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Abstract

This study used Electron Cryo-tomography (ECT) and fluorescent images to evaluate
antimicrobial photodynamic therapy (aPDT) on the envelope architecture of a Gram-negative
bacteria and the effects of combined therapy of aPDT and antibiotics. Standard and clinical
suspension of Escherichia coli were submitted to photodynamic treatment with methylene blue
solution (100uM) and a 100mW LED emitting at 660nm with 3 and 18J of energy. As a control
group, a suspension of £. cofiwas submitted to penicillin V for 60 min at 30 °C, to compare the
damage in cell wall structure. After treatment, ECT images were collected and E. coli biofilms
were grown in glass-cover slides and stained with live/dead staining for fluorescence analysis
before and after treatments. Bacteria were also submitted to disc diffusion and MICsx tests with
Ampicillin, Amoxicillin + Clavulanic acid, Clindamycin and Erythromycin. For /n vivo
experiment Galleria mellonellalarvae were infected with £. coliand treated with antibiotics, aPDT
or combined therapy. ECT images presented damage to cell walls and vesicles structures inside
and outside the bacteria and fluorescent images showed dose dependent effect of aPDT. Antibiotic
or aPDT alone did not improve the survival of caterpillars, but the combined therapy significantly
increased survival curve. ECT and fluorescent images shows that aPDT seems to promote micro-
damages to cell envelope and causes the production of membrane vesicles permeabilizing cell
membranes. The results showed that pre-treating bacterial cells with a photosensitizer and light
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make them more susceptible to antibiotics and could be an alternative to local infection treatment
by resistant bacteria.
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Introduction:

The discovery of antibiotics in the 19 century led to a medical revolution in preventing and
controlling infectious diseases [1], leading many to believe that the infectious diseases
chapter was closed. However, it is now estimated that 700,000 people die annually due to
drug-resistant bacteria mainly the group known as ESKAPE pathogens which includes:
Enterococcus spp., Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp., such as Escherichia coli. [2].
To mitigate this problem, alternative strategies either with or without antibiotics have been
considered: the use of new antibiotics [3], or antibiotics in combination with adjuvant
therapies such as bacteriophage therapy [4], antimicrobial peptides [5], photodynamic
therapy [6], phytochemicals and nanoparticles as antibacterial agents [7].

Antimicrobial Photodynamic therapy (aPDT) is a potential alternative method to fight
resistant microorganisms, including bacteria, fungi, parasites and viruses [8]. It combines a
non-toxic dye (called a photosensitizer - PS) with low-power-visible light to kill biological
entities by the production of reactive oxygen species (ROS) [9]. Generally speaking, a low-
power light source excites the PS which reacts with molecular oxygen to produce ROS,
initiating the injury and death of targeted cells such as microorganisms and cancer cells [10]
or age-related macular degeneration [11]. More recently, aPDT has also been used as an
alternative approach to antibiotics [12] against resistant microorganisms, especially in dental
[13] and dermatological infections [14]. Importantly, cationic PS can rapidly bind or
infiltrate bacterial membranes thus exhibiting a high degree of selectivity and little toxicity
toward host cells [15]. Previous studies showed that aPDT is equally effective against
antibiotics-resistant or sensitive bacterial strains such as methicillin-resistant Staphylococcus
aureus (MRSA) and native ones [16] or resistant £. colfand sensitive strains [17].

Compared to conventional antibiotic therapy, aPDT works in a short time against localized
infections, killing the microorganisms that are present in the infection site without
influencing the normal microbiota [18]. Also, there is currently no indication that aPDT
leads to the development of resistant bacteria [19]. Recent studies have shown that sub-lethal
aPDT doses do not result in the development of resistance, since ROS oxidation occurs due
to a number of targets presented on bacterial cell structure and components and not only in
one major target as in the case of antibiotics [20,21]. Nevertheless, the precise effect of
aPDT on bacterial cells structure remains elusive and it is still unknown the change in the
morphology of aPDT-treated cells compared to antibiotics-treated bacterial cells.

In the present study, we examined the effects of aPDT using methylene blue (MB) as a PS
with low-power light emitting diode (LED) on E. coli cells and to compare aPDT to
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conventional antibiotics (penicillin) using electron cryotomography (cryo-ET), fluorescent
microscopy and by an /n vivo animal experiment, in order to understand the mechanism of
bacterial death by aPDT. Our results suggest that, at the cryo-ET resolution, cell morphology
is preserved after aPDT treatment, in contrast to antibiotics which resulted in cell damage
and lysis. Thus, aPDT therapy induces membrane damage in the bacterial cells which
renders them more susceptible to antibiotics treatment.

Materials and Methods:

Cell strains and growth conditions

E. coli (standard and clinical) strains were grown at 30°C in LB broth for 24hs to reach
exponential phase. Suspensions of each £. coliwere diluted in 3ml of PBS solution to a cell
density of 107 per mL, in a glass test tube. £, cofi standard strain used was an ATCC 25922
and clinical strain was isolated from oral samples of patients treated at S&o Leopoldo
Mandic Dental School and identified using chromogenic agar broth (CPS, BioMérieux) and
VITEK2 system (BioMérieux).

Antimicrobial PhotodynamicTherapy

A LED (LumiLEDs, Phillips - Netherlands), with a peak wavelength at 660nm, was used as
the light source (power output of 100 mW, spot size of 1cm? and power density of 0.1W/
cm?).

Two different energies consisted on 3J and 18J, resulted from 30s and 180s of LED
irradiation, were used as sub-lethal and lethal dose of aPDT, respectively [15,22].

For the /in vitro experiments, irradiations were performed from the bottom to the top of the
glass test tube and 96 wells plate and for 7 vivo analysis, larvae were irradiated with a LED
(LumiLEDs, Phillips - Netherlands) in a Petri dish plate in a dorsal position.

As a photosensitizer (PS) an aqueous solution of Methylene blue (Sigma Aldrich,
Milwaukee, USA) at 100uM were prepared and kept at dark conditions before use.

Electron cryotomography sample preparation and image analysis

E. coli cells in suspension were incubated in a glass test tube (16x100mm) with 100 mM of
PS for 5 min in the absence of light and irradiated with sub-lethal and lethal dose of light.

Another sample of £. coliwas resuspended in PBS solution as reported previously and
incubated with 0.3ug/ml penicillin V (Phenoxymethylpenicillin) for 1 hour at 30°C with
shaking.

An untreated control group (no aPDT and antibiotics) was imaged using electron
cryotomography (cryo-ET) to evaluate in a macromolecular level the morphological changes
in £. colienvelope induced by each treatment.

Samples from control, antibiotic, aPDT sub-lethal and lethal dose groups were mixed with
colloidal gold particles, plunge freezing and analyzed using cryo-ET images.
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Data collection and image analysis was done as described previously in the literature [25—
27].

Microbiological analysis

Experiments were performed as described in Ref. [28]. Briefly, suspensions of E. coli were
diluted in PBS, and 200ul aliquots were added to a 96-well plate followed by removal of
10ml aliquots for serial dilution and streaking on BHI agar plates for colony forming units
(CFUs) enumeration. Bacteria were challenged by aPDT (MB+LED with 3J and 18J) or
penicillin V (0.3pug/ml) for 1 hour as described previously. Survival fractions were
determined from the CFUs in the initial innoculum and compared with the remaining after
aPDT or antibiotic treatment.

Fluorescent analysis

E. colibiofilms were grown in glass-cover slides submerged into a BHI broth contaminated
with 100ml of bacterial suspension (aprox.1 x 108 cfu/mL) for 72 h at 37 °C. After 72 h
biofilm was washed with 1ml of PBS solution to detach planktonic cells and visualized
using the LIVE/DEAD fluorescent microscopy showing a single layer of cells with the
clusters covering approximately 70% of the glass surface.

The cover slides were incubated with PS for 5 minutes and irradiated with lethal (18J) and
sub-lethal dose (3J) of aPDT.

Live/Dead BacLight (Bacterial Viability Kit, Invitrogen, USA) was then added according to
the manufacturer’s instructions. The Syto9 stain was used with 480-nm excitation and 500-
nm emission, to stain living bacterial cells in green. The propidium iodide stain (490-nm
excitation and 635-nm emission) was used to stain dead bacterial cells in red [29].

Antibiotics resistance

To test if a dose of aPDT could promote damage to bacteria envelope and facilitate antibiotic
penetration into the cell, an antibiotic resistance/susceptibility test was performed using
antibiotic discs of Ampicillin — 10ug, Amoxicillin + Clavulanic acid — 20ug, Clindamycin —
2ug and Ertromycin 15ug (Laborclin, Pinhais Brazil) and MICxgg test, based on CSLI [30]
and EUCAST reference values [31]. For combined therapy, aPDT was applied with
parameters of lethal and sublethal dose, before antibiotic challenge. For this experiment
ATCC strain was used as recommended by CSLI and EUCAST tests.

In vivo Antimicrobial experiments

To analyze E. colivirulence in G. mellonella, bacterial suspensions of £. coli clinical strain
was adjusted in PBS to 1075 cfu/mL by spectrophotometer at 660nm according to the
methodology proposed by Chibebe Jr et al[32].

Twenty randomly chosen G. mellonellalarvae with weight around 300mg were used per
group. Larvae were obtained from the Microbiology and Immunology invertebrate
laboratory, UNESP Dental School (S&o José dos Campos, Brazil).
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Two control groups were included in the study: one inoculated with sterile PBS to evaluate
the results of physical trauma, and the other group received no injection to access general
viability. A 10pl Hamilton syringe (Hamilton Inc, EUA) was used to inject 10pl of E. coli
inoculum aliquots into the hemocoel of each larvae.

For a survival curve analysis, larvae were incubated at 37°C in plastic petri dishes for 7 days
or until death. They were considered dead when presented no movement in response to light
touch.

Antibiotic treatment

aPDT

For antimicrobial treatment, Amoxicillin+Clavulanic acid (20pug) and Clindamycin (2u9)
were selected since £. coliclinical strain showed resistance during disc diffusion test and
some degree of improvement after aPDT in /n vitro test. Antibiotic solutions were prepared
by diluting the antibiotic in sterile PBS solution to reach the recommended concentration of
each compound. Ten microliters of the solution were injected 60min after infection of larvae
with a lethal dose of £. coli[32]. The antibiotics was injected at the opposite proleg of each
infected larvae. As control group, the caterpillars received PBS injections. Posteriorly,
survival curves were calculated during the 7 days of the experiment.

The experiments were performed as follows: G. mellonella received the PS injection (10uL)
30min after bacterial infection. The caterpillars were kept in the dark for 10 minutes to allow
PS dispersion into the body of the caterpillars and then irradiated with lethal dose. After
irradiation, survival curves were calculated.

Photodynamic Therapy + Antibiotic treatment

Same methodologies were applied as described above. After irradiation, each animal
received the antibiotic dose as previously detailed and a control group received PBS
injection. Survival curves were then calculated.

Statistical analysis

Results:

Survival curve was determined using the Kaplan-Meier method, and the level of significance
between the survival curves was calculated using the log-rank test (Mantel-Cox).
Microbiological analysis was submitted to ANOVA followed by the Tukey’s test. All tests
were carried out using GraphPad Prism 5.0, where 5% was considered a significant
difference.

The results of the effect of aPDT on the viability of £. colicells (ATCC 25922, see materials
and methods) performed by calculating the colony-forming unit (CFU)/ml of £. coli control
cells, LED-treated (without MB), or with 100 uM MB (incubated for 5 minutes in the dark)
showed that in all these cases, no significant reduction (p>0.05) in cell viability was
observed (Figure 1). On the other hand, applying a sub-lethal (30s, corresponding to 3J) or
lethal (180s, corresponding to 18J) dose of LED on E. coli (with MB), or treating the cells
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with penicillin for 1 hour resulted in a substantial reduction in cell viability, with the lethal
dose having a comparable level of reduction to that of penicillin-treated cells (Figure 1).

Later, it was investigated the morphological changes at the macromolecular level in E. coli
cells as induced by penicillin, lethal- and sub-lethal-aPDT treatments using cryo-ET which
allows the visualization of macromolecular complexes in native cellular contexts at the
nanometer resolution [21]. The cell envelope of Gram-negative bacteria consists of an outer
membrane, an inner (cytoplasmic) membrane and a peptidoglycan layer in between (Figure
2). Penicillin, a beta-lactam antibiotics, acts by inhibiting the synthesis of the peptidoglycan
layer resulting in a weakened cell wall. Cryo-ET of £. coli cells treated with penicillin
revealed an altered cell morphology due to cell rupture and lysis and the presence of
membrane vesicles as a sign. On the contrary, cells treated with sub-lethal and lethal doses
of aPDT stayed intact with no visible significant changes to the cell morphology (at the
cryo-ET resolution). However, there was a tendency of the numbers of membrane vesicles,
bulges and invaginations in the images of each sample to increase in these structures
proportionally to the applied aPDT dose, but at a notably lower rate than that observed in
penicillin-treated samples (Figure 3).

In order to test whether applying aPDT has an effect on bacterial cellular membranes, we
performed a fluorescent analysis using live/dead staining with propidium iodide (PI) before
and after exposing bacterial cells to sub-lethal and lethal doses of aPDT. Permeabilized
bacterial membranes would facilitate the penetration of the PI dye into the cell for DNA
staining [33,34]. In both cases, (lethal or sub-lethal doses of aPDT), an increased humber of
P1 stained cells was observed proportionally to the applied dose (Figure 4), suggesting again
that aPDT affects the cellular membranes and rendering them more permeable.

Membrane vesicles are usually formed when the outer membrane expands faster than the
underlying peptidoglycan layer, resulting in a localized detachment of the peptidoglycan
from the outer membrane. Subsequently, if a difference in local pressure persists, areas of
detachment will ‘bulge’ and be released from the outer membrane, forming vesicles and
damaging the cell envelope [32,34]. Hence, we hypothesized based on the above-mentioned
observation that aPDT induce a damage to the cell envelope which would promote an
antibiotics-resistant bacteria to be more sensitive to antibiotics treatment. This hypothesis
was scrutinized using a clinical £. colf strain resistant to antibiotics (see Materials and
Methods) by /n vitro disc diffusion test and minimum inhibitory concentration (MICsp) test,
and /n vivo experiments on the animal model of Galleria mellonella.

To test the degree of £. colistrain resistance, different antibiotics were investigated in the
disc diffusion tests: Amoxicillin + Clavulanic acid, Ampicillin, Erythromycin, and
Clindamycin. For this experiment, it was assumed that the inhibition of bacterial growth on
an agar plate is proportional to how sensitive the bacterial strain is to the present antibiotic.
After aPDT treatment (180s), there was an increase in the sensitivity of £. coli cells for both
Amoxicillin + Clavulanic acid and Ampicillin. The size of the inhibition zones for
Amoxicillin + Clavulanic acid changed from 16.4 mm (intermediate resistance) to 18.1 mm
(susceptible), while for Ampicillin, the inhibition zone size changed from 15.3 mm to 17.2
mm. On the contrary, no significant change in the size of the inhibition zone was observed
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for the remaining antibiotics (Table 1). Furthermore, an improvement was observed in
MICgq only for Clindamycin but not for the other examined antibiotics.

The result of the synergistic effect of aPDT with antibiotics on infections caused by the
clinical £. colistrain was subsequently investigated /n7 vivo on the caterpillar Galleria
mellonella. The infected G. mellonella were treated with either individual aPDT (180s) and
antibiotics, or aPDT (180s) combined with antibiotics. None of the therapies (aPDT or
antibiotics) significantly prolonged larvae survival compared to the control group (infected
animals treated with PBS). Survival rate showed that after three days, all samples from the
control group died (/7=20) and animals treated with Clindamycin died after four days. Two
animals survived after aPDT treatment and 8 animals survived after Amoxicillin +
Clavulanic acid injection. On the other hand, applying aPDT followed by antibiotics
treatment decreased significantly the mortality rate of the larvae where 6 animals survived
when using Clindamycin after aPDT and 12 animals remained alive when Amoxicillin +
Clavulanic acid was used (Figure 5).

Discussion:

The emergence of antibiotic-resistant bacteria represents one of the major challenges for
modern medicine, hence, different alternative therapies, either alone or in combination with
antibiotics, have been proposed. One alternative method that has been proposed is aPDT
which is useful against local infections and can be used efficiently against resistant and non-
resistant strains [19,20]. Previous studies have shown that combining aPDT with antibiotics
treatment can render resistant bacteria susceptible to antibiotics [32,35,36]. While some
studies have suggested that this effect of aPDT is due to an induced DNA damage in the cell,
others have presumed that aPDT induces a damage to the bacterial cell wall resulting in the
leakage of cellular contents [37].

Although many studies have concluded that DNA damage occurs, it may not be the primary
target of aPDT. For instance, Deinococcus radiodurans which is a bacteria that have a very
efficient DNA repair mechanism and one of the most radiation-resistant organisms can be
easily killed by aPDTI[38]. For this reason, other studies suggested damage at membrane
level, especially using short pre-irradiation time and lower energy [28,39].

In the present study, we used different imaging techniques (cryo-ET and fluorescent
microscopy) together with other biochemical and /in vivo animal experiments to explore the
effects of aPDT on antibiotic-resistant Gram-negative bacteria (£. coli). Cryo-ET results
showed a tendency of increasing the number of membrane vesicles, bulges and invaginations
after aPDT treatment, arguing that an increased in membrane permeability might help killing
the cells and/or inducing resistant bacteria to be more susceptible to antibiotics.
Interestingly, the cells remained generally intact (at the cryo-ET resolution) after aPDT,
unlike the evidently cell lysis that is shown after penicillin treatment. The resolution of our
data does not allow us to attest whether there is any aPDT-induced DNA-damage in the cells
or not.
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The observation of aPDT-induced membrane damage was further supported by fluorescent
microscopy and staining with P1. Numerous reports used Pl to differentiate the dead or
nonviable prokaryotic cells from living ones, since Pl is used to stain only cells with
irreparable damaged membranes that can be described as nonviable or dead [33,40,41]. Our
results showed an increased number of bacteria stained with P after 1 hour of beta-lactam
antibiotic treatment, as well as, after aPDT. The red fluorescence signal was significantly
higher when a 18J total energy was applied compared to 3J of total energy (Figure 4). These
results are in agreement with the hypothesis of damage on the membrane may occur after
aPDT.

One explanation of the membrane damage is the peroxidation of the membrane lipids upon
the binding of the cationic MB with the negatively-charged lipopolysaccharide [42]. In
addition, our disc diffusion experiments showed that aPDT pre-treatment of resistant
bacteria increased their susceptibility to different antibiotics. This last observation was
corroborated by /in vivo animal experiments which indicated that aPDT followed by
antibiotics prolonged larval survival after infection compared to animals treated with
antibiotics or aPDT solely. Previous studies of the combined effects of aPDT and antibiotics
on Gram positive bacteria also have hypothesized that aPDT could permeabilize the bacterial
cell envelope or inactivate cell enzymes, facilitating the penetration and action of antibiotics,
leading to the enhancement of effectiveness for both therapies[32,35,36]. However, for the
first time, cryo-ET images could show the effects on membrane cell damage, helping to
explain the mechanism of envelope damage after aPDT.

The development of new strategies to combat antibiotic-resistant bacteria, especially
ESKAPE, has become a worldwide challenge and aPDT is one of the promising methods to
alleviate this problem. Although aPDT can be applied only locally, recent evidence has been
suggested in combination with other methods, such as conventional antibiotics treatment, it
might be an efficient alternative therapy [32,35]. The combined therapy might be helpful
during root canal treatment, periimplantitis or even burned wounds repair.

More studies are required to investigate the structural effect of aPDT on the thick cell wall of
Gram-positive bacteria and compare it to Gram-negative bacteria investigated in this study.
In addition, novel treatment alternatives in the field of dentistry and dermatology should be
proposed since it is frequent to encounter localized, superficial or shallow infections that can
be affected by resistant bacteria and are potential targets for photodynamic therapy and
associated therapies.
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Highlights
. aPDT with sub-lethal and lethal doses promote envelope damage in bacteria
. aPDT renders the membranes more permeable and thus more sensitive to

antibiotics

. Electron Cryo-tomography revealed that the effects of photodynamic therapy
on Gram negative bacteria promote formation of vesicles and bulges on outer
and inner membrane.
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Figure 1:

Mean and standard deviation of viable bacteria (CFU) after each treatment. Asterisks

aPDT30s

indicate differences between groups (p < 0.05). Note that light alone or MB alone did not
show significative bacterial reduction. Also, lethal dose of aPDT showed similar results than

antibiotic treatment.
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Figure 2:
Representative tomographic slices of cryo-section through £. coli cell treated with

methylene blue and irradiated with 3J or 18J and treated with penicillin. A) Control group —
no treatments. Note the presence of intact inner and outer membrane, such as cell wall B)
Penicillin treated. Note the rupture of cell envelope with the presence of multiples vesicles
C) aPDT 3J and D) aPDT 18J, presence of vesicles and buds. Zoom-in of cell envelope of
each group.
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Figure 3:

Small vesicles or bulges

Average number of vesicles present in tomograms of each group. Asterisks mean significant
difference (p> 0.05). Note the dose dependence of vesicles production, both for small and

big vesicles.
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Figure 4:
Fluorescence images of biofilm on glass cover slides using live/dead stain and a

representative tomographic slice of cryosection. A) Most of the bacteria are viable (green),
note the intact envelope; B) Treatment with penicillin, significative damage to cell envelope;
C) Sub-lethal dose of aPDT, some of the bacteria are dead, note the vesicles formation; D)
Lethal aPDT dose, most of the bacteria are dead (red), vesicles and damage to cell envelope.
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Figure 5:

Survival curve of G. mellonella after inoculation of £. coli clinical strain and different

therapies. Groups: Control - no infection and no treatment; PBS - infection and

administration of saline solution buffer; Clin and AmoxC - infection and administration of
2ug/ml of clindamycin or 20ug/ml of Amoxicilin+Clavulinic acid; aPDT - infection and
treatment with MB + 18] light; aPDT+Clin and aPDT+AmoxC - combined therapy, i.e,

aPDT followed by antibiotic therapy.
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Susceptibility to antibiotic for disc diffusion test with and without the previous application of aPDT (in mm)

No aPDT (mm) | aPDT (mm)
Ampicilin 15.3 (x0,1) 17.2 (x0,05)
Amoxilin+Clavulinic Acid 16.4 (+0,06) 18.1 (+0,1)

Clindamicin

13.1 (x0,12)

15.56 (+0,16)

Eritromycin

0

0
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