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ABSTRACT

Ventilator-associated pneumonia (VAP) is an infection that
arises after endotracheal intubation affecting patients under
intensive care. The presence of the endotracheal tube
(ETT) is a risk factor since it is colonized by multispecies
biofilm. Antimicrobial photodynamic therapy (aPDT) could
be a strategy to decontaminate ETTs. We verify if methy-
lene blue (MB) associated with external illumination of the
ETT could be an alternative to destroy biofilm. We per-
formed an in vitro and ex vivo study. In vitro study was
performed with P. aeruginosa biofilm grew over ETT for
7 days. After treatment, the surviving cells were cultured
for 3 days and the biofilm was analyzed by crystal violet
absorbance. Ex vivo study employed ETT obtained from
extubated patients. aPDT was performed with MB (100 µM)
and red LED (k = 640�20 nm). We quantified the biofilm
thickness and used scanning electron microscopy and fluo-
rescence technique to verify morphological and functional
changes after aPDT. Our results showed that bacteria
remain susceptible to aPDT after sequential treatments. We
also attested that aPDT can reduce biofilm thickness,
disrupt biofilm attachment from ETT surface and kill
microbial cells. These data suggest that aPDT should
be investigated to decrease VAP incidence via ETT
decontamination.

INTRODUCTION
The photodynamic effect has been studied for more than a cen-
tury and it presents multiple applications ranging from environ-
mental microbial control to cancer treatment. Everyone that
starts to study photodynamic therapy (PDT) read or hear about
some researchers that could be considered the “founding
fathers” of PDT applications and principles. The initial research-
ers are Hermann von Tappeiner and Oscar Raab that were the

first researchers to describe the photodynamic effect. The sec-
ond researcher is Lipson with the proof of concept that PDT
could be a clinical application. The third, and most likely, the
one that brought more attention and visibility to the therapy is
Prof. Dougherty and the work developed by his group at the
Roswell Park Cancer Institute. Prof. Dougherty’s work in the
70s of past century was recognized worldwide, and several
research centers all over the world followed his steps and
introduced PDT as a cancer therapy among their investigation
interests.

Besides the direct contribution to clinical PDT advances, Prof.
Dougherty went beyond and found a research foundation to sup-
port new students and advances in the field. It is not exaggerated
to state that everyone that is nowadays studying all types of
PDT applications owe somehow to Prof. Dougherty a recognition
for his life and work.

Besides cancer treatment, PDT also grows as an antimicrobial
therapy. The same principles and mechanisms of action are
applied with different targets. Microbial cells present different
sensitivities to the oxidative stress promoted by the photody-
namic action but, in general, there is no selection of resistant
microorganisms to antimicrobial PDT (aPDT) (1). Microorgan-
isms may evolve from planktonic cells to a well-organized sys-
tem attached to a surface known as biofilm. Biofilms are
biological communities with a high degree of organization,
where microbial cells form structured, coordinated and functional
communities. These biological communities are embedded in
polymeric matrixes produced by the cells becoming most of the
time recalcitrant to antimicrobial treatment. Microbial biofilms
are responsible for most of the infections in humans (2), and
aPDT has been successfully used to treat different biofilm-related
infections (3-6).

Critically ill patients receiving mechanical ventilation are at
risk of developing ventilator-associated pneumonia (VAP), which
is considered a healthcare-related infection with high incidence
in intensive care units (ICUs), being responsible for high morbid-
ity and mortality rates (7). In fact, VAP is held responsible for
an estimated 29% of all deceases in intensive care units with
even higher percentages being described (8). Prevention of VAP
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appears to have a major potential to reduce ICU mortality, and it
can also reduce antibiotic use, which is an important issue in the
context of antimicrobial drug resistance, since it is estimated that
approximately 50% of total antibiotic use in ICUs is for treating
VAP (9).

The presence of an endotracheal tube (ETT), which is an essen-
tial part of the mechanical ventilation system, results in a break of
the host natural defense mechanisms and facilitates pathogen inoc-
ulation of the lower respiratory tract. The ETT and the mechanical
ventilation can contribute to the risk of VAP in several ways, as
for instance, aspiration during intubation or subsequently, presence
of secretions around the ETT cuff, biofilm in the ETT, impairment
of mucociliary function, secretions from other areas as sinuses or
oropharynx, and positive pressure from the ventilator (10).

Antimicrobials have long been the only way to fight infection,
and several bacteria, mostly in ICU, have become resistant to the
indiscriminate use of antibiotics (11). Thus, the aPDT could be
an innovative and effective alternative as a defensive measure
against VAP. In fact, Biel et al. showed that methylene blue
(MB)-mediated aPDT can effectively inactivate Pseudomonas
aeruginosa and methicillin-resistant Staphylococcus aureus bio-
films formed inside an ETT after a single application, using an
internal light source, placed inside the ETT (12). To place an
optical fiber inside the ETT requires differentiated biomedical
instrumentation. However, the authors purposed the insertion of
an optical diffusor fiber connected to a light source and the tubes
would be illuminated by the inside area.

Our study was designed to evaluate the effect of an external
light source reaching the ETT from the outer layer. To evaluate
the aPDT performance with an external light source, we first
grew biofilms of P. aeruginosa on ETT, applied aPDT using
MB and a red laser, and confirmed aPDT efficacy. Later, we
grew a new biofilm with surviving bacteria to verify whether
bacteria were still susceptible to oxidative stress caused by the
same aPDT parameters. As most biofilm studies analyze mono-
or duo-species cultures, whereas nearly all biofilm in nature con-
tains a diversity of microorganisms, we posteriorly evaluated
aPDT on real ETT biofilms obtained from extubated patients that
were hospitalized in ICU with more than 4 days of use, using a
LED system and MB to perform aPDT. This represents a multi-
ple species biofilm; therefore, it would be closer to the real chal-
lenge in an ICU situation.

MATERIALS AND METHODS

Pseudomonas aeruginosa biofilm growth. Pseudomonas aeruginosa
ATCC 9027 was firstly used since it is commonly involved in VAP (13).
Bacterial cells were maintained through subculturing on brain–heart
infusion (BHI; Difco, USA). Culture was aerobically grown in BHI broth
at 37°C for 24 h. Test tubes with 500 lL BHI were contaminated with
500 lL of P. aeruginosa in suspension and incubated at 37°C for 24 h,
giving a final cell concentration of 4 9 107 CFU mL�1.

To grow the biofilm, sterilized samples of ETT measuring 1 9 1 cm
were previously prepared and then they were submerged into a Petri dish
containing 20 mL of BHI broth contaminated with 1 mL of the bacterial
suspension for 7 days at 37°C. The BHI broth was replaced every 24 h,
allowing the formation of biofilm. The samples were then rinsed with sal-
ine solution to remove nonadherent cells from the biofilm and randomly
divided into control and aPDT groups. The samples from control group
(n = 15) did not receive any treatment. The samples were rinsed again
with 10 mL of saline solution to simulate a bronchoalveolar lavage. The
samples from aPDT group (n = 15) received with a syringe a water solu-
tion of 500 lL of MB at 100 µM that was kept in the dark for 1 min and
then irradiated with a diode laser (k = 660 nm, P = 100 mW; Laser Duo

MMOptics, Brazil) receiving a total of 6 J of energy. Three sets of inde-
pendent experiments were performed.

After each experiment, the samples were placed inside a sterile
1.5 mL microcentrifuge tube, which was subsequently sealed and vor-
texed for 1 min. They were then challenged with low-output ultrasonica-
tion to unbind the biofilm. One hundred lL aliquots were added to the
wells of a 96-well plate for serial dilution and streaking on square BHI
agar plates. The plates were incubated using standard aerobic conditions
at 37°C for 24 h for colony-forming unit (CFU) counting.

The bacteria that survive from aPDT were then incubated in a 96-well
plate for 72 h as described above. After biofilm growth, the wells were
washed with saline solution to remove nonadherent cells from the biofilm
and stained with 1% solution of crystal violet (100 lL each well) for
15 min. Thereafter, they were washed three times with PBS and dried at
room temperature. The absorbance of adherent biofilm cells was measured
with a microplate reader (Epoch, BioTek, USA) at k = 570 nm. The mea-
surements were performed each 24 h during three consecutive days.

Biofilm from extubated patients. The samples analyzed were obtained
from ETTs removed from patients admitted to the ICU of Hospital S~ao
Francisco de Assis (S~ao Paulo, Brazil), who remained for more than 96 h
under mechanical ventilation, with clinical suspicion of VAP. This study
was approved by the Ethics Committee (CAAE 66492217.5.00005494),
and the patient or his/her legal representative signed the informed
consent form. We performed images of the inside part of the tubes to
confirm the biofilm structure and its characteristic.

For the photodynamic inactivation, ETTs with more than 4 days of
use in patients under mechanical ventilation were included. Immediately
after extubation, they were cut with a scalpel blade 6 cm distally. Each
ETT was placed in a sterile vial with 50 mL of 0.9% saline solution.
Posteriorly, they were washed with 30 mL of 0.9% saline solution and
cut into three fragments of 2 9 2 cm. One fragment was washed again
with 15 mL of 0.9% saline and transferred to a sterile vial with 20 mL
of 2% glutaraldehyde for 24 h for fixation of the biofilm. This fragment
was considered control for this specific tube. Another fragment was cov-
ered with 5 mL of MB (Sigma Aldrich, USA) solution at a concentration
of 100 µM diluted in distilled water applied with a syringe on the inside
part of the tube. The sample remained covered with aluminum foil for
5 min in a dark environment. It was then washed with 15 mL of 0.9%
saline and transferred to a sterile vial containing 20 mL of glutaraldehyde
with 2% for biofilm fixation. This fragment was considered photosensi-
tizer control for the respective tube. The third fragment received the MB
solution as described above and remained for 5 min covered with alu-
minum foil. Afterward, photodynamic inactivation was performed with a
red LED (k = 640 � 20 nm) on the external part of the tube without
any biofilm disruption. The light parameters were 100 mW for 10 min
delivering 60 J divided into two irradiations with 5 min each with 1 min
of dark between irradiations. All images were observed under light
microscopy and by scanning electron microscopy (SEM) (TabletopMicro-
scope, TM 3000 Hitachi, Japan).

To measure the biofilm thickness immediately after extubation, ETTs
were cut and washed as previously described and they were placed in a
Falcon tube containing 15 mL of BHI culture medium and sent for
refrigeration, until SEM imaging. External marks were performed on the
tubes to delimit the area to be observed. After imaging and measurement,
photodynamic inactivation was performed in each section according to
the proposed parameters. At the end of the photodynamic inactivation,
the samples were washed with 15 mL of saline solution and each frag-
ment was placed in a sterile vial to be analyzed by SEM. The biofilm
thickness was measured in 10 distinct locations along the ETT as shown
in Fig. 1.

Microbial viability was measured through fluorescence analysis using
BacLight LIVE/DEAD viability kit (Molecular Probe, USA). In the kit,
there are two fluorescent nucleic acids: SYTO9 (green fluorescence) that
identifies viable bacteria and propidium iodide (PI; red fluorescence) that
identifies nonviable bacteria. To assess viability, one-µL of solution was
added to 3 mL of sterile saline (0.9%). Over the sample, 70 µL of the
solution was dispensed and then incubated for 15 min in the dark at
room temperature. Biofilm samples were examined under a fluorescence
microscope (Zeiss, Germany) using oil immersion objective (1009). The
excitation wavelength was 488 nm and 525 nm for SYT09 and PI,
respectively. Posteriorly, color channels were split into green, red and
blue using ImageJ. The areas of green and red were threshold-adjusted to
highlight the living and dead cells and subtract the background fluores-
cence signal. The integrated densities of the threshold areas were
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obtained for each channel, and the intensity ratio of green over red was
calculated.

RESULTS
In our first assay, the number of viable cells of the control group
did not vary even after irrigation with 100 mL of saline solution.
After aPDT, a complete eradication was not observed as
expected. In fact, there was a reduction of approximately 5 logs
compared to control group and, at least, 2 logs of bacteria still
survive following aPDT. The initial count was approximately
5 9 108 CFU mL�1 and the final results demonstrated a mean
of 7 9 103CFU mL�1.

Regarding biofilm formed by surviving cells, our data show
that bacteria were also susceptible to aPDT. In fact, we can
observe that biofilm formation was significantly affected (Fig. 2).
Interestingly, it seems that bacteria slow down their growth in
the first 24 h since biofilm of control group formed 3-fold more
biomass than aPDT group. However, following 48 h and 72 h,
the quantity of biofilm was about 2-fold higher for control com-
pared to aPDT group.

Images of ETTs from patients that underwent mechanical ven-
tilation are presented in Fig. 3. ETTS were uniformly covered
with biofilm. The extension and morphology of biofilm was vari-
able according to the days of use by the patient. We observed
some ETTs with scarce (Fig. 3a,b) or abundant biofilm matrices
as shown in Fig. 3c. We also identified different microorganisms
immersed in the biofilm matrix as cocci, bacilli and yeasts.

In a panoramic view, without aPDT, we can observe an abun-
dant biofilm with complex matrices in the inner surface of the
ETTs (Fig. 4a). After aPDT, the ETT surface changed dramati-
cally. We noticed compaction of the biofilm matrix rendering the
ETT wall visible. Microorganisms were not perceptible (Fig. 4b).

In fact, Fig. 5 depicts the biofilm detachment from the ETT sur-
face following aPDT in a higher magnification. Of note, these
results were obtained only 10 min after illumination with
100 µM of MB.

Figure 6 presents the mean thickness of biofilms formed in
eight different ETTs. Regardless the days of use by the patient,
the biofilm thickness decreased in all samples. These results

Figure 1. The SEM micrograph of multispecies biofilms in ETTs of extubated patients illustrating as the biofilm thickness was quantified. Bars repre-
sent 100 lm.

Figure 2. Means � standard deviation of the absorbance at k = 570 nm
of crystal violet that is correlated to the biofilm biomass. Observe that
surviving bacterial cells are still susceptible to aPDT. In addition, bio-
mass increases over time. A set of three independent experiments were
performed.
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demonstrate the action of aPDT and its property to condense and
degrade the biofilm matrix that further may uncover the microor-
ganisms rendering them more susceptible to antimicrobial agents
and increasing the ETT lumen.

Figure 7 exhibits fluorescence images obtained with dead/
alive fluorescence probes. Before aPDT, we observed the
green emission characteristic of live cells (Fig. 7a). In contrast,
the red emission denotes that aPDT was able to inactivate

Figure 3. The SEM micrographs of multispecies biofilms in ETTs of extubated patients after 7 days (a), 8 days (b) and 14 days of use. Bacilli (arrow),
yeast (arrowhead) and cocci (*) can be noticed. Observe scarce (a, b) and dense (c) matrices that are attached on the surface of the ETT (m). Bars repre-
sent 10 lm (a) and 20 lm (b, c).

Figure 4. The SEM micrographs of multispecies biofilms in ETTs of extubated patients after 13 days of use before (a) and after aPDT (b). Observe the
degradation of the biofilm structure after aPDT. Bars represent 2 mm.
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microbial cells (Fig. 7b). In fact, the green fluorescence is
about 1.1-fold higher than red fluorescence before aPDT. After
treatment, the rate of green and red fluorescence is around 0.3
(Fig. 7c).

DISCUSSION
Our study showed, to the best of our knowledge, for the first time
the effect of aPDT over biofilms obtained from ETT of extubated
patients from an ICU, which represents a real challenge to all
antimicrobial strategies. We verified that MB-mediated aPDT was
able to reduce biofilm and to promote its detachment from ETT
walls, regardless the time of biofilm growth.

Some studies have proposed to use aPDT to fight pneumonia
using different approaches (12,14,15). Biel et. al. showed that a
dual species biofilm could be efficiently reduced inside the ETT
applying aPDT (12). Their results were promising, and their pro-
tocol required the use of a system with the optical diffusor been

placed inside the ETT and, therefore, the use of a dedicated light
source.

Meanwhile, a clinical trial registered and probably still being
executed proposed the use of aPDT with MB as a mouthwash
formulation and a red LED to reduce oral colonization in patients
in ICU. The authors will try to elucidate the relationship between
the decontamination and VAP incidence (14). In fact, to control
oral colonization appears to be an important factor to prevent
VAP (16).

Another study performed by Kassab et al. demonstrated the
possibility of treating pneumonia with aPDT. They proposed an
alternative approach with the use of a nebulization system to
deliver the photosensitizer and the employment of an external
light source to activate it (15). Based on the assumption that an
external light source could be used, our group performed an
investigation about light penetration inside ETT covered with
biofilm and we demonstrated that light can be efficiently deliv-
ered form the outer part of the tube (17).

Figure 5. The SEM micrographs of multispecies biofilms in ETTs of extubated patients after 13 days of use following fractionated aPDT in a frontal
(a) and lateral view (b). The arrows point to the detachment of the biofilm from ETT surface.

Figure 6. Mean values � standard deviation of the biofilm thickness before and after fractionated aPDT. Observe that the thickness decreases regardless
the days of use of ETT by patients.
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In this study, our first step was to evaluate the external illumi-
nation over a P. aeruginosa biofilm since these bacteria are often
involved in VAP (18). We observed a reduction in microbial via-
bility which is in accordance with previous studies (19,20) but
using illumination through the ETT.

Probably, in a real ICU environment, the ETT decontamina-
tion will have to be performed several times. Therefore, we
decided to verify the susceptibility of the surviving cells and
their capacity to form biofilms. In fact, these two features are
important since susceptibility from the surviving cells means that
aPDT could be repeated several times in a clinical setting.
Regarding biomass, its presence is responsible for a worst diffu-
sion of any antimicrobial agent. Our results showed that viable
cells after aPDT could still be affected by the same light dose
and photosensitizer concentration. In addition, less biomass was
noticed.

Analyzing the growth rate on the surviving cells after aPDT,
we observed at the beginning a slower growth compared with
control cells but followed by a recover after 48 h. According to
de Melo et al., cells that survive to aPDT may present an overex-
pression of genes that promote a slower growth rate for the per-
sistent population (21). Consistent with our results, it may
happen immediately after aPDT, probably due to a phenotype
change of the cells, but the phenomenon could not be observed
on the following growth analyses.

On the ex vivo ETT biofilm analyses, we opted to perform a
microscopy study to preserve the natural architecture of the bio-
film. Moreover, ETT contains multiple microorganisms and the
most of them are considered unculturable (22). We observed the
presence of different types of bacteria as rods, coccus and fungi
on the images. Due to the nature of the sample, it is virtually
impossible to obtain all samples with the same day of use, and
even in that case, it would be not guaranteed that the same level
of contamination would be encountered.

There is a wide variety of information about the timeline of
biofilm formation on ETT and about type of colonization (22).

Besides that, the importance of ETT colonization for the devel-
opment of VAP has long been recognized. In fact, Pneumatikos
et al. recommended the change on VAP nomenclature to endotra-
cheal tube-associated pneumonia (23). In our study, the criteria
to select a given ETT from a patient was the medical diagnostic
of VAP, this variable was selected to guarantee that our samples
would be of clinical significance.

In a pilot study, we evaluated two types of irradiation: 10 min
continuously or 10 min divided into times of 5 min since some
studies report better results for fractionated doses when applying
aPDT on monospecies biofilm (24,25). In fact, we observed a
better result for fractioned light, mostly on the interface biofilm/
tube wall. This result may be related to different reactive oxygen
species formation and diffusion time, but these data require fur-
ther investigation.

Biofilm detachment and dispersion of extracellular polymeric
substance (EPS) of biofilm play an important role in our
results. Although the dead/alive fluorescence microscopy
showed that most of the cells at the image were affected by
the oxidative stress, live cells certainly would be responsible
for the recolonization of the tube. On the other hand, the
detachment of the surface may indicate that would be easier to
remove the biofilm with devices such as a mucus shaver (26),
which would allow the maintenance of the tube lumen with
appropriate ventilation and less accumulation of mucus and bac-
terial growth.

The EPS contains a variety of substances as polysaccharides,
proteins, hexosamine and DNA, and it is the first line of
defense against most threats, including aPDT (27). Moreover,
the EPS limits inward diffusion of antimicrobial agents that can
make the biofilm resistant. Our results showing the disruption
of the matrix have already been observed in previous studies
from our group in P. aeruginosa and E. faecalis biofilms after
MB-mediated aPDT (28), and they can represent an important
line of investigation to be pursued, mostly, concerning the
employment of aPDT simultaneously with other antimicrobial

Figure 7. Fluorescence micrographs of multispecies biofilms in ETTs of extubated patients after 13 days of use before (a) and after aPDT (b) stained
by live/dead kit. The rate of green (living cells) and red (dead cells) fluorescence drastically changes after aPDT (c).
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strategies. Furthermore, the importance of biofilm thickness is
still under investigation in terms of community composition
and ecosystem function (29).

In terms of VAP, our results showed that it is possible to dimin-
ish the EPS content, to kill microbial cells and to detach the biofilm
from the ETT wall. Taking together, these results may represent an
important step toward a new antimicrobial strategy to prevent VAP.
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