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Hospital-acquired infections are a global health problem that
threatens patients’ treatment in intensive care units, causing thou-
sands of deaths and a considerable increase in hospitalization
costs. The endotracheal tube (ETT) is a medical device placed in
the patient’s trachea to assist breathing and delivering oxygen
into the lungs. However, bacterial biofilms forming at the surface
of the ETT and the development of multidrug-resistant bacteria
are considered the primary causes of ventilator-associated pneu-
monia (VAP), a severe hospital-acquired infection for significant
mortality. Under these circumstances, there has been a need to
administrate antibiotics together. Although necessary, it has led
to a rapid increase in bacterial resistance to antibiotics. Therefore,
it becomes necessary to develop alternatives to prevent and com-
bat these bacterial infections. One possibility is to turn the ETT
itself into a bactericide. Some examples reported in the literature
present drawbacks. To overcome those issues, we have designed a
photosensitizer-containing ETT to be used in photodynamic inac-
tivation (PDI) to avoid bacteria biofilm formation and prevent VAP
occurrence during tracheal intubation. This work describes ETT’s
functionalization with curcumin photosensitizer, as well as its
evaluation in PDI against Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli. A significant photoinactivation
(up to 95%) against Gram-negative and Gram-positive bacteria was
observed when curcumin-functionalized endotracheal (ETT-curc) was
used. These remarkable results demonstrate this strategy’s potential
to combat hospital-acquired infections and contribute to fighting
antimicrobial resistance.
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Hospital-acquired infections are a worldwide public health
problem, causing thousands of deaths every day (1) in ad-

dition to increased healthcare costs (the United States: $33 bil-
lion per year, ref. 2; Europe: V13–24 billion per year, ref. 3).
Among hospital procedures, mechanical ventilation with an en-
dotracheal tube (ETT) is commonly used to facilitate the oxygen
flow from the oropharynx into the trachea (4) in postoperative or
posttraumatic patients. However, its use may increase the risk of
nosocomial pneumonia by 6–21 times (5, 6). These occur since
bacteria from the environment aggregate on the ETT surface.
Therefore, they become permanently attached and can later be
broncho-aspirated. This colonization produces extracellular
polysaccharides and develops a microbial biofilm and, in most of
these cases, leads to ventilator-associated pneumonia (VAP)
(7–9). The infection is hard to fight since colonies are formed in
the airways, where the adaptation mechanisms include changes
in quorum sensing and the consequent production of virulence
factors. Thus, oral or systemic antibiotics have shown intrinsic
difficulties in acting, and the problem becomes even more severe
when bacteria develop additional resistance.
In this regard, the use of an antimicrobial-coated ETT is cur-

rently a vital strategy to reduce and eliminate biofilm formation

and, hence, VAP (10, 11). Different coatings on the ETT have
been used to reach this aim, such as silver sulfadiazine (12), silver
(13–16), silver sulfadiazine/chlorhexidine (17), gentamicin (18),
silver-palladium-gold (19), rose bengal (11), and gendine (10).
Most of them present some antibacterial effect but present
limitations as well (12).
Besides coating with metals or metal-based particles, other

studies have demonstrated that photodynamic therapy (PDT) is
a useful tool on microorganism photoinactivation and can be-
come a potential alternative for the treatment and eradication of
microbial infections (20–27). PDT combines an appropriate
source light, a photosensitizer, and molecular oxygen (O2) to
produce reactive oxygen species (ROS: singlet oxygen and oxy-
gen‐centered radicals), destroying targeted cells and microor-
ganisms (28–31). Furthermore, PDT is simple to use and can be
repeated. It offers a long-term treatment to obtain complete
elimination of biofilms, a cost-effective therapeutic option, and
an independent approach toward the resistance pattern of bac-
teria to antibiotics, showing the absence of photoresistant strains
(32–36). According to recent literature (37), the infectious focus
is in the region of contact, as shown in Fig. 1, which is the region
where the microorganisms can migrate to the lungs, resulting in
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VAP. It is necessary to go much further, by promoting inacti-
vation mainly in the region of the inflated balloon contact and
beyond. Similarly, bathing the tube and promoting lighting does
not help much, due to leaching of the fluids that wash out the
photosensitizer from the interest region. The tube itself must be
a photosensitizer. Among photosensitizers used so far, curcumin
is one of the most studied molecules with high antimicrobial
activity (38–40), showing three reactive functional groups (one
diketone moiety and two phenolic groups) (41). The curcumin
antibacterial effects are related to ROS production and intra-
cellular accumulation, causing irreversible bacterial cell mem-
brane damage, leading to cell death even in biofilms form (42).
Based on this knowledge, the aim of this study is focused on

the development of an efficient chemically bonded photosensi-
tizer to the ETT, introduced in the airway, promoting PDT with
reduction/elimination of biofilm formation in orotracheal in-
tubation to prevent the lungs from infections, overcoming
presently posed limitations. Here, we report the chemical
functionalization of commercially available polyvinyl chloride
(PVC)-based ETT with curcumin photosensitizer and demon-
strate the potentialities of its practical use. Spectroscopic and
mechanical characterization of the curcumin-functionalized en-
dotracheal tube (ETT-curc) has shown the maintenance of its
required properties and allowed to investigate the mechanism of
action of microorganism’s inactivation at the ETT surface. An-
timicrobial activity and biofilm inhibition by the ETT-curc were
evaluated against Gram-negative bacteria (Pseudomonas aerugi-
nosa and Escherichia coli) and Gram-positive bacteria (Staphy-
lococcus aureus). Finally, this functionalization is performed with
an entirely safe and innocuous substance that does not provide
any significant modification of the ETT properties, and the

presence of the organism does not constitute any risk for
the patients.

Results
Preparation of Curcumin-PVC–Based Endotracheal Tube. The ETT
system is in permanent contact with the air track’s liquids.
Considering that biofilms formed both on the outside and inside
the tube, the polymer surface’s chemical functionalization with
photosensitizing molecules constitutes the best approach for the
preparation of photoactivated ETT, as shown in Fig. 2. More-
over, this approach prevents the continuous washing of the
photosensitizer, which is a crucial issue for its long-living action.
This study started with the linkage of the curcumin photo-

sensitizer onto clinically approved ETT (Fig. 3A) made by PVC.
First, the chemical stability was evaluated in different organic
solvents at several temperatures. For that, the ETT was divided
into small fragments, which were introduced in a different flask
containing organic solvents, such as 1,2-dimethoxyethane
(DME), dichloromethane (DCM), ethyl acetate (EtOAc), tet-
rahydrofuran (THF), and dimethyl sulfoxide (DMSO) within a
temperature ranging from 30 °C to 50 °C (SI Appendix, Table
S1). Then, optimization studies, at a small scale, were performed
to promote the covalent linkage of curcumin to PVC-based ETT.
From the macroscopic structural analysis of the ETT, it was
concluded that the most efficient approach was the one that used
DMSO as solvent and Cs2CO3 base, an under inert atmosphere,
along 4 h (Fig. 2). The final solution’s ultraviolet-visible
(UV-Vis) measurements determined the indirect quantification
of the amount of functionalized curcumin compared with a
standard 0.5% curcumin solution. A homemade reactor was
developed (SI Appendix, Fig. S1) to carry out the functionaliza-
tion of PVC-based ETT with curcumin. The images of the clin-
ically available ETT and the ETT-curc are presented in Fig. 3 A
and B, respectively.

Characterization of ETT-curc. ETT-curc was characterized by UV-
Vis fluorescence emission spectroscopy. The fluorescence emis-
sion spectrum, acquired from the outside surface of the ETT-
curc and presented in Fig. 4, showed the steady emission band at
550 nm, typical of curcumin photosensitizer.
FT-IR spectroscopy was then used to characterize the small

pieces of the ETT-curc compared with curcumin and non-
functionalized ETT material (SI Appendix, Figs. S2 and S5). The
FT-IR spectrum of curcumin showed characteristic vibrational
peaks at 3,509 cm−1 (hydroxyl group -OH), 1,600–1,650 cm−1

(C = O), 1,509 cm−1 (C = C ethylene), and 1,250 cm−1 (C-O-C
group ether). The spectrum of ETT-curc presented similar peaks
at 3,506 cm−1 (hydroxyl group -OH), 1,600–1,650 cm−1 (C = O),
1,512 cm−1 (C = C ethylene), and 3,432 cm−1 (water), which
corroborated with the presence of curcumin on ETT-curc. The
saddle shift between the pure curcumin spectrum with the ETT-
curc indicates the molecules’ chemical bond to the polymer
surface. Moreover, the shift and shape modification on the OH
group vibration (3,510 cm−1) and the C = O vibration
(1,628 cm−1) are indicative of the chemical bond between cur-
cumin photosensitizer and the polymer surface (43).

Fig. 1. Representative diagram of ETT positioning. Contact is made by the
cuff located at the lower end, allowing the action of the breathing machine.
At this point lies the critical part of accumulation of contaminated liquids
and the formation of biofilms that lead to infections.

Fig. 2. Scheme of the covalent linkage of curcumin photosensitizer onto PVC-based ETT.

2 of 7 | www.pnas.org/cgi/doi/10.1073/pnas.2006759117 Zangirolami et al.

D
ow

nl
oa

de
d 

at
 B

IN
 8

13
9 

IF
S

C
F

 o
n 

A
ug

us
t 3

1,
 2

02
0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006759117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006759117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006759117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006759117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2006759117


To analyze the physical structure of the ETT-curc and evalu-
ate the efficiency of the ETT surface covering with the curcumin,
scanning electron microscopy (SEM) was performed before and
after the functionalization process on the ETT-curc surface
(Fig. 5 A and B), respectively. As expected, the microscopy image
of the nonfunctionalized ETT (Fig. 5A) is similar to those pre-
viously reported in the literature (44). In contrast, ETT-curc
clearly shows the presence of the curcumin photosensitizer on
the ETT surface without altering its global physical structure
(Fig. 5B). It should be noted that preserving the original tube’s
quality is of fundamental importance for an application. More-
over, the presence of curcumin in the ETT-curc whole area
guarantees that no biofilm misses the action of the photo-
activated curcumin. That is an essential characteristic to guar-
antee the efficiency of microorganism’s elimination on ETT.-
6354777740000 Besides, both ETT and ETT-curc were submit-
ted to tensile tests to evaluate the mechanical properties main-
tenance after the functionalization procedure (SI Appendix, Fig.
S3). Each tube was subjected to a force (axial direction of the
ETT) that tended to move them to rupture. Fig. 6 shows the
tensile stress (MPa) vs. tensile strain (%) of ETT (black) and
ETT-curc (red). Two ETT and three ETT-curc were analyzed,
and the obtained values of the tensile strain 285 and 286 for ETT
and 231, 236, and 263 for ETT-curc can be considered as not
compromising the mechanical properties of the ETT.
The quantification of functionalized-curcumin onto ETT was

calculated by UV-Vis, following the Beer–Lambert law, where
the absorbance values of the initial and final reaction medium
and washing solutions were measured. The difference in initial
concentration and final concentration plus the washing solutions
gave a calculated percentage of 0.5% of linked curcumin. Finally,

the stability of the ETT-curc, under a range of pH values (2.0,
4.5, 7.0, 8.0, and 10.0), mimicking the biological systems, was
analyzed by UV-Vis absorption spectroscopy, recorded at dif-
ferent times (0 h, 6 h, 12 h, 24 h, 48 h, 168 h, 408 h, and 576 h),
and data are presented in SI Appendix, Fig. S4. From the analysis
of the UV-Vis spectra, it was concluded in this range of pH, the
presence of curcumin or degradation products in solution was
not observed in any case simulating situations corresponding to
pulmonary acidosis and alkalosis.

In Vitro Antimicrobial Activity Tests. To evaluate the potential an-
timicrobial of the ETT-curc, in vitro tests were performed using
different bacterial strains (S. aureus, E. coli, and P. aeruginosa) in
the inner and outer surfaces of small pieces of ETT and ETT-
curc. After contamination, each set of 1-cm pieces was sub-
divided into two groups: the first group was placed in the dark
and the second group was irradiated inside and outside with
450-nm light (70 mW/cm2), and a fluence rate of 50 J/cm2 (il-
lumination for 12 min). After illumination, the number of mi-
croorganisms remained in the tube was evaluated. The resulted
data are presented in Fig. 7. When compared to the original
ETT, all conditions led to a significant decrease in bacterial
colonies. PDT action represented by the ETT-curc with light
showed a significant microbial reduction, demonstrating the
proof of principle proposed. The question concerning the fact
that the functionalized surface has an equivalent effect as the
free molecules in contact with microorganisms was confirmed.
The functionalized surface promotes photodynamic action for
microbial control at an acceptable level. The results indicate a
single application of light, a microbial reduction of about 95%
for S. aureus, 72% for E. coli, and 73% for P. aeruginosa, com-
pared with the control. The PDT groups are statically different
from the control groups (P < 0.05). Such a reduction, with a
single illumination, is a quite promising result, which might be
even better if the illumination is repeated. In a second in vitro
experiment, the continuous growth of the biofilm after illumi-
nation was simulated. Considering that the ETT installed in
patients is in constant exposure to bacterial species and an ideal
nutritional and environmental conditions for pathogenic strains
development is present, an in vitro simulation of this scenario,
together with the treatment proposed in this study, was per-
formed. The results are presented in Fig. 8. The ETT-curc
containing bacterial biofilm (S. aureus) was irradiated, at
50 J/cm2, (once every 24 h) and evaluated along 6 d. After each
illumination, ETT-curc returned to optimal microbial growth
conditions. In Fig. 8, it is shown that PDT reduced the number of
bacterial colonies present in ETT-curc after each therapy ses-
sion, although ETT-curc continues in this microbial multiplica-
tion environment. It was also shown that ETT-curc remains
active after six PDT sessions with 23.76% microbial reduction.
The PDT groups of days 1, 2, and 5 are statically different from
the control groups. This simulation system allowed us to evalu-
ate the possibility of implementing repeated or continuous

Fig. 3. (A) PVC-based ETT. (B) ETT-curc. The yellowish color of the surface indicates the presence of curcumin.

Fig. 4. Fluorescence spectrum on the outside surface of the ETT-curc.
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illumination without degradation of the photosensitizer immo-
bilized onto ETT. Besides the fluctuations, the ETT-curc, with-
out illumination, shows a prevalence of 85% (average) of the
biofilm along the days when compared with control (ETT alone).
The functionalized surface without light has a small effect on the
growth, consistent with a day experiment. However, the use of
the ETT-curc, with illumination, provided around 40% of the
control, demonstrating a considerable reduction in biofilm
formation.

Bacterial Biofilm Formation. The experiment was designed to
evaluate the biofilm’s kinetics developed on the ETT without
and with curcumin over time. The bacterial biofilm developed in
ETT and ETT-curc in different times. After the contamination,
the light groups were washed twice with a phosphate-buffered
saline (PBS) solution and submitted to PDT with the Biotable
device. Each experiment had three repetitions, and the groups
were: 1) only bacteria on the ETT, and 2) bacteria with PS
functionalized on ETT. The methodology is described in SI
Appendix, Fig. S6. The light doses each group received are de-
scribed at SI Appendix, Table S2.

Fiber Illumination on ETT-curc. In SI Appendix, Fig. S7, we show the
way that ETT-curc is illuminated via a cylindrical diffuser fiber,
placed inside the tube. To demonstrate that the minimum anti-
microbial threshold dose is reached inside and outside the ETT-
curc, diffused light intensities from inner-out were measured (SI
Appendix, Fig. S8).

Discussion
The main goal of this work was to functionalize a clinically ap-
proved ETT with a curcumin photosensitizer. We deliberately
avoided changing EETs to make them more amenable to surface
functionalization. The procedure developed can be applied to
existing ETTs made of PVC. The light can penetrate the mi-
crobial biofilm considering its thickness, and the PVC does not
absorb at 450 nm. We first address the reaction conditions to
optimize the functionalization process regarding the solvent
used, temperature, and reaction time.
The nucleophilic substitution reaction of the PVC-chlorine

atom by the hydroxyl group of curcumin was strongly depen-
dent on the reaction conditions: solvent, base, temperature, and
reaction time. All of the other tested reaction conditions led to a
significant physical variation of the ETT that was attributed to
the removal of the plasticizers and ink dyes. The solid Cs2CO3
revealed to be the most appropriate and easily removed inor-
ganic base, capable of generating the curcumin anion nucleo-
phile necessary to promote the chlorine atom substitution
reaction to generate the desired covalently linked curcumin to
the ETT tube.
Different types of antimicrobials coatings on endotracheal

tube surface to avoid VAP have been reported, e.g., gendine
(10), silver sulfadiazine (12), silver (13–16), silver sulfadiazine/
chlorhexidine (17), gentamicin (18), silver-palladium-gold (19),
rose Bengal (11), and methylene blue. Most of them presented
some antibacterial effect, but showed limitations such as: 1) lack
of detailed and precise toxicity information of silver for human
treatment; 2) risk of accumulation of silver in the body leading to
heavy metal toxicity; 3) possibility of bacteria resistance forma-
tion along the time; 4) some results reported with silver as
coating did not show decrease of bacterial colonization when
compared to commercial ETT (silver free). Gendine (a combi-
nation of chlorhexidine and gentian violet) was applied as an
antimicrobial coating (10), but the authors did not present any
physical and chemical characterization, leaching, and stability
evaluation. Regarding the PDT systems used, studies reported
the application of rose Bengal (11) and methylene blue as pho-
tosensitizers. When methylene blue was reported, the authors
described a different PDT protocol compared to us since they
delivered the photosensitizer by spray into the lumen of the ETT,
which may occur leaching. A bacterial photoinactivation was
observed for the study that rose Bengal was applied (11), but a
lack of experimental details (light dose used, physical and
chemical characterization, coating procedure) was also observed.
Herein, we described a stable functionalization of a commer-

cial PVC-based endotracheal tube with curcumin, a natural and
nontoxic photosensitizer. From the analysis of Fig. 7, we can
conclude that the ETT-curc having the surface modified with
covalently linked curcumin, under dark conditions, clearly de-
crease the bacterial adhesion and biofilm formation on surface
ETT. These results are in agreement with the literature (45),
where it has been demonstrated that biofilm architectures

Fig. 5. SEM of ETT (A) and ETT-curc (B). The sample with curcumin shows good covering of the surface.

Fig. 6. Stress-strain curves for PVC-based ETT (black) and ETT-curc (red).
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determine the relative strength of the mechanical cell-cell at-
traction and repulsion forces. In this study, the presence of
curcumin photosensitizer attached to the ETT may produce an
alteration in the mechanical cell-cell forces, with consequent
modifications and reduction of biofilm formation.
These results point out that typical ROS formation by curcu-

min in the planktonic medium is also observed in this S. aureus
bacteria biofilm destruction, using the ETT-curc device. Based
on these results, we conclude that electrostatic repulsions be-
tween photosensitizer molecules and the biofilm polysaccharides
structure might contribute to biofilm restructuring and cell
death. Furthermore, based on these results, we hypothesize that
biofilm architectures are primarily determined by the relative
strength of the active mechanical cell-cell attraction and repul-
sion forces. To apply this principle in clinical cases, a balance
between the rate of biofilm formation versus the rate of bacterial

inactivation by PDT action should be considered. The data
obtained in this work provide an essential tool to rationalize the
ideal conditions for the optimization of such balance. If we
imagine that the inhibition rate by constant illumination exceeds
the biofilm formation rate, it is possible that the system does not
accumulate colonies and have no chance of deleterious biofilm
formation. However, when no lighting is used, that balance will
be destroyed, allowing the film’s growth to surpass the rate of
destruction (Fig. 9).
This type of bio-based material may have many applications in

the future. We demonstrate that the nucleophilic substitution of
chlorine functionalized PVC with curcumin is an efficient ap-
proach to prepare photosensitizer-functionalized endotracheal
tubes. The curcumin-functionalized endotracheal tube charac-
terization by infrared spectroscopy, fluorescence spectroscopy,
SEM, and tensile tests corroborated the effective functionaliza-
tion of the curcumin onto the PVC-based endotracheal tube.

Fig. 7. Photodynamic inactivation of bacterial species S. aureus (A), E. coli (B) and P. aeruginosa (C) in biofilms contained in ETT and ETT-curc, before and
after being submitted to total light dose of 50 J/cm2 (n = 9, error bar = SD and P < 0.05).

Fig. 8. Evaluation of PDT sessions along 6 d for ETT (solid columns) and ETT-
curc (diagonally striped columns). The total light dose of each group is 50 J/
cm2 multiplying by the number of days (n = 9, error bar = SD and P < 0.05).

Fig. 9. Number of cells in the ETT and ETT-curc groups illuminated over
time. The lines are merely visual references to observe the tendency of the
points (n = 7, error bar = SD and P < 0.05).
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ETT-curc shows a robust photodynamic inactivation under blue
light activation (at 450 nm) against E. coli (72%), S. aureus
(95%), and P. aeruginosa (73%). Furthermore, no degradation
and leaching were observed for curcumin-functionalized endo-
tracheal tube under a range of pH (2.0, 4.5, 7.0, 8.0, and 10.0).
The findings described herein allow us to foresee the significance
of this type of photosensitizer-functionalized materials in many
applications. It can significantly reduce the number of deaths
from hospital-acquired infections caused by multidrug-resistant
bacteria.

Materials and Methods
Preparation of ETT-curc. A handmade reactor (SI Appendix, Fig. S1), with an
appropriate size, was designed to perform the complete ETT homogeneous
functionalization. The ETT was placed inside the reactor, and several cycles
of vacuum/N2 gas were performed. Curcumin (4.95 mg/mL) and Cs2CO3

(24.8 mg/mL) solution was introduced into the reactor via cannula, for 4 h, at
30 °C, under an inert atmosphere after the tube was washed and tested (SI
Appendix, Experimental Procedures).

Biofilm Photodynamic Inactivation. In vitro tests with inhibition of biofilm
formation of the functionalized ETT-curc in absence and presence of illu-
mination were performed using the ETT as a control experiment. A pre-
inoculum of S. aureus, E. coli, and P. aeruginosa strains was prepared with
brain heart infusion (BHI) along 15 h. After this period, the bacterial cells
were washed twice with phosphate buffer, and 100 μL of each inoculum
solution was added to a 24-well plate containing 900 μL of BHI medium and
pieces (1 cm) of the ETT and ETT-curc. To allow the bacterial biofilm

formation around the ETT, they were incubated for 24 h at 37 °C. After
removing the planktonic cells by washing all of the ETT with PBS, the ETT
was separated into four groups. First, the biofilms formed in the surface of
the control (ETT) and functionalized ETT-curc without illumination were
removed with PBS from the ETT surface via mechanical stirring. Then, each
solution diluted with PBS and the colony formation unity method per-
formed, and the corresponding colony number in Fig. 7 for S. aureus, E. coli,
and P. aeruginosa. The groups’ control ETT and functionalized ETT-curc were
irradiated inside and outside, with 450-nm light-emitting diode light under a
total light dose of 50–350 J/cm2 on each side (SI Appendix, Table S2). After
the illumination, the biofilms were removed using PBS from the ETT surface
under conditions described above, and each solution was diluted again with
PBS, and the corresponding colony number presented in Fig. 7 with controls
and tests presented in orange and red, respectively. Bacterial biofilm for-
mation and statistical analysis details are presented in SI Appendix,
Experimental Procedures.

Data Availability. All study data are included in the article and SI Appendix.
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