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Otitis media (OM) is a prevalent pediatric infection characterized by painful inflammation
of the middle ear. There are more than 700 million cases of OM diagnosed globally
each year, with 50% of affected children under 5 years of age. Further, OM is
the most common reason for children to receive antibiotic treatment in developed
countries. The most recent work on this dynamic disease indicates that biofilms
and polymicrobial infections play a role in recurrent OM and chronic OM, which are
difficult to eradicate using standard antibiotic protocols. Antimicrobial photodynamic
therapy (aPDT) is a promising new strategy for the treatment of resistant bacteria
and persistent biofilms which lead to chronic infections. While PDT continues to
be successfully used for oncological, dermatological, and dental applications, our
work focuses on the efficacy of aPDT as it relates to otopathogens responsible for
OM. Previous studies from our laboratory and others have shown that non-typeable
Haemophilus influenzae, Streptococcus pneumoniae and Moraxella catarrhalis, the
three most common otopathogens, are susceptible to different forms of aPDT. However,
many cases of OM involve multiple bacteria and to date no one has investigated
the efficacy of this technology on these complex polymicrobial biofilms. We treated
polymicrobial biofilms of the three most common otopathogens with the photosensitizer
Chlorin e6 (Ce6) and a continuous wave 405± 10 nm light emitted diode. Our data show
significant bactericidal activity on polymicrobial biofilms associated with OM. These
studies indicate that aPDT warrants further analysis as a possible treatment for OM
and our results provide the foundation for future studies designed to identify the optimal
aPDT parameters for polymicrobial biofilm-associated infections of the middle ear.

Keywords: photodynamic therapy, otitis media, biofilm, polymicrobial, Moraxella catarrhalis, Streptococcus
pneumoniae, non-typeable Haemophilus influenzae

INTRODUCTION

Otitis media (OM) is a common infection of the pediatric population. Approximately 50 to 80%
of children in the US have experienced an episode of OM by 1 year of age, with peak incidence
of disease in children 3 years of age (Murphy and Parameswaran, 2009). Recently, the multivalent
pneumococcal conjugate vaccine and the Haemophilus influenzae type b vaccine have changed the
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landscape of nasopharyngeal colonization (Cohen et al., 2006;
Revai et al., 2006; Dagan, 2009). Despite the success of
these vaccines, non-typeable Haemophilus influenzae (NTHi),
Moraxella catarrhalis and Streptococcus pneumoniae still account
for approximately 95% of OM cases (Broides et al., 2009).
Further, antibiotic resistance and decreased sensitivity to
current treatment strategies is being reported among these
otopathogens (Pichichero, 2000; Zielnik-Jurkiewicz and Bielicka,
2015; Sillanpaa et al., 2016; Korona-Glowniak et al., 2018). This
is the result of polymicrobial biofilms associated with infection
(Hall-Stoodley et al., 2006; Holder et al., 2015). Polymicrobial
biofilms are difficult to treat due to poor drug penetration,
conferred antibiotic protection and quiescent bacteria within
biofilms. The lack of successful preventative and treatment
strategies emphasizes the need for novel approaches to treat
recurrent OM. Our work focuses on the efficacy of photodynamic
therapy (PDT) with Chlorin e6 (Ce6) against polymicrobial
otopathogen biofilms.

In PDT, the excitation of a light sensitive drug
(photosensitizer) by visible light in the presence of oxygen
induces the formation of singlet oxygen via the transfer of
intermolecular energy, which ultimately results in cytotoxicity
(Agostinis et al., 2011). PDT is currently being used as a cancer
treatment and has recently shown promise for treating bacterial
infections (reviewed in Dai et al., 2009; Cieplik et al., 2018;
Mahmoudi et al., 2018). Antimicrobial PDT (aPDT) has several
benefits as a therapeutic approach. aPDT is broadly bactericidal
and anatomically site specific, subsequently limiting deleterious
effects on the overall microbiome such as those seen with broad-
spectrum antibiotics. Additionally, because the bactericidal
mechanism of aPDT is based on non-selective oxidative damage
to multiple, critical cellular biomolecules (e.g., proteins, lipids,
and nucleic acids), it has been deemed unlikely bacteria could
develop resistance (Maisch, 2009, 2015; Wainwright et al., 2017;
Cieplik et al., 2018).

Previous studies from our lab and others have suggested that
this technology could be effective vs. bacteria associated with OM
(Jung et al., 2009; Luke-Marshall et al., 2014, 2020; Liu et al.,
2020). We recently reported aPDT using Ce6 exhibits significant
bactericidal activity against monomicrobial planktonic and
biofilms of non-typeable H. influenzae, S. pneumoniae and
M. catarrhalis (Luke-Marshall et al., 2020). However, it is now
well accepted that many cases of recurrent and chronic OM
involve multiple bacterial species in complex biofilms. In this
study, we have identified an aPDT treatment that is effective
against dual and triple species biofilms. To our knowledge, this is
the first study to investigate the efficacy of aPDT on polymicrobial
biofilms of the three major otopathogens associated with OM.
Bacterial viability was significantly decreased when treated with
Ce6 and excited with a 405 nm light emitted diode (LED) for
20 min to deliver 123.1 J/cm2 or in two sessions of 15 min
(total 30 min) to deliver a total of 184.7 J/cm2. Further,
it appears that polymicrobial biofilms are more resistant to
our aPDT protocol as compared to monomicrobial biofilms.
However, two consecutive treatments of polymicrobial biofilms
at a minimal drug concentration, incubation time and LED
exposure resulted in significant bactericidal activity, suggesting

that aPDT warrants further analysis as a possible treatment
strategy for recurrent or chronic OM.

MATERIALS AND METHODS

Bacteria and Culture Conditions
M. catarrhalis strain 7169 is a clinical middle ear isolate
previously described (Faden et al., 1997). Minimally passaged
planktonic M. catarrhalis cultures were grown at 37◦C, 180 RPM,
aerobically in chemically defined minimal media (CDM). NTHi
strain 86-028NP is a clinical isolate from a pediatric patient who
underwent a tympanostomy for chronic OM (Kennedy et al.,
2000). NTHi cultures were grow at 37◦C, 180 RPM, aerobically in
CDM. S. pneumoniae EF3030 is a serotype 19F otitis media isolate
that was grown statically and anaerobically in CDM at 37◦C
(Andersson et al., 1983). M. catarrhalis 11-01-125, NTHi, 11-01-
125 and S. pneumoniae 11-01-125 are recent clinical isolates from
a child with OM. Each species was grown as outlined above and
maintained for long term storage at -80◦C.

Photosensitizer
A > 98% pure Chlorin e6 trisodium salt (Ce6) in 30 mg vials
(Fotolon R©, Apocare Pharma GmbH, Bielefeld, Germany) was
used in all the experiments. The Ce6 was dissolved in saline, at
room temperature to a working concentration of 6 mg/mL. The
solution was protected from light and used within 3–4 h at room
temperature or kept at 4◦C for 1–2 days. The Ce6, a derivative
of chlorophyll, has a maximum absorption at 405 nm and a
secondary absorption peak at 664 nm. The fluorescence emission
peak is within the range of 600–760 nm.

Light Source Parameters and Dosimetry
The bacteria were illuminated with a continuous wave
405 ± 10 nm light emitted diode (UHP-F5-405, Prizmatix,
Givat Shmuel, Israel). The beam size was 6 cm in diameter and
the total power was 2.9 W, resulting in 102.6 mW/cm2 at the
treated surface. To evaluate if the response to aPDT was related
to the Ce6 fluorescence intensity, we used a light dosimetry
system to monitor the change of fluorescence intensity during
treatment. The dosimetry system set up and calibration was
previously described (Oakley et al., 2015; Shafirstein et al.,
2016; Chamberlain et al., 2019; Luke-Marshall et al., 2020). We
detected the fluorescence light with a calibrated isotropic light
dosimetry fiber (IP85, Medlight SA, Ecublens, Switzerland) that
was placed above (12 cm) the treated wells. The relative change
in the fluorescence intensity was computed by measuring the
change in the area under the curve of the fluorescence peak
(640–740 nm), during treatment.

Biofilm aPDT Treatment
Stationary in vitro biofilms were grown in 24-well plates on a
monolayer of NCI-H292 bronchial carcinoma cells (ATCC CCL-
1848) as previously described (Marks et al., 2012; Reddinger
et al., 2016; Luke-Marshall et al., 2020). Planktonic cultures
were grown to an OD600 of ∼0.2 (∼107 CFU per mL) and
diluted 1:100 prior to seeding. Wells received 350 µL of each
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culture as appropriate during seeding of either monomicrobial,
dual species or triple species biofilms and CDM was added as
necessary to obtain a final well volume of 1,050 µL. A total of
two wells per treatment condition were seeded per assay and a
minimum of three independent assays were completed. Biofilms
were incubated statically at 34◦C and 5% CO2. Media changes
were completed at 4 and 20 h post-seeding by replacing all spent
media with 1 mL fresh CDM. After 24 h of growth the media
was removed and replaced with 1 mL saline. Freshly diluted Ce6
was immediately added to each well (final concentration of 10 or
100 µM) and following incubation in the dark (15 or 30 min)
at 37◦C in 5% CO2, the drug was removed and the biofilms
were washed with 1 mL saline. Control samples were exposed
to LED only, drug only, or neither LED nor drug (no treatment
control). The biofilms were excited with 405 nm LED for 20 min
to deliver 123.1 J/cm2 with a fluence rate of 102.6 mW/cm2. For
dual-treatment experiments, the aPDT protocol was performed
as described (Luke-Marshall et al., 2020). In brief, immediately
following completion of the initial aPDT treatment as detailed
above, dual-treatment biofilm wells were retreated by replacing
the contents of each well with fresh saline, or saline plus 10
µM Ce6, followed by incubation for 15 min as above and LED
exposure for 15 min (for a total combined illumination of 30 min
at 184.7 J/cm2). After treatment, the biofilms were harvested
by carefully removing the supernatant and any planktonic or
loosely attached bacteria and resuspending the biofilm in fresh
saline via physical disruption with a pipette tip. Dilution plating
onto selective media was utilized for CFU enumeration of
M. catarrhalis (Muller-Hinton agar + vancomycin at 3 µg per
mL), S. pneumoniae (Blood agar + gentamycin at 4 µg per mL),
and NTHi (Chocolate agar + clarithromycin at 2 µg per mL).
Plates were incubated for 24 h at 37◦C and 5% CO2.

Statistical Analyses
Log transformed CFU per mL values were checked for normal
distribution using the Shapiro-Wilk test. Normally distributed
data sets were analyzed by one-way ANOVA with Dunnett’s
multiple comparison test as compared to control biofilms that
received no drug or LED treatment. Alternatively, data sets that
did not pass the Shapiro-Wilk test were analyzed using the non-
parametric Kruskal-Wallis with Dunn’s multiple comparison test.
P ≤ 0.05 were considered significant and were derived using a
95% confidence interval. Statistical analyses were performed with
Prism 8 from GraphPad Software, Inc. (La Jolla, CA).

RESULTS

aPDT With Ce6 on Polymicrobial Biofilms
The viability of M. catarrhalis and NTHi were significantly
reduced in dual species biofilms following the initial aPDT
treatment (Figure 1A). While NTHi was completely killed,
M. catarrhalis was reduced by approximately 3-logs as compared
to the no treatment control. Both species showed some sensitivity
to the Ce6 alone and the LED alone, as seen in the control wells. In
addition, this aPDT method also elicited significant bactericidal
activity toward NTHi and S. pneumoniae dual species biofilms

(Figure 1B). NTHi was completely killed by the treatment and
S. pneumoniae was reduced by approximately 4-logs. Of note,
the statistical analysis was unable to account for the killing of
NTHi by S. pneumoniae in the control, a previously published
phenomena (Bair and Campagnari, 2020). For this reason, the
difference in NTHi in the control vs. treated was not statistically
significant despite the bacterial burden being reduced to below
detectable levels. S. pneumoniae and M. catarrhalis dual species
biofilms were similarly reduced to approximately 102 CFU/mL
each following treatment (Figure 1C). This was a significant
reduction of nearly 4-logs and the remaining bacterial burden
was slightly above detectable limits. Taken together the defined
treatment parameters were effective at treating otopathogens in
various dual species environments.

When the treatment was assessed vs. triple species biofilms,
bactericidal activity against M. catarrhalis and S. pneumoniae
resulted in 3-log and 2-log reductions, respectfully. Although
NTHi was also significantly reduced, this bacterium appeared
less sensitive to this aPDT approach, exhibiting a 1-log reduction
(Figure 1D). Previous work by our lab described the stabilization
of triple species biofilms by M. catarrhalis, which likely plays
a factor in the decreased sensitivity of NTHi to treatment
(Bair and Campagnari, 2020). In each case, the viability of
the biofilm-associated bacteria was significantly reduced in each
species as compared to controls. However, this aPDT approach
needed adjustment to improve the bacterial reduction to more
biologically relevant levels.

Increased Ce6 Incubation Time
It has been documented that Gram-negative bacteria are less
susceptible to aPDT because of their cell wall structure (reviewed
in Sperandio et al., 2013). To improve penetration of Ce6
through the biofilm structure and enhance interaction with the
bacterial cell wall of NTHi and M. catarrhalis, we increased
the drug incubation time to 30 min while leaving all other
aPDT parameters the same as described (Figure 2A). The
extended incubation with Ce6 did not improve the efficacy of the
aPDT treatment for M. catarrhalis or NTHi in dual species, as
compared to the previous treatment with an incubation time of
15 min (Figure 1A), as the viability of each species was reduced
between 1 and 2 logs.

S. pneumoniae grown as a dual species biofilm with NTHi
was completely eradicated below detectable levels (Figure 2B).
Conversely, NTHi viability was reduced by approximately 1-
log, as was seen in the other dual species conditions, suggesting
that prolonged incubation with Ce6 did not increase bactericidal
activity against NTHi. In contrast, dual species biofilms of
S. pneumoniae and M. catarrhalis were significantly reduced by
approximately 4–5 logs following the extended drug incubation
(Figure 2C). These results are similar to those observed with the
shorter incubation time (Figure 1C). Lastly, S. pneumoniae and
M. catarrhalis were significantly reduced in triple species biofilms
(Figure 2D). Although this treatment elicited statistically
significant bactericidal effects on NTHi, the viability reduction
was only 1-log. Of note, NTHi was less sensitive to treatment in
each of the environments tested suggesting a longer incubation
time did not improve the effectiveness of this aPDT treatment.
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FIGURE 1 | aPDT treatment of dual and triple species biofilms. Dual species biofilms of (A) M. catarrhalis (green) and NTHi (blue), (B) S. pneumoniae (red) and NTHi
(blue), (C) S. pneumoniae (red) and M. catarrhalis (green), and triple species biofilms (D) were incubated for 15 min with 10 mM Ce6 followed by a 20 min 405 nm
LED exposure. Surviving bacteria were quantitated by CFU enumeration. Bars represent the mean and standard deviation of three independent assays with a
minimum of two technical replicates. Dashed lines indicate the limit of detection. ∅ indicates no detectable CFU were enumerated for the test condition. Statistically
significant differences are denoted as *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

Increased Ce6 Concentration
We further expanded our treatment parameters by increasing
the Ce6 concentration to 100 µM to insure minimum inhibitory
concentration was being achieved. As above, all other aPDT
parameters remained constant. M. catarrhalis and NTHi in dual
species biofilms were each reduced 5-logs by treatment with the
increased Ce6 concentration (Figure 3A). NTHi was sensitive to
Ce6 alone at a concentration of 100 µM. In addition, NTHi and
S. pneumoniae in dual species were significantly reduced by Ce6
and LED treatment as well as the drug only control (Figure 3B).
The same was true for S. pneumoniae and M. catarrhalis
in dual species (Figure 3C) as the aforementioned treatment
conditions with an increased Ce6 concentrations completely
eradicated the M. catarrhalis biofilm to below detectable limits
and S. pneumoniae biofilm was reduced by 5 logs compared
to the no treatment control. As seen with the other treatment
conditions, S. pneumoniae and M. catarrhalis were significantly
reduced in triple species biofilms, while NTHi was only reduced
by 1-log (Figure 3D).

Successive aPDT Treatments
Based on our recently published data, we tested the successive
dual-treatment approach on polymicrobial otopathogen biofilms
under the hypothesis that the first round of treatment weakens
the integrity of the biofilm structure so that the second treatment
would be more effective at killing the remaining bacteria (Luke-
Marshall et al., 2020). Triple species biofilms were treated once
or twice with 10 µM Ce6 for 15 min followed by a 15 min LED
exposure. A single treatment successfully reduced S. pneumoniae
and M. catarrhalis 3-logs as compared to the no treatment control
(Figure 4A). While statistically significant, NTHi was again
only reduced by 1-log. After a second treatment, the remaining
bacterial burden of all three species was significantly reduced
to at or below 102 CFU (Figure 4B). These data indicate the
dual treatment protocol significantly reduced overall bacterial
burden of all three otopathogen species, in comparison to a
single treatment. We repeated these studies using the same
aPDT parameters on triple species biofilms of recent clinical
isolates obtained from a child with otitis media. The results
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FIGURE 2 | Extended drug incubation time of dual and triple species biofilms did not increase aPDT efficacy. Dual species biofilms of (A) M. catarrhalis (green) and
NTHi (blue), (B) S. pneumoniae (red) and NTHi (blue), (C) S. pneumoniae (red) and M. catarrhalis (green), and triple species biofilms (D) were incubated for 30 min
with 10 µM Ce6 followed by a 20 min 405 nm LED exposure. Surviving bacteria were quantitated by CFU enumeration. Bars represent the mean and standard
deviation of three independent assays with a minimum of two technical replicates. Dashed lines indicate the limit of detection. ∅ indicates no detectable CFU were
enumerated for the test condition. Statistically significant differences are denoted as **P < 0.01 and ***P < 0.001; ns, not significant.

of these dual-treatment studies showed significant bactericidal
activity against M. catarrhalis 11-01-125 (99.9% kill rate),
NTHI 11-01-125 (99.3% kill rate), and S. pneumoniae 11-01-
125 (99.9% kill rate) confirming our approach is not strain
specific (data not shown). Further, we did not observe any
photobleaching following a single treatment or two successive
treatments suggesting that the optimal deliverable dose was
achieved (data not shown).

DISCUSSION

The decreased efficacy of antibiotics and other antimicrobials
has become a global health problem and the implications
of this reach into many common infections, reinforcing the
need for novel treatment approaches. Herein we describe
the use of aPDT with Ce6 as a treatment for polymicrobial
biofilms such as those commonly associated with OM. OM
is a major health problem in the pediatric population and
is the primary cause for office visits and antibiotic treatment
in young children. It is now widely accepted that chronic or

recurrent bacterial OM is caused by biofilms composed of
three primary otopathogens and is frequently polymicrobial in
nature. Previous studies from our laboratory have shown that
planktonic and biofilm-associated M. catarrhalis, S. pneumoniae
and NTHi were susceptible to aPDT with Ce6 (Luke-Marshall
et al., 2020). These studies further showed that two successive
aPDT treatments on established bacterial biofilms significantly
improved the efficacy of the treatment. While these studies were
very important in demonstrating the potential use of aPDT in the
treatment of the most common otopathogens, they were focused
on single species biofilms, consistent with a monomicrobial
infection. Given that many episodes of OM are complicated
by the presence of multiple bacterial species we evaluated the
efficacy of aPDT against these otopathogens in several different
polymicrobial environments.

Our initial treatment parameters of 10 µM Ce6 with an
incubation time of 15 min followed by 20 min of LED exposure
significantly reduced the viability of the biofilms in dual species
combinations. In addition, biofilms consisting of all three
bacterial species decreased following treatment with these same
parameters. However, while these reductions were statistically
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FIGURE 3 | Increased drug concentration did not increase aPDT efficacy and dark toxicity was observed. Dual species biofilms of (A) M. catarrhalis (green) and
NTHi (blue), (B) S. pneumoniae (red) and NTHi (blue), (C) S. pneumoniae (red) and M. catarrhalis (green), and triple species biofilms (D) were incubated for 30 min
with 100 µM Ce6 followed by a 20 min 405 nm LED exposure. Surviving bacteria were quantitated by CFU enumeration. Bars represent the mean and standard
deviation of three independent assays with a minimum of two technical replicates. Dashed lines indicate the limit of detection. ∅ indicates no detectable CFU were
enumerated for the test condition. Statistically significant differences are denoted as *P < 0.05, **P < 0.01, ***P < 0.001.

significant, the post-treatment bacterial burden remained fairly
high (∼104 to 106 CFU) indicating that these aPDT parameters
had to be modified in order to maximize bactericidal activity.

We initially increased the drug incubation time; however,
that did not significantly improve the treatment efficacy. These
results showed a level of bacterial kill consistent with the previous
data and the remaining bacterial burden was comparable in all
environments. Our next modification was to increase the Ce6
concentration with the caveat that excess photosensitizer could
result in photosensitizer aggregation that decreases photoactivity
and adversely affect our results (Tada and Baptista, 2015).
aPDT treatment with 100 µM Ce6 significantly reduced the
viability of all species in polymicrobial biofilms. The remaining
bacterial burden was low in all environments with the exception
of NTHi in the triple species biofilm, which was significantly
reduced as compared to the no treatment control, however
approximately 105 CFU/mL remained following these treatment
parameters. The LED only control was similar among conditions
for all 20 min treatments, resulting in a slight reduction of

each bacterial species. This is likely the result of activation
of endogenous porphyrins generating ROS stress (Lanzilotto
et al., 2018; Tsolekile et al., 2019). M. catarrhalis was the most
susceptible to LED treatment, consistent with recent studies
assessing the effects of blue light on M. catarrhalis monomicrobial
biofilms (Liu et al., 2020). Of note, there was cytotoxicity of
Ce6 alone at 100 µM. Ideal treatment parameters should have
minimal dark toxicity and have additive bactericidal effects
when combining treatment with Ce6 and LED exposure. Our
results suggest treatment at 100 µM exceeded the minimum
concentration required and treated bacteria with toxic levels
of photosensitizer. Susceptibility to photosensitizer alone was
different among bacterial species and future considerations
should be made when defining ideal treatment conditions for all
polymicrobial conditions.

Previous work from our lab has characterized the stability
of triple species biofilms with these otopathogens (Bair and
Campagnari, 2020). Membrane permeability has been a major
variable in the success of aPDT against Gram-negative vs.

Frontiers in Microbiology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 558482

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-558482 August 28, 2020 Time: 15:51 # 7

Bair et al. In vitro Photodynamic Therapy

FIGURE 4 | Successive aPDT treatments of dual and triple species biofilms improved treatment efficacy. (A) Single treatment. Biofilms were incubated for 15 min
with 10 µM Ce6 followed by a 20 min 405 nm LED exposure. (B) Dual treatment. Biofilms were treated twice using the above parameters in two sequential cycles.
Surviving biofilm-associated S. pneumoniae (red), M. catarrhalis (green), and NTHi (blue) were quantified by CFU enumeration. Dashed lines indicate the limit of
detection. Statistically significant differences are denoted as **P < 0.01 and ***P < 0.001.

Gram-positive bacteria and several studies have explored the
use of membrane disorganizing agents in combination with
PDT (Hamblin et al., 2002; Tegos et al., 2006). Although our
original treatment parameters for polymicrobial biofilms were
not optimal, our results did show significant bactericidal activity
vs. M. catarrhalis, S. pneumoniae and to a lesser degree, NTHi.
Based on these results and our recent data demonstrating that
two successive treatments of aPDT significantly increased the
bactericidal effects on monomicrobial biofilms, we hypothesized
that the first round of aPDT treatment could weaken the
integrity of the triple species biofilm structure which could
make two successive treatments more effective at killing
polymicrobial biofilms (Luke-Marshall et al., 2020). This
experimental strategy proved to be extremely encouraging as
two successive treatments of aPDT using the same parameters
elicited significant bactericidal activity against these complex
polymicrobial biofilms. All three otopathogens in these biofilms
exhibited a ∼4–5 log reduction in viability decreasing to a final
count of 102 CFU/ml or lower (corresponding to a >99.9%
kill rate), indicating this treatment approach elicited both
statistically and biologically relevant reductions to the overall
bacterial burden.

aPDT has many features that suggest this methodology
has potential as a novel therapeutic treatment, particularly
for chronic or recurrent OM. The ear canal and tympanic
membrane are readily accessible to a LED or other light source
and photosensitizer can easily be introduced into the middle
ear via myringotomy or tympanostomy tubes. In addition,
the middle ear cavity is quite small, which likely maximize
the contact of photosensitizer with the bacterial biofilms
while minimizing diffusion from the target. Moreover, the
development of resistance to aPDT is highly improbable because

the mechanism of action differs significantly from antibiotics.
Whereas antibiotics act on very specific and limited targets,
aPDT produces unrepairable damage in many different bacterial
biomolecules that are essential for survival, resulting in rapid
cell death (Maisch, 2009, 2015; Wainwright et al., 2017; Cieplik
et al., 2018). More recently, an extensive study that included
multiple species of antibiotic resistant bacterial and fungal
pathogens, showed that all species evaluated were highly sensitive
to the bacterial activity of aPDT and these authors concluded
that resistance to aPDT must be considered highly unlikely
(Sabino et al., 2020). However, there have been multiple reports
describing an increase in resistance to oxidative stress in response
to sublethal doses of aPDT, so it seems that currently there is no
universal agreement as to whether bacteria have the potential to
develop aPDT resistance (reviewed in Kashef and Hamblin, 2017;
Cieplik et al., 2018).

While far more studies are needed, the significant reduction
in the biofilm burden resulting from our aPDT methodology is
physiologically relevant, as it is possible that the host immune
response in combination with the appropriate antibiotics could
ultimately clear the remaining bacteria. These promising results
provide the foundation for future ex vivo and in vivo studies
designed to determine if aPDT with Ce6 has potential as an
effective treatment for chronic or recurrent OM, including
infections caused by polymicrobial communities.
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