimicrobial photodynamic inactivation: an in vitro study
on quorum sensing-controlled gene expression
of Pseudomonas aeruginosa biofilm formation

Saghar Hendiani' - Majid Pornour? - Nasim Kashef"

Received: 26 September 2018 / Accepted: 10 December 2018 /Published online: 3 January 2019
© Springer-Verlag London Ltd., part of Springer Nature 2019

Abstract

During antimicrobial photodynamic inactivation (APDI) in the treatment of an infection, it is likely that microorganisms would
be exposed to sub-lethal doses of APDI (sAPDI). Although sAPDI cannot kill microorganisms, it can significantly affect
microbial virulence. In this study, we evaluated the effect of SAPDI using methylene blue (MB) on the expression of genes
belonging to two quorum sensing (QS) operons (74! and las systems) and two genes necessary for biofilm formation (pelF and
pslA) under QS control in Pseudomonas aeruginosa. Biofilm formation ability of P. aeruginosa ATCC 27853 exposed to SAPDI
(MB at 0.012 mM and light dose of 23 J/cm?) was evaluated using triphenyl tetrazolium chloride (TTC) assay and scanning
electron microscopy (SEM). The effect of sAPDI on expression of rhll, rhiR, lasl, lasR, pelF, and psIA were also evaluated by
quantitative real-time polymerase chain reaction. Quantitative assay (TTC) results and morphological observations (SEM)
indicated that a single SAPDI treatment resulted in a significant decrease in biofilm formation ability of P. aeruginosa ATCC
27853 compared to their non-treated controls (P = 0.012). These results were consistent with the expression of genes belonging to
rhl and las systems and pelF and ps/A genes. The results suggested that the transcriptional decreases caused by MB-sAPDI did
lead to phenotypic changes.

Keywords Pseudomonas aeruginosa - Biofilm formation - Quorum sensing - Antimicrobial photodynamic inactivation -
Oxidative stress

Introduction

Universal increase in drug-resistant bacteria and simultaneous
decline towards the discovery of new antibacterial agents now
presents a serious threat to the treatment of life-threatening
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infections. Therefore, it is necessary to search for new antimi-
crobial strategies that act more efficiently than the current
antibiotics, and to which bacteria will not easily develop re-
sistance [1].

One promising approach is antimicrobial photodynamic
inactivation (APDI). APDI makes use of the photo-oxidative
stress which is elicited by exogenously administered photo-
sensitizers (PSs) that absorb visible light and cause the pro-
duction of reactive oxygen species (ROS) by energy transfer
or electron flow to oxygen [2]. When energy is transferred to
oxygen, singlet oxygen (' O,) arises, however, when electrons
are transferred to oxygen, radicals such as superoxide anions
(0, ), hydrogen peroxide (H,O,), and hydroxyl radical (:OH)
arise, and these may trigger the development of inorganic or
organic radicals depending on the microenvironment [3].
When the PS passes through the cell wall, ROS are produced
in the cytoplasm and cause macromolecule degradation and
bacterial killing. If ROS are generated near the outer side of
the bacterial envelope, cellular integrity is damaged [4].
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Oxidative stress in microbial life is an imbalance between
the production of ROS and the ability of a cell to neutralize
their harmful effects. Bacteria can respond to oxidative stress
in several ways. Some molecules are constitutively present
and help to maintain an intracellular reducing environment
or to scavenge chemically ROS, including non-enzymatic an-
tioxidants (nicotinamide adenine dinucleotide phosphate
(NADPH) and nicotinamide adenine dinucleotide (NADH)
pools, [3-carotene, ascorbic acid, x-tocopherol, and glutathi-
one). In addition, specific enzymes decrease the constant
levels of ROS including catalase and superoxide dismutase
[5]- Moreover, after photo-oxidative stress induction, bacteria
are able to express heat shock proteins (HSPs) to maintain
bacterial integrity by eliminating misfolded proteins [6]. On
the other hand, the ability of bacteria to produce biofilm and
pigments may contribute to survival to oxidative stress [7].
Some mechanisms by which bacteria may respond to APDI-
mediated oxidative stress are protective pigments [8, 9], cap-
sular polysaccharide [10], efflux pumps [11], anti-oxidant en-
zymes [12], and HSPs [13].

Pseudomonas aeruginosa is a well-known opportunistic hu-
man pathogen that has the ability to produce many virulence
factors and biofilm [14]. Biofilms are known as organized com-
munities of microbial cells attached onto a living or inert surface
and encased in a matrix of extracellular polymeric substances
(EPS) [15]. EPS as “house of the biofilm cells” represents 85%
of total biofilm biomass [16]. Biofilm is an important factor for
P aeruginosa pathogenesis, plays a role in its infections and
avoidance of immune defense mechanisms, and has the ability
to protect the bacteria from antibiotics [17].

Extracellular polysaccharides are key components of the
biofilm matrix. It seems that P. aeruginosa has the ability to
produce multiple types of polysaccharides (alginate, Pel, and
psl) [18]. Alginate consists of mannuronic acid and guluronic
acid monomers and plays a role in formation of bacterial
microcolonies in vivo [19]. The composition of Pel polysac-
charide is still unclarified [20], while ps/ consists of a repeat-
ing penta-saccharide consisting of D-mannose, L-rhamnose,
and D-glucose [21]. Both Pel and ps/ polysaccharides are in-
volved at early stages of biofilm formation [18].

It has been shown that a bacterial cell-cell communication
mechanism, widely known as quorum sensing (QS), plays a
key role in modulating the expression of virulence genes in
P. aeruginosa [22]. This microorganism has two acyl
homoserine-lactone (AHL) based-QS systems, las and rhl.
The las system consisted of the transcriptional regulator
LasR and its cognate AHL signal, N-(3-oxododecanoyl)-L-
homoserine lactone (3-oxo-C12-HSL), synthesized by the
AHL synthase Lasl [23]. Similarly, the 4/ system consisted
of RhIR together with its cognate AHL, N-butyryl-L-
homoserine lactone (C4-HSL), synthesized by the Rhll AHL
synthase [24]. Reports showed that the QS regulator LasR can
bind to the promoter region of the ps/ operon, suggesting that
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QS can regulate ps/ expression [25]. Also, it has been reported
that the 74/ system moderates P. aeruginosa biofilm formation
by increasing Pel polysaccharide biosynthesis [26].

If APDI was used in clinical setting and the PS would
extend to the target site at only sub-lethal concentrations,
and was activated by light producing sub-lethal of ROS, any
bacteria viable at the site of infection would be exposed to
doses of APDI that would not cause total cell death, i.e.,
sub-lethal doses of APDI (sAPDI), exposing survivors to
ROS stress [27]. Such stress leads to increased mutational
events, which could lead to selection for survival [28].

The effect of sAPDI using different PSs on biofilm forma-
tion ability of microorganisms has been reported in several
studies [29]. Also, there is a recent study investigating the
involvement of QS in response to APDI [30]. However, to
our knowledge, there is no report on the effect of SAPDI on
expression of genes involved in P. aeruginosa biofilm forma-
tion. For the first time, in this study, we aimed to evaluate the
effect of SAPDI using methylene blue (MB) on the expression
of genes belonging to two QS operons (+%/ and /as systems)
and two genes necessary for biofilm formation (pelF and psiA)
under QS control in P. aeruginosa.

Material and methods
Growth conditions

P, aeruginosa ATCC 27853 was grown aerobically on Tryptic
soy agar (Merck, Germany) at 37 °C for 18-24 h and then,
bacterial suspension was prepared in sterile 0.9% saline to reach
the turbidity of 0.5 McFarland. Tryptic Soya Broth (TSB, Merck,
Germany) was used as the liquid medium for biofilm culture.

Photosensitizer and light source

Methylene blue (MB, Sigma-Aldrich) was used as the
photosensitizing agent. MB stock solution (3.2 mM) was pre-
pared in 0.9% saline, filter sterilized, and stored at 4 °C in the
dark no more than 2 weeks prior to use. Stock solution was
further diluted to obtain the desired concentrations (0.012—
0.8 mM).

The light source used in this study was a diode laser
(AZOR, Russia) with an emission at 650 nm. The total output
power provided by the device was 30 mW.

Effect of APDI on viability and biofilm formation
ability of P. aeruginosa

Viable counts, shown as colony forming units (CFU ml") in
P, aeruginosa ATCC 27853 cell suspension, were estimated after
APDIL. To this end, 21 sterile 2-ml microtubes were prepared and
filled with 500 pl of cell suspensions (1-2 x 10% CFU/ml) and
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500 pl of each concentration of MB (at final concentrations of
0.006-0.4 mM) and incubated for 10 min in the dark. Then,
samples were irradiated with a diode red laser light for 10 min
(23 J/em?), followed by washing excess MB. One milliliter TSB
was added to each microtube; serially decimal dilutions were
prepared in 0.9% saline and streaked on nutrient agar plates.
Plates were incubated for 18-24 h at 37 °C in the dark to allow
colony formation. The accepted range for countable colonies on
a plate was between 30 and 300.

To determine biofilm formation ability, aliquots of 200 ul
of each APDI-treated suspension in TSB medium were trans-
ferred to wells of 96-well flat-bottom, sterile microtiter plates
(SPL, Korea). Plates were incubated for 24 h at 37 °C.
Thereafter, each well was aspirated, plates were washed five
times with sterile saline and biofilm formation ability was
further evaluated by triphenyl tetrazolium chloride (TTC) as-
say [31]. In this assay, metabolically active cells can convent
TTC to a colored formazan derivative, so that the colorimetric
measurement of biofilm biomass can be simply quantified.

Experiments were repeated three times in triplicate.
Controls included bacterial suspensions incubated with 0.9%
saline in the dark (untreated), bacterial suspensions incubated
with MB in the dark (dark toxicity), and bacterial suspensions
subjected to illumination in the absence of MB (light alone).

Visualization of P. aeruginosa biofilms by scanning
electron microscopy

Scanning electron microscopy (SEM) images were taken to
evaluate the effect of SAPDI on P. aeruginosa biofilms. To this
end, sterile glasses with 1 cm % 1 cm dimensions were placed
in the wells of a 12-well sterile microtiter plate, followed by
adding 4 ml of bacterial suspension and TSB medium in first
well (growth control). Other wells were filled by sAPDI-
treated bacterial suspensions in TSB. Plates were covered
and incubated at 37 °C for 24 h. After that, glasses were
washed by sterile saline and placed in glutaraldehyde 4% for

2 h. Dehydration was done by placing each glass 15 min in
concentrations of 40%, 60%, 80%, 90%, and 100% of abso-
lute ethanol (Merck, Germany), respectively. Finally, speci-
mens were observed by scanning electron microscope
(Vega3 lmu TESCAN, Czech Republic) [32].

Quantitative polymerase chain reaction experiments

Microorganisms were grown on Luria Bertani (LB) agar over-
night at 37 °C. Total RNA extraction of sAPDI-treated and
control groups were performed using RNX-Plus solution
(SinaClone, Iran) guidelines. Concentration and purity of
RNA samples were assayed on a ND-1000 Nanodrop, and
absence of degradation was confirmed on 1% agarose gel.
cDNAs were then synthesized through random hexamer
primed reactions using a Thermo Scientific kit, according to
the manufacturer’s protocol.

Quantitative polymerase chain reaction (QPCR) experi-
ments were performed on a Rotor-Gene 6000 thermocycler
(Corbett, Qiagen Inc., Toronto, ON, Canada), using Green
master mix with fluorescent dye (Genaxxon kit, Germany)
according to the manufacturer’s protocol. The reference gene
was 16s rRNA. Primers (as shown in Table 1) were used for
amplification under the following conditions: 95 °C for
15 min, amplification for 40 cycles with denaturation at
95 °C for 15 s, annealing for 20 s at 61 °C, and extension at
72 °C for 30 min. The specificity of the primers was evaluated
using melt curves. Real-time PCR data was analyzed by AACt
method, and fold change in gene expression levels was deter-
mined by 274" [33]. Relative changes of psiA, pelF, lasl,
lasR, rhil, and rhIR gene expression in samples were evaluat-
ed with respect to /6s ¥rRNA as internal control.

Statistical analysis

Values were expressed as means + standard error of mean
(SEM). Comparisons between means of groups were analyzed

Table 1 Primers for quantitative real-time PCR

Genes Sequence (5'-3") Annealing temperature (°C) Amplicon size

psIA F AACGCTACGGCTACAACAACC 61 269
R GTATTCGCTGACCGCCTCCT

pelF F CGATCCCGGACAATGTGCTG 61 226
R GCCTTGCTGTGGAGAAAGTCC

lasl F CCGTTTCGCCATCAACTCTGG 61 153
R CGGATCATCATCTTCTCCACGC

lasR F GCAGCACGAGTTCTTCGAGG 61 183
R GCGTAGTCCTTGAGCATCCAC

rhil F CCGACGCCTACCTGCTCAAG 62 222
R TGCGAACGAAATAGCGCTCCA

rhiR F CGCCACACGATTCCCTTCAC 61 150
R GCTCCAGACCACCATTTCCGA

16S rRNA F GGCTCAACCTGGGAACTGCA 62 137
R CAGTATCAGTCCAGGTGGTCGC
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using one-way ANOVA and post hoc Tukey tests. P <0.05
was considered statistically significant.

Results

APDI effect on viability and biofilm formation ability
of P. aeruginosa

Figure 1 shows the effect of APDI mediated by different
concentrations of MB (0.006-0.4 mM) and 23 J/cm? light
irradiation on viability of bacteria (log;y CFU/ml). The
results showed that with increasing MB concentration
from 0.006 to 0.4 mM, the killing effect of APDI in-
creased and the viability (CFU/ml) of bacteria reduced.
For example, >3 log killing was obtained for
P aeruginosa ATCC 27853 treated with 0.1, 0.2, and
0.4 mM MB at 23 J/em?. According to the USA Food
and Drug Administration’s Tentative Final Monograph
for Healthcare Antiseptic Drug Products, a reduction of
at least 3 log steps must be achieved so that one can state
a bactericide effect of a specific treatment [34]. On the
basis of our results, APDI mediated by 0.1, 0.2, and
0.4 mM MB at 23 J/cm® did have bactericide effects on
the studied microorganism. So we used “sub-lethal” term
for APDI mediated by MB at concentrations < 0.1 mM.

There was no cytotoxic effect of light dose or sensitizer
alone (data not shown).

Biofilm formation ability of APDI-treated microorganisms
at different concentrations of MB (0.006—0.4 mM) is shown in
Fig. 2. TTC assay results showed that there was no significant
difference between biofilm formation ability of APDI-treated
P. aeruginosa ATCC 27853 at different MB concentrations
compared to untreated controls except for MB concentration
at 0.012 mM. MB at 0.012 mM and light dose of 23 J/cm®
resulted in significant decrease in biofilm formation ability of
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Fig. 1 Antimicrobial photodynamic inactivation mediated by methylene
blue (MB) in P. aeruginosa ATCC 27853; 1-2 % 10% CFU/ml were
sensitized with different concentrations of MB and exposed to 23 J/cm?
light dose. (Control: untreated group)
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Fig. 2 Biofilm formation ability of APDI-treated P. aeruginosa ATCC
27853 detected by TTC assay. The amount of biofilm formation after 24 h
of incubation was estimated. Absorbance was measured at 492 nm
following incubation with TTC (0.5%). Positive control: biofilm
formation ability of untreated bacteria

P aeruginosa ATCC 27853 compared to their untreated con-
trols (P=0.012).

As significant decreasing in biofilm formation ability was
observed with 0.012 mM MB and light dose of 23 J/cmz, we
used these “sub-lethal” APDI parameters for other
experiments.

Scanning electron micrographs

Micrographs (Fig. 3) clearly confirmed TTC assay results.
Visualization of 24-h P. aeruginosa ATCC 27853 biofilm by
SEM revealed reduced extracellular matrix following sAPDI
treatment and was effective at disrupting biofilm because very
few P, aeruginosa ATCC 27853 cells remained, and those that
were present showed a scattered distribution (Fig. 3a).
However, non-treated P. aeruginosa ATCC 27853 showed
cell-cell adhesion and proliferation (Fig. 3b).

sAPDI changes pelfF and ps/A expression
in P. aeruginosa

Quantitative PCR analysis was carried out to assess the chang-
es in transcriptional levels of QS genes (r4/ and las systems)
and pelF and psiA in sAPDI-treated samples compared to their
controls. Figure 4 shows fold changes in gene expression of
the studied microorganism after sSAPDI (0.012 mM MB, 23 J/
cm?) compared to their untreated control. SAPDI led to the
downregulation of the expression of QS-controlled biofilm
formation genes (ps/A and pelF) and QS genes (lasl, lasR,
rhil, and rhiR) in P. aeruginosa ATCC 27853. This is consis-
tent with the phenotypic changes. These results indicated that
the transcriptional decreases caused by sAPDI did lead to
phenotypic changes.
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Fig. 3 Scanning electron
micrographs of P. aeruginosa
ATCC 27853 biofilm.
Micrographs a sAPDI-treated
group (a scattered distribution),
micrographs b control group
(cell-cell adhesion and
proliferation)

SEM HV: 20.0 kV

Discussion

Antimicrobial photodynamic inactivation is a promising ap-
proach to current antibiotics. However, in human hosts receiv-
ing this therapy, pathogens may encounter sub-lethal doses of
APDI. As biofilm formation has a key role in the pathogenesis
of P aeruginosa, it is therefore important to understand how
sAPDI may affect this ability.

In the present study, APDI regimens mediated by MB (at
concentrations < 0.1 mM) at 23 J/cm? were defined as “sub-
lethal” doses. We surprisingly observed that biofilm formation
ability of sSAPDI-treated organisms (at MB concentrations <
0.1 mM) was not different from the ability of untreated con-
trols except for MB concentration at 0.012 mM. So,
0.012 mM MB and light dose of 23 J/cm® were used as
“sub-lethal” APDI parameters for other experiments (visuali-
zation of P. aeruginosa biofilms by scanning electron micros-
copy and qPCR).

Fig. 4 Gene expression fold
changes in P. aeruginosa ATCC
27853 after sSAPDI (MB at

0.012 mM and light dose of 23 J/
sz)

0.1

0.01

Gene Expression Fold Change (+SEM)

0.001

lasR

WD: 7.46 mm
View field: 25.3 pm Det: SE
SEM MAG: 7.54 kx | Date(midly): 03/11/17

SEM HV: 20.0 kV

WD: 4.75 mm L1 VEGA3 TESCAN|

View field: 17.1 pm Det: SE 5pm
SEM MAG: 11.1kx  Date(m/dly): 03/11/17

The four studied QS genes, i.e., lasl, lasR, rhll, and rhiR,
were downregulated by a single sAPDI treatment with MB at
0.012 mM and light dose of 23 J/cm? in P. aeruginosa ATCC
27853. A dramatic reduction of gene expression was also
observed with the ps/A and pelF genes. psIA and pelF are
necessary enzymes in biochemical pathways of biosynthesis
of psl and Pel polysaccharides [35]. Morphological observa-
tions (SEM) also indicated that sAPDI elicited a significant
dispersal effect on the biofilm biomass compared with a con-
trol, probably due to the interfering with cell signaling, and
repressing QS in the majority of cells.

In bacteria, biofilm formation, which is associated with
the activation of quorum-sensing signals, can be induced
by conditions that are potentially toxic for the bacterial
cell (i.e., exposure to ROS). The link between biofilm
formation and oxidative stress has been shown in a num-
ber of bacteria, including Escherichia coli [36],
Streptococcus mutans [37], and Staphylococcus aureus

lasl pslA rhiR rhll pelF
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[29]. However, we did not observed any significant in-
crease in biofilm formation ability of P. aeruginosa
ATCC 27853. Dissimilar results observed in this study
may be due to the induction of other adaptive responses
that protect the organism. According to Palma et al. [38]
study, the early response of P. aeruginosa to H,O, con-
sists of an upregulation of protective mechanisms and a
downregulation of primary metabolism. P. aeruginosa an-
tioxidant and protective mechanisms for defense against
ROS include two SODs (cofactored by either iron (Fe-
SOD) or manganese (Mn-SOD) [38], three catalases
(KatA, KatB, and KatC) [39], four alkyl hydroperoxide
reductases (AhpA, AhpB, AhpCF, and Ohr) [40], the mu-
coid phenotype [41], and pigments [9]. Other protective
mechanisms such as increasing pigment production which
may protect P. aeruginosa against oxidants are currently
under investigation in our laboratory.

Although APDI should be generally used at lethal
doses to kill bacteria, but it is likely that bacteria will be
exposed to sub-lethal doses. Here, if oxidative stress is
very high, it can lead to cell death. However, exposure
to low levels of stress activates protective mechanisms
through a complex pathway involving various regulators
so that cell death is avoided [42]. For example,
Escherichia coli MazE/MazF system in response to low
levels of stress stimulates the activation of protective
pathways including the Cpx envelope protein stress sys-
tem for the refolding or degradation of misfolded proteins
in the periplasm, the inhibition of katG mRNA degrada-
tion, and MazF-mediated -OH accumulation [43, 44]. In
the case of extreme stress, the same proteins used to trig-
ger ROS scavenging systems contribute to a cascade of
ROS, and activate a programmed cell death pathway, es-
sential to reduce the risk of hyper-mutation and loss of
genetic integrity [45]. Consequently, bacteria start to pro-
duce several combating strategies to resist in such stress-
ful environments as well as changes in their physiology
and pathogenesis factors.

Conclusion

In this study, we declared that sSAPDI with MB at 0.012 mM
and light fluency of 23 J/em? reduced biofilm formation abil-
ity of P. aeruginosa; however, there is no guarantee that other
PSs, light sources, or other bacteria react like this. There is an
essential need to investigate more for the effect of SAPDI on
other pathogens especially in molecular levels and in vivo
situation. It confirms why we must be cautious by using
sAPDL
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