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A B S T R A C T

The impressive increase in antimicrobial resistance has required the development o alternative treatments that
act on multiple non-specic molecular targets and are eective against a broad range o microorganisms.
Antimicrobial Photodynamic Therapy (aPDT) is based on microbial inactivation rom oxidative stress and rep-
resents an important tool or inactivating microorganisms with low risk o resistance selection. Thereore, our
research group has been devoted to demonstrating its eectiveness against pathogens that cause pneumonia, one
o the most lethal inections worldwide. Previous studies reported the eciency and saety o an in vitro pho-
toinactivation protocol or Streptococcus pneumoniae and the delivery o inrared light (external illumination) and
photosensitizer (PS) in an animal model. However, the in vivo inactivation o microorganisms still poses chal-
lenges due to the presence o lung suractant (LS), which traps PSs, preventing them rom reaching the microbial
target. This study investigated dierent approaches such as use o emulsiers, perfuorocarbon, oxygen nano-
bubbles, and copolymer towards overcoming LS and optimizing aPDT response. The most promising strategy
consisted in combining indocyanine green (ICG) with GantrezTM AN-139 - a Polyvinyl Methyl Ether/Maleic
Anhydride copolymer (PVM/MA) – showing high microbial inactivation and saety or human lung epithelial
(A549) and broblast (MRC-9) cell lines. The in vitro experiments provided an alternative to overcome the
limited PS distribution through LS and will serve as the basis or in vivo studies.

1. Introduction

Lower respiratory tract inections (LRTIs) are the th leading cause
o death worldwide, with pneumococcal pneumonia accounting or
nearly 60 % o cases and resulting in approximately 2.2 million deaths in
2021. This inection represents a signicant medical and economic
burden due to the costs associated with prolonged hospitalization and
long-term consequences, such as potential reductions in lung unction
and recurrence o secondary inections [1–3]. The situation is alarming
due to the rapid emergence o new resistant microorganism strains and
the limitation o pharmaceutical companies to develop new therapeutics
in short time, highlighting the urgent need or approaches with broad
applicability [4]. Among such approaches, antimicrobial photodynamic
therapy based on the combination o a photosensitizer, light, and

oxygen, stands out. When illuminated at an appropriate wavelength and
in presence o molecular oxygen, the photosensitizer is activated, lead-
ing to the ormation o reactive oxygen species (ROS) that cause cell
death [5,6]. Its advantages include a broad spectrum o action, double
selectivity (PS and light can be administered locally), non-invasive na-
ture, and no cumulative toxic eects. Moreover, one o the most relevant
aspects in the context o this study is the low probability o selecting
resistant microorganisms [7,8]. The promising recent reports o aPDT
breaking down the resistance o some bacteria species have also justied
its development or a possible treatment combined with antibiotics [9,
10].

Over the past ten years, our research group has proposed using aPDT
or lung disinection (Fig. 1) and reported ICG-mediated aPDT can
inactivate S. pneumonieae in vitro while preserving RAW 264.7 murine
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macrophages [11]. Later and in a murine model, Kassab et al. demon-
strated nebulization successully delivered photosensitizers to the res-
piratory tract [12]. Tovar et al. used an ex vivo pig thoracic carcass model
to demonstrate the easibility o external illumination and showed ICG
activation and S. pneumoniae inactivation upon external illumination
[13]. aPDT has also been proposed or the treatment o other
pneumonia-causing pathogens, including those on the World Health
Organization (WHO) priority list or which new antibiotics are urgently
required due to increasing microbial resistance. Those include S. aureus
(methicillin-resistant), K. pneumoniae (multi-resistant), and P. aeruginosa
(multi-resistant), which have shown susceptible to photodynamic inac-
tivation through dierent PSs (e.g., porphyrins, toluidine blue, ICG,
methylene blue, among others) in in vitro studies [14–18].

Despite the great potential o the photodynamic inactivation o those
pathogens in vitro, its in vivo implementation aces some challenges due
to the complexity o the alveolar microenvironment and components
such as lung suractant (LS), an intricate mixture o phospholipids and
proteins produced by type II alveolar pneumocytes, covering the entire
alveolar surace [19]. Its main unctions are to reduce surace tension,
prevent the collapse o the alveoli during exhalation, and act as a pro-
tective barrier against contaminants that may enter the alveoli envi-
ronment [20,21]. Recent discoveries rom our group have shown the
lower eciency o aPDT in presence o LS is due to the high anity o
PSs or the polar heads o phospholipids. Such a strong interaction has
been demonstrated through molecular dynamics simulations, which
have indicated LS traps PSs, limiting its binding to the bacterial wall. In
vitro studies have shown a low concentration o clinical lung suractant
Survanta® is sucient to inhibit the antimicrobial activity o aPDT in
vitro with the use o several PSs such as indocyanine green, photo-
ditazine, bacteriochlorin-trizma, and protoporphyrin IX [22]. The only
photosensitizer that maintained its action was methylene blue (MB) – 
however, its absorption at ~670 nm limits the light penetration into the
tissue [23]. The pathology and inectious nature o pneumonia require a
search or the least invasive treatment, and the use o external inrared
lighting appears to be the most suitable.

Recognizing pneumonia as one o the most signicant global public
health challenges and given the urgent need or new treatments that are
eective against a broad range omicroorganisms and do not contribute
to resistance, this study investigated several physicochemical ap-
proaches (e.g., use o perfuorocarbon compounds, association o ICG
with oxygen nanobubbles, emulsiers, and copolymers) towards
improving the aPDT response by acilitating permeation through the
lung suractant barrier. The entire path to the most promising solution is
discussed and explored in this paper.

2. Materials and methods

2.1. Photosensitizer, lung suractant, and light source

Indocyanine green 1.3 mM (Ophtalmos, São Paulo, Brazil) was pre-
pared in sterile water on the same day o each experiment and lung
suractants Survanta® (AbbVie, North Chicago, USA) and Curosur®

(Chiesi, Parma, Italy) were used at a nal concentration o 5 % (v/v), at
which the photodynamic action o several photosensitizers is inhibited
[24]. A stock solution was prepared or the tests with dipalmitoyl-
phosphatidylcholine (DPPC) (Lipid Ingredients, Ribeirão Preto, Brazil)
considering its concentration in Survanta® (11–15.5 mg/mL) [25] or
achieving a nal concentration o 0.1 to 20 % (v/v). Illumination was
perormed ater the photosensitizer incubation (rom 0 to 40 min) by a
LED-based system with emission at 808 nm and 60 mW/cm2 irradiance
(gure S1). The delivered fuence was 20 or 40 J/cm2.

2.2. ICG combined with emulsiers and perfuorooctyl bromide

Emulsiers Pluronic® F-127 (Sigma Aldrich, Saint Louis, USA),
Tween® 80 (Êxodo Cientíca, Sumaré, Brazil), Sodium Dodecyl Sulate
(SDS) (Acros Organics, Geel, Belgium), and Sodium Cholate (Sigma
Aldrich, Saint Louis, USA) were added to the experimental medium
containing LS and bacteria 30 min prior to the addition o ICG at 0.01 to
1 % nal concentrations.

Formulations with perfuorooctyl bromide (PFOB) (Oakwood
Chemical, Estill, USA) were prepared with Pluronic® F-127 and Tween®
80. The masses or volumes o those emulsiers were aliquoted according
to the working concentrations (0.03, 0.05, and 0.07% (w/v) or Pluronic
and 0.1, 0.5, and 1 % (v/v) or Tween) and PFOB was added (70 % (v/
v)). The sample was vortexed and the ICG solution was then added and
stirred again. The ormulations were used immediately.

2.3. ICG associated with oxygen nanobubbles

The association o ICG with oxygen nanobubbles (ICG-NBs-O2) ol-
lowed the methods described by Yang et al. [26]. A hermetically sealed
vial was lled with 2 mL o water and saturated with oxygen, ensuring
an oxygen-rich atmosphere or the obtaining o ree oxygen nano-
bubbles. Subsequently, a medical syringe containing 3 mL o oxygen was
connected to the vial and oxygen nanobubbles were ormed through
periodic adjustments in the internal pressure, promoting the creation
and stabilization o the structures. The ICG solution was careully added
to the system containing those nanobubbles. The process triggered the
sel-assembly o ICG-NBs-O2, eectively acilitating the incorporation o
ICG into the oxygen nanobubbles, as described in the literature.

2.4. ICG and PVM/MA ormulations

Polyvinyl Methyl Ether/Maleic Anhydride copolymer (PVM/MA)
powder (GantrezTM AN-139, Ashland, Wilmington, USA) was diluted in
Milli-Q water (at 30 % (w/v) concentration), vigorously mixed and
heated in an oven at 95◦C or the gel ormation through hydrolysis o the
anhydride groups o the polymer into carboxylic acids. 3, 4, and 5 % (w/
v) solutions were then prepared by diluting the stock solution with Milli-
Q water. ICG solution (155 uL, 1.3 mM) or Mili-Q water (or tests using
only the polymer) was added, totaling 1 mL o ormulation volume. The
samples were centriuged at 3500 rpm or 10 min to ensure complete
homogenization and bubble removal. The nal polymer concentrations

Fig. 1. Schematic representation o the proposed procedure or treating pneumonia through photodynamic action. First, the patient is diagnosed with pneumonia
and then a photosensitizer is administered through nebulization. The patient is subsequently exposed to external near-inrared irradiation that activates those
molecules in the lungs, reducing the inection load. (Figure created by www.reepik.com).
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in the experiments varied between 0.15 and 0.25 % (w/v) and the ICG
concentration was set at 10 µM. In addition to the tests employing ICG
and PVM/MA in ormulation, these components were studied separately
– the polymer was added to the medium containing the bacteria and LS
10 60 min beore the addition o ICG, ollowed by 20 min o incubation
and subsequent irradiation.

2.5. Bacterial inactivation assays

The experiments were conducted with Streptococcus pneumoniae
strain (ATCC® 49619TM). The bacteria were incubated in Brain Heart
Inusion (BHI) at 37 ◦C, 5 % CO2, or 4 to 5 h to reach the log phase. The
inoculum concentration was then adjusted to approximately 5 × 107
CFU/mL and distributed in 96-well plates (2.5 × 106 CFU/well). The
ormulations with ICG or ree ICG and Curosur®/Survanta® (in specic
groups) were added, reaching the nal concentrations o 10 µM and 5 %
(v/v), respectively. The samples were incubated at 37 ◦C in the dark or
0 to 40 min and subsequently irradiated, serially diluted, cultured on
blood agar, and incubated at 37 ◦C or approximately 18 to 24 h or
colony counting. Preliminary experiments were conducted on one
occasion in triplicate (n = 3) and the remaining ones (with PVM/MA)
were carried out on three separate occasions in triplicate (n = 9).

2.6. Measurements o optical properties and zeta potential

The absorption spectra o the ormulations and ICG or ree polymer
were obtained at concentrations o 0.15, 0.2, and 0.25 % (w/v), com-
bined or not with 5 % (v/v) o Survanta®, and the absorbance spectra
(Cary 50 Varian Bio UV Vis, Agilent, Santa Clara, USA) were acquired at
room temperature in the 300–1000 nm range. 780 nm λexcitation and
800–1000 nm λdetection were used or the fuorescence spectrum (Cary
Eclipse Fluorescence Spectrophotometer, Agilent, Santa Clara, USA).

The zeta potential was measured by Dynamic Light Scattering (DLS)
technique, via Zetasizer Lab (Malvern Panalytical). The concentrated
samples were diluted (1:20) in Milli-Q water and readings were per-
ormed in triplicate.

2.7. Cytotoxicity assay

The in vitro experiments were conducted in human lung epithelial
cells A549 (ATCC® CCL-185TM) and lung broblast cells MRC-9
(ATCC® CCL-212TM) related to (1) production o lung suractant and
(2) repair o damaged tissue and modulation o the immune response,
respectively [27,28]. A549 human cells were cultured in Ham’s F-12K
medium (Kaighn’s) and MRC-9 were cultured in EMEM (Eagle’s Mini-
mum Essential Medium), both o them supplemented with 10 % etal
bovine serum (FBS). In a 96-well plate, 10^4 cells were plated in each
well and incubated at 37◦C, 5 % CO2 or 18–24 h or each experiment.

The culture medium was then removed and the cells were incubated
with PVM/MA solutions (preparation with F-12K or EMEM medium
described in item 2.4) at 0.15, 0.2, and 0.25 (w/v) concentrations, i.e.,
the same used in microbiological assays, or 40 min in an incubator. The
polymer solution was removed rom the wells and washed with PBS. A
viability assay was then carried out with 3-[4,5-dimethyl-thiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT, Sigma Aldrich, Saint Louis,
USA).

The samples were incubated or 3 h with MTT, the reagent was
removed, and ormazan crystals were dissolved in 100 µL o DMSO in
each well. Thermo ScienticTM MultiskanTM (Waltham, USA) (or A549)
and Innite® M Nano Tecan (Männedor, Switzerland) (or MRC-9)
plate readers measured absorbance at 570 and 690 nm wavelengths.
Absorption at 570 nm was subtracted rom absorption at 690 nm
(background), then normalized by absorption o the control condition
(untreated cells). The experiments were conducted on three separate
occasions, in sextuplicate (n = 18).

2.8. Data processing and statistical analysis

All data were processed by Origin 2022b. The statistical analysis was
perormed with one-way ANOVA (Analysis o Variance) and Tukey’s
post-hoc at 5 % signicance level (p < 0.05) or experiments with n ≥ 9.
A smoothing processing by Savitzky–Golay method was applied to
absorbance and fuorescence data or reducing noise.

3. Results and discussion

3.1. Use o emulsiers and ormulations with PFOB

Kassab et al. [22] reported aPDT mediated by dierent photosensi-
tizers was inhibited by the presence o lung suractant. According to
molecular dynamics simulations, dipalmitoylphosphatidylcholine
(DPPC), the most abundant phospholipid o the suractant, is the main
responsible agent or trapping ICG, preventing this PS rom reaching the
bacterial target. Thereore, an in vitro study conducted by our group
evaluated the eect o DPPC concentration on the aPDT response
(Fig. 2), observing a marked eect on the bacteria inactivation, ranging
rom 5 log10 reduction (ICG only group) to no reduction when 20 % o
phospholipid were applied. Since a 20 % concentration corresponds to
2.65 mg/mL o phospholipids, which is signicantly lower than the
concentration observed in the alveoli o adult mammals (~50 mg/mL)
[29], the alveolar microenvironment certainly limits the aPDT response.

Emulsiers o dierent natures - Pluronic F-127 and Tween (non-
ionic), SDS and sodium cholate (ionic) were used or permeabilizing the
phospholipid organization o LS and enhancing ICG diusion [30,31].
Such compounds are reported to disaggregate photosensitizers and in-
crease their internalization by microorganisms, thus improving aPDT
[32,33]. However, the results in Fig. 3 show none o the concentrations
studied promoted microbial reduction in aPDT groups and SDS and so-
dium cholate are toxic in the dark (0 J/cm2) starting at 0.1 and 1 %
(w/v), respectively.

Another approach investigated consisted o the use o per-
fuorocarbons (PFC), such as perfuorooctyl bromide (PFOB), which has
high solubility o oxygen (an advantageous characteristic or PDT) and
carbon dioxide, high spreading coecient, low surace tension and
viscosity, which enables its fowing through extremely narrow airways
[34,35]. Previous studies with vasoactive drugs [36], antibiotics [37,
38], and plasmids [39,40] have reported PFCs are eective vehicles or
drug delivery throughout the lung. However, those compounds have
hydro-lipophobic characteristics, which make them quite immiscible

Fig. 2. Infuence o dipalmitoylphosphatidylcholine (DPPC) concentration on
the photodynamic inactivation o S. pneumoniae with the use o ICG (10 µM) (20
J/cm2, 20 min incubation) (n = 3).
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and require the use o emulsiers or obtaining ormulations. Tween®
80 and Pluronic® F-127 were used in dierent concentrations, with 70
% (v/v) o PFOB. The results are shown in Fig. 4.

Several studies have demonstrated the use o PFCs in aPDT is very
promising, mainly due to their intrinsic oxygen transport capacity
[41–43]. However, under the conditions adopted here, such capacity
was not considerable to promote desirable antimicrobial responses and,
due to its inert nature, PFOB may have neither interacted suciently
with ICG, nor provided it with mobility, leaving the molecule ree to be
captured by LS.

3.2. Use o oxygen nanobubbles

An alternative that emerged was the association o ICG with oxygen
nanobubbles (ICG-NBs-O2), considered interesting or increasing quan-
tum yield in the production o singlet oxygen o photosensitizers [26].

Thereore, with the use o that composition, it was believed that, even
with the limitation o molecular mobility, the ew ICG molecules that
reached the bacterial colonies would be sucient to inactivate them,
given the increase in the production o ROS. Fig. 5 shows the results -
although signicant, a 2 log10 reduction is below the one desired or the
treatment o the inection, according to the American Society o
Microbiology, which states any new approach must promote a 99.9 %
reduction in microbial load (or at least 3 log10) [44] to be considered
antimicrobial.

Studies that used oxygen nanobubbles employed mainly per-
fuorocarbons in their composition, since they are excellent carriers o
that gas. The simple association o PS with nanobubbles was reported
only by Yang et al. [26], who used them with ICG to overcome tumor
hypoxia, with great success in the treatment o oral cancer in an animal
model using PDT.

Thereore, the signicant challenge posed by LS becomes evident,

Fig. 3. Inactivation o S. pneumoniae using ICG (10 µM) in a medium containing emulsiers at dierent concentrations and 5 % (v/v) Curosur® (20 min incubation)
(n = 3).

Fig. 4. Photodynamic inactivation o S. pneumoniae using ormulations o ICG (10 µM) + PFOB (70 % (v/v)) combined with dierent concentrations o emulsiers
(0.1 to 1 % (v/v) Tween 80 and 0.03 to 0.07 % (w/v) Pluronic F-127) in a medium containing 5 % (v/v) o Curosur® (20 J/cm2, 20 min incubation). The ICG group
reers to the use o pure PS (n = 3).
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since several promising strategies or optimizing PDT or dierent ap-
plications have proven ineective in promoting considerable antimi-
crobial responses in an alveolar environment containing LS.

3.3. Combination o ICG with copolymers - a promising alternative or
successul lung aPDT

PVM/MA has been considered a versatile drug carrier with various
applications (e.g., production o dissolvable microneedles or skin cancer
treatment using PDT, as reported by our team [45]). Such copolymers
(PVM/MA) are biodegradable molecules o low toxicity, high biocom-
patibility and mucoadhesiveness, and low cost [46,47] and have been
widely used in ood, pharmaceutical, and oral care industries [48–50].

Since a small or no microbial reduction was observed in the ap-
proaches studied, the incubation time and fuence adopted in the initial

tests with PVM/MA were 40 min and 40 J/cm2, respectively, or
maximizing the interaction between the photosensitizer and the bacteria
and the treatment response (Fig. 6) [51,52]. The combination o 0.2 %
(w/v) o the polymer with ICG eradicated the microbial load - at this
concentration, the polymer alone is not toxic either in the dark, or when
irradiated (Figure 6(a)). On the other hand, at 0.25 % (w/v), it is
bactericidal (Figure 6(b) and (c)), indicating the 0.2 % (w/v) concen-
tration is the ideal one due to the bacterial death only in the aPDT group.
The narrow window o copolymer concentration possibilities between a
complete phototoxicity action o PVM/MA-ICG in relation to PVM/MA
seemed to be a limiting actor at rst in this proo o principle. However,
in an in vivo situation, such a condition must be severely expanded in
unction o the great responsiveness o the system as a whole. In act,
preliminary animal experiments indicated a much broader window in
that regard (data not shown), which will be explored in uture research,
with detailed reports o in vivo experiments

Additional tests with a 0.2 % (w/v) concentration checked whether
the same photoinactivation prole was observed with drug-light in-
tervals shorter than 40 min and with the standard light dose used in
previous studies (20 J/cm2) or optimizing the photoinactivation pro-
tocol. An optimized photodynamic inactivation protocol (phototoxic to
bacteria with minimum damage to the host) includes a 5 to 10 min in-
cubation period and an at least 3 log10 reduction in microbial load [44].
The data in Fig. 7 show ater 10 min, the reduction in microbial load is
complete; thereore, a 40-min incubation, as initially applied, is not
necessary, indicating ICG associated with the copolymer shows great
potential or lung decontamination.

In view o in vivo experiments, the eciency o the administration o
the polymer prior to ICG or microbial inactivation and the relation o
the mechanism involved to the association o the polymer with LS or
leaving ICG ree must be checked. The results in Fig. 8 show the intro-
duction o the polymer prior to ICG is not eective or bacterial reduc-
tion, indicating a previous connection between the two components is
essential or the success o the therapy. The presence o highly reactive
anhydride residues in the polymer provides this component with the
ability to bind to dierent nucleophiles. Thereore, PVM/MA must

Fig. 5. Photodynamic inactivation o S. pneumoniae using ICG-NBs-O2 (10 µM)
in a medium containing 5 % (v/v) Curosur® (20 J/cm2, 20 min incubation) (n
= 3).

Fig. 6. Antimicrobial eect o PVM/MA according to its concentration %(w/v) in a medium containing 5 % (v/v) o Curosur®: (a) combined with ICG (10 µM)
(aPDT, 40 J/cm2, 40 min incubation); (b) irradiated (40 J/cm2), and (c) in the dark (0 J/cm2) (n = 9). ns: not signicant (p > 0.05); ****p < 0.0001.
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develop a suciently strong interaction with ICG, protecting the PS
cargo and preventing it rom associating with the phospholipids o the
lung suractant, thus being available or interaction with the bacteria
and inactivating them ater irradiation [53,54].

Absorption and fuorescence spectra o ree ICG and ormulations
were obtained or a better understanding o that interaction. ICG in

ionized solutions, such as PBS, is known to have a high probability o
orming aggregates. The ree ICG spectrum shows a monomeric peak
centered at 780 nm and an H-aggregate peak at 705 nm. When ICG was
associated with PVM/MA, its spectroscopic properties changed, indi-
cating a connection between the photosensitizer and the polymer, with a
reduction and a broadening o the absorption peaks with a red shit
(Fig. 9). Such characteristics reveal ICG may be largely associated with
the polymer in its aggregated orm in that buer. The same spectral
behavior was observed by Kumari and collaborators [55,56] when
encapsulating ICG with poly-l-arginine and poly-l-lysine. They corrob-
orated the hypothesis by collecting fuorescence emission spectra, when
a decrease in intensity in relation to ree ICG could be attributed to
quenching caused by aggregation. The fuorescence emission spectra o
ree ICG and ormulations with PVM/MA are shown in Fig. 10, where a
reduction in the fuorescence emission o ICG when combined with the
polymer can be observed.

Regarding analyses in PBS with 5 % Survanta®, a strong decrease in
aggregation occurred rom the absorbance spectrum, with a prevalence
o monomers (Fig. 9), whereas the dierence in fuorescence between
the ormulation and ree ICG is signicantly smaller compared to the
spectrum obtained in PBS alone, with a red shit also occurring (Fig. 10).

Both absorption and fuorescence intensity decreased in all spectra
(with or without Survanta®) as the concentration o PVM/MA increased
in the ormulation – that was another indication o the polymer infu-
ence on ICG aggregation. The zeta potential (ZP) values (Table 1) also
support the hypothesis, since the values obtained or the ormulation
and or the polymer in modulus were lower than those or ree ICG. Zeta
potential is directly related to the stability o the solution, where typi-
cally, the most avorable values are above 30 mV in magnitude, since,
under these conditions, particles repel each other and resist aggregate
ormation [57]. Interestingly, such eects were not detrimental to the
photodynamic action, as demonstrated elsewhere, with excellent mi-
crobial reduction in presence o LS.

The polymer is believed to produce a type o photosensitizer olding,
providing a shield to the molecules, which now have mobility through
the suractant. The unolding o the polymer placing ICG molecules in
contact with the environment occurs ater a wide distribution
throughout the system and in the vicinity o bacterial colonies. There-
ore, due to the importance o the complexation between PS and the
polymer or the success o aPDT, both integrity and disposition o those
molecules ater the nebulization process (the intended route o admin-
istration) must be investigated. Challenges in unction o the consider-
able viscosity o the ormulation as the polymer concentration increases
are expected.

3.4. Cytotoxicity assays o PVM/MA

The toxicity o PVM/MA in health mammalian cells was measured in
lung epithelial (A549) and broblast (MRC-9) cell lines. MTT assays
were rst conducted with the most promising concentration or

Fig. 7-. Infuence o incubation time on the photodynamic inactivation o
S. pneumoniae with the use o 0.2 (w/v) PVM/MA + 10 µM ICG and 20 J/cm2 in
a medium containing 5 % (v/v) o Survanta® (n = 9); **p < 0.01; ****p
< 0.0001.

Fig. 8. Eect o addition o PVM/MA (0.2 % (w/v)) prior to the addition o ICG
(10 µM) at 10 and 60 min intervals on aPDT, in a medium containing 5 % (v/v)
o Survanta® (20 J /cm2, 20 min incubation) (n = 6); ns: not signicant (p >

0.05); *p ≤ 0.05.

Fig. 9. Absorption spectra o both ormulation and ICG and ree polymer in PBS with or without 5 % Survanta®.
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microbial inactivation (0.2 % (w/v) or 2 mg/mL), which, according to
Fig. 11, does not cause cytotoxicity to the cell lines studied.

Souza et al., [58] observed no reduction in A549 viability or dis-
charged PVM/MA nanoparticles (polymer only) at 150 µg/mL concen-
tration even ater 72 h incubation. Similar results in Caco2 cell line
incubated or up to 72 h with PVM/MA nanoparticles at 2 mg/mL
concentration were reported by Ojer et al. [59]. On the other hand,
toxicity showed to be time-dependent or HepG2 – no reduction in cell
viability with up to 48 h incubation was observed or 1 mg/mL; how-
ever, above 72 h, viability showed an around 80 % reduction. Muehl-
mann et al. [60] assessed a higher concentration (7.2 mg/mL), but with
shorter incubation time (15 minutes) and reported no reduction in the
viability o 4T1, NIH/3T3, MCF-7, and MCF-10A cell lines.

The results show the importance o evaluating cytotoxicity at
dierent concentrations and incubation times – such parameters will be
the target o subsequent studies involved in this research.

Although some studies still must be conducted or complementing
the understanding o those copolymers in lung tissues, advancements
have been made towards overcoming LS and enabling pulmonary aPDT
with the use o ICG, a PS well established and studied, and PVM/MA, a
highly biocompatible polymer.

4. Conclusions

According to the results, the use o perfuorocarbons, emulsiers,
and oxygen nanobubbles is not eective or overcoming the lung

suractant barrier or the success o aPDT. However, the combination o
10 µM o ICG with 0.2 % (w/v) o PVM/MA—a polymer that has proven
highly eective or PS delivery—led to the eradication o the microbial
load o S. pneumoniae. Spectroscopic analyses revealed the complexation
o those components, with spectral band broadening and decreased
fuorescence o PS compared to its ree orm. Regarding the toxicity o
PVM/MA or human lung cells, MTT assays showed no reduction in cell
viability, indicating high biocompatibility o the polymer. The results
indicate the potential o PVM/MA as a drug delivery vehicle to the lungs,
enabling the transposition o the lung suractant, and a promising so-
lution or the success o aPDT in the treatment o pneumonia. The next
steps in this research will ocus on transerring the inactivation protocol
proposed to an animal model.
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Fig. 10. Fluroescence spectra o both ormulation and ICG and ree polymer in PBS with or without 5 % Survanta®.

Table 1
Zeta potential o the polymer, ree ICV, and ormulation.
Sample Zeta potential (mV)

0.2 % (w/v) PVM/MA -5.2 ± 0.2
10 µM ICG -23.8 ± 4.3
0.2 % (w/v) PVM/MA - 10 µM ICG - 20.8 ± 1.3

Fig. 11. Cell viability o MRC-9 and A549 lines ater incubation or 40 min with 0.2 % (w/v) PVM/MA. MTT assay was perormed immediately ater incubation.
Results presented in % in relation to the control (n = 18). ns: not signicant (p > 0.05).
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