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Abstract

This study aimed to investigate photobiomodulation (PBM) by infrared LED lights as a non-invasive treatment for respira-
tory distress syndrome in premature and mature newborns, utilizing mature human lung epithelial alveolar cells as a model
system. Human lung epithelial alveolar cells were irradiated using liquid-cooled infrared LED setups. Experiments were
conducted with three wavelengths (660, 830, 940 nm), two light powers (30, 60 mW), and four energy levels (3, 5, 10, 15 J/
cm?), with exposures at 24, 48, and 72 h. Each experiment was repeated three times. Statistical analysis was performed using
one-way ANOVA via GraphPad Prism software, with p < 0.05 considered significant. PBM significantly increased surfactant
protein levels. Specifically, 660 and 830 nm wavelengths led to over a 50% increase in Surfactant Protein A. Combined
830 and 940 nm irradiation resulted in up to a 150% increase in Surfactant Protein B. PBM at 830 nm increased Surfactant
Protein C by nearly 40%. Furthermore, 830 nm and particularly 940 nm irradiations caused approximately a 120% increase
in Surfactant Protein D. Photobiomodulation therapy using infrared lights enhanced surfactant protein production in mature
human lung epithelial alveolar cells. These findings suggest that this applied method may be a promising non-invasive treat-
ment for respiratory distress syndrome in newborns, addressing a critical gap in current research.

Keywords Respiratory distress syndrome - Alveolar surfactant - Lung epithelial alveolar cells - IR LED/laser therapy -
Premature - Photobiomodulation therapy

1 Introduction

Respiratory Distress Syndrome (RDS) predominantly affects
preterm and term newborn infants due to a deficiency or
structural immaturity of alveolar surfactants in their lungs
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[1, 2]. Surfactant, a lipid-protein complex, plays a critical
role in reducing surface tension, maintaining alveolar stabil-
ity and regulating airway surface tension. Its composition
is approximately 90-95% lipids (predominantly phosphati-
dylcholine) and 5-10% proteins. The primary component
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responsible for reducing surface tension is dipalmitoylphos-
phatidylcholine (DPPC), which constitutes 60% of phos-
phatidylcholine. The surfactant proteins include SP-A, SP-B,
SP-C, and SP-D, with SP-B and SP-C being particularly vital
for surface tension reduction. Commercial natural surfactant
preparations typically contain SP-B and SP-C. Surfactant
deficiency leads to alveolar collapse (atelectasis), which
disrupts the ventilation—perfusion balance and impairs gas
exchange [3, 4].

Surfactant synthesis begins in type 2 pneumocytes
between 20 and 24 weeks of gestation, is stored in lamellar
bodies at 24 weeks, and starts being released between 28
and 30 weeks, reaching sufficient levels by 35 to 36 weeks
of gestation. Infants born at 28 weeks are at significant risk
of developing RDS. Treating surfactant deficiency in RDS is
crucial for reducing both mortality and morbidity. Although
there is standard treatment for RDS, exogenous surfactant
therapy is an invasive procedure associated with severe com-
plications, often requiring prolonged intensive care. While
recent developments have introduced non-invasive methods
for internal surfactant administration, these also present
considerable complications. Additionally, both exogenous
and internal surfactant therapies are costly, largely due to
the organic nature of surfactant preparations, their short
shelf life, and the necessity for cold chain logistics. Com-
mon complications include endotracheal tube obstruction,
apnea, desaturation, bradycardia, tachycardia, surfactant
reflux, volutrauma, pulmonary hemorrhage, unilateral lung
surfactant distribution, pneumothorax, and patent ductus
arteriosus, all necessitating close monitoring in intensive
care units. When the need for repeated surfactant administra-
tion is added to the complications, both the costs and risks
associated with treatment increase.

Photobiomodulation (PBM) therapy, commonly referred
to as "Low-Level Light Therapy" (LLLT), employs infra-
red (IR-A) light from LEDs or lasers of the 600-1070 nm
wavelength, penetrating biological tissues to a certain depth
depending on their energy. It has been demonstrated in vari-
ous studies that it has therapeutic effects on health. The cel-
lular mechanisms activated by PBM include the following

[5]:

(1) Effects on mitochondria and cytochrome c oxidase,

(2) Modulation of reactive oxygen species, nitric oxide, and
blood flow,

(3) Activation of light-sensitive ion channels and calcium,

(4) Stimulation of transcription factors and signaling path-
ways, and

(5) Biphasic dose responses and coherence effects in bio-
logical systems.

This study explores the potential of non-invasive therapy,
low-complication, and external photobiomodulation therapy
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for the treatment of RDS in preterm infants. Infrared LED
light therapy was applied to lung epithelial alveolar cells,
and the results were compared with those obtained for the
control groups. Due to the lack of preterm lung cell lines,
normal human lung alveolar epithelial cell lines were uti-
lized. The study aims to address two key questions:

1) Can infrared photobiomodulation enhance surfactant
production in lung cell lines? 2) Which wavelengths of
infrared light are most effective in stimulating surfactant
production?

2 Materials and methods
2.1 Selection of suitable wavelengths

The selection of infrared light wavelengths was specifically
determined considering their interaction with human tis-
sues and the ability to penetrate biological structures. The
structures in the human body skin that absorb infrared light
include water, hemoglobin, oxyhemoglobin, and melanin
pigments. The spectral region known as the "optical win-
dow" (wavelengths between 600 and 900 nm), where light
absorption is minimal, was identified as optimal for this
study (Fig. 1) [6]. To penetrate the skin and reach deeper
cells, wavelengths within this range are recommended. Vari-
ous studies have demonstrated the benefits of photobiomod-
ulation (PBM) for lung inflammatory diseases. For example,
De Cunha et al. showed that low-level light therapy (LLLT)
at 660 nm (30 mW, 3 J/cm?) could reduce lung emphy-
sema, airway inflammation, and chronic bronchitis in an
experimental COPD animal model [7]. Similarly, Miranda
et al. demonstrated that PBM at 660 nm (30 mW, 12 J/cm?)
decreased leukocyte count, mast cell degranulation, myelop-
eroxidase activity, and microvascular lung permeability in a
lung inflammation model induced by formaldehyde exposure
[8]. At the final stage of the study, control tests were con-
ducted with doses both below and above the 3 J/cm? refer-
ence dose. Photobiomodulation applications were repeated
on cells at doses of 1, 3, and 5 J/cm? and the effects on cell
viability, DNA fragmentation, and ATP levels were tested.
Statistical analysis was performed using one-way ANOVA
with Dunnett’s multiple comparisons test; effect sizes were
reported as Cohen’s d with 95% confidence intervals.
Additionally, Cury et al. found that a single dose of LLLT
at 660 nm (30 mW, 10 J/cm?) could reduce lipopolysaccha-
ride-induced lung inflammation [9]. Beyond these findings,
Oliveira et al. demonstrated that PBM at 830 nm (35 mW,
9 J/cm?) could mitigate acute pulmonary inflammation in
both pulmonary and extrapulmonary models of acute res-
piratory distress syndrome (ARDS) [10]. Based on these
findings and the optical window criteria, three wavelengths
were selected for the study: 660 nm, 830 nm, and 940 nm.
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Fig.1 The optical window showing minimal absorption by hemoglobin, oxyhemoglobin, water, and melanin pigments in the human body
(adapted from Lyons et al.) (10)

2.2 Design of LED light setup a liquid cooling system (Fig. 2). The setup was designed

using AutoCAD software. M3-threaded holes were drilled
The study was conducted within an incubator to maintain  into an aluminum cooling block, and 3W 660 nm LEDs were
cell viability. Initially, the LED setup caused an increase in ~ soldered onto star-shaped aluminum circuit boards, which
the incubator’s temperature, which was later managed using ~ were then affixed to the cooling block using thermal paste.
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Fig.2 Placement and application images of the liquid-cooled LED system in the cell culture incubator
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A power supply converting 220-12 V, voltage regulators,
and LED connections were established to complete the setup
(Fig. 3).

Thermal tests were conducted following the assembly.
Based on these tests, the LED assemblies were redesigned
to be compatible with the liquid cooling system. During
this redesign, the positioning of the liquid cooling blocks,
mounting brackets, and the new arrangement of the LEDs
were carefully considered. The irradiation system was con-
structed using a 12-V power supply, relay boards, LED
driver circuits, a microcontroller board, a real-time clock
module, a touchscreen, 92 mm and 120 mm fans, sockets,
and switches.

An Arduino Mega was selected as the microcontroller
board, programmed using Arduino IDE software. The touch-
screen was connected to the microcontroller via the UART
communication protocol. User commands were transmitted
to the microcontroller, which served as the primary control
unit, through this touchscreen. A 7-inch Nextion touchscreen
was used for this purpose, programmed using Nextion Edi-
tor software. Relay boards were used to provide energy to
the liquid-cooled LED assemblies at appropriate times. A
real-time clock module that can be adjusted via the DS3231
module connected to the microcontroller was used to ensure
the experimental setup operated at desired time intervals
according to the times (Fig. 4).

Following the system activation, optical power meas-
urements were taken for the LED groups, emitting light at
different wavelengths, using a Thorlabs S130VC sensor,
PM100USB USB interface module, and Thorlabs Optical

Power Monitor software. Exposure durations for energy
levels of 3, 5, 10, and 15 J/cm? were calculated using the
formula: Joules = Watts X Seconds (Table 1).

The liquid-cooled LED system was placed inside the
cell culture incubator, and red/infrared light applications
were performed as indicated in Table 1. Both the electronic
system driving the LEDs and the liquid cooling system
were supported by uninterruptible power supplies (UPS) to
prevent potential adverse effects from power outages and
against voltage changes.

2.3 Cell preparation

Due to the unavailability of human preterm lung alveolar
cells, mature human epithelial lung alveolar cells were
utilized in this study. The human primary alveolar epithe-
lial cell line H-6053 (Cell Biologics, Chicago, USA) was
obtained for in vitro studies. Colored well plates were used
to prevent light diffusion between the wells. A control group
was also included.

The experimental setup was adjusted based on three dif-
ferent light wavelengths (660, 830, and 940 nm), two power
levels (30 and 60 mW), and four energy levels (3, 5, 10, and
15 J/cm?). The cells were exposed to radiation for durations
of 24 h, 48 h, and 72 h, and each experiment was repeated 3
times (Table 1). A control group was also included.

Using the microcontroller and timer setup, irradiation
programs were formed and executed automatically according
to the durations in Table 1. The control wells were covered
with aluminum foil to prevent light exposure. To account

Fig.3 Wired LED setup and its operation
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Fig.4 System components, installation, and operation

Table 1 Unified summary of photobiomodulation (PBM) exposure parameters. (Irradiance (mW/cm?): The power density measured at the cell
culture surface/sample plane. It was measured with a Thorlabs S130VC sensor+PM100USB and Thorlabs Optical Power Monitor software

Condition =~ Wave- Nominal Irradiance (mW/cm?)  Energy den-  Single-session Daily repetitions  Total study window
length power (mW) sity (J/em?) exposure time (s)
(nm)
Control - - 0 0 0 1/2/3 24/48/72 h
PBM 660 30160 38.7+0.12 77 1/2/3 24/48/72 h
[45.5+0.14 5 129
10 258
15 387
PBM 830 30160 40.2+0.11 74 1/2/3 24/48/72 h
145.3+0.12 124
10 248
15 373
PBM 940 30160 21.7+0.09 3 138 1/2/3 24/48/72 h
143+0.11 5 230
10 460
15 691

for the continuing effects of light exposure, the wells, the
irradiation of which was completed, were incubated for an
additional 24 h before being tested.

H-6053 cells were cultured in a complete growth medium,
which was prepared by adding epithelial cell growth supple-
ment, antibiotic—antimycotic solution, and 10% fetal bovine
serum to the "Human Epithelial Cell Medium" (Catalog No:
H6621, Cell Biologics). Prior to cell seeding, the flasks and
plates were coated with "Gelatin-Based Coating Solution"
(Catalog No: 6950, Cell Biologics) for 2 min, and the excess
solutions were removed through aspiration.

Cells were incubated at 37 °C in a humidified atmos-
phere containing 5% CO, and monitored using an inverted
microscope. When the cells reached approximately 70%,

the cells were detached from the flask surface using 0.25%
trypsin—EDTA solution, and the trypsin was neutralized with
complete growth medium containing serum. The cell sus-
pension was centrifuged at 120 g for 5 min. After centrifu-
gation, the cells were either resuspended in fresh complete
growth medium and passaged at a 1:2 ratio or cryopreserved
in cold "Cell Culture Freezing Medium" (Catalog No: 6916,
Cell Biologics) and stored at —86 °C. Trypan blue dye was
used to assess cell viability and to count the cultured cells.
Cells with a viability of 95% or higher were used for in vitro
experiments.

Changes in surfactant protein (SP-A, SP-B, SP-C,
and SP-D) release induced by LED light applications at
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different durations, wavelengths, and energy levels were
determined using the ELISA method.

Cultured in the dark served as the control group. Accord-
ing to the kit procedure, 40 ul of cell culture supernatants,
10 pl of the relevant antibody, and 5 pl of streptavidin-HRP
were added to each ELISA test well. In the ELISA standard
wells, 50 pul of the relevant standards (at concentrations of
40, 20, 10, 5, 2.5 ng/ml) and 5 pl of streptavidin-HRP were
added. No sample, standard, antibody, or streptavidin-HRP
was added to the wells considered as blanks. If any sample,
standard, antibody, or streptavidin-HRP is not added to the
wells they are considered as blank.

The ELISA plates were covered with a membrane and
incubated at 37 °C for 60 min. Washing steps were per-
formed using the washing solution supplied with the kit.

Subsequently, 50 pl of chromogen A, followed by 50 ul
of chromogen B solution, were added to each well and incu-
bated in the dark at 37 °C for 10 min. The reaction was ter-
minated by adding 50 pl of stop solution to each well. Opti-
cal densities were measured at 450 nm using a microplate
reader (Thermo, Multiskan FC) within 15 min. Surfactant
protein release levels in the cells subjected to photobio-
modulation were compared to those of the control group.
All experiments were conducted in triplicate. Differences
between groups were analyzed using one-way ANOVA with
GraphPad Prism software v.10.0, with a p-value <0.05 con-
sidered significant.

The potential cytotoxicity of LED light application at
different durations, wavelengths, and energy levels was
assessed in vitro using the real-time cell analysis system
(RTCA- xCELLigence, Roche, Berlin, Germany). The pho-
tobiomodulation applications commenced 24 h after the
cells were seeded into 96-well plates. Impedance record-
ings were made every 15 min for 72 h after light application
using the xCELLigence system.

Cell indices at 24, 48, and 72 h were normalized against
control. All experiments were conducted in triplicate. Data
were analyzed using the linear quadratic survival model
(with the Y-axis expressed as a percentage) in GraphPad
Prism software. Additionally, DNA fragmentation was
assessed using the TUNEL method with the APO-DIRECT
kit. The effect of photobiomodulation on ATP levels was
measured using the CellTiter-Glo® Luminescent Cell Via-
bility Assay (Promega) kit.

In the final stage of the study, control tests were con-
ducted by including one lower and one higher dose than
the 3 J/cm? dose used. Photobiomodulation applications
were repeated on cells at doses of 1, 3, and 5 J/em?, and
the effects on cell viability, DNA fragmentation, and ATP
levels were tested. Statistical analysis was performed using
one-way ANOVA with Dunnett’s multiple comparisons test;
effect sizes were reported as Cohen’s d with 95% confidence
intervals.
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3 Results

The cell study demonstrated significant increases in sur-
factant protein levels across various experimental condi-
tions. Surfactant Protein A (SP-A) levels increased by
over 50% in several combinations by applying photobio-
modulation therapy (PBMT) at wavelengths of 660 nm
and 830 nm. Surfactant Protein B (SP-B) levels increased
by up to 150% following PBMT at 830 nm and 940 nm.
Notably, the 830 nm combinations led to approximately a
40% increase in Surfactant Protein C (SP-C). Applications
at 830 nm and particularly at 940 nm resulted in about a
120% increase in Surfactant Protein D (SP-D) levels. The
top three highest increases in surfactant proteins are sum-
marized in Table 2. Considering the wavelength, energy,
dose, and their proliferative effects on cells, the 660 nm,
30 mW, 72-h LED application increased surfactant pro-
duction by an average of 1.25-fold compared to the control
(1.00), with a 25% increase in cell proliferation (Fig. 5).
Surfactant B and C are components of commercial sur-
factant preparations used in premature newborns, while
Surfactant A and D, which are not present in these prep-
arations, are involved in immune system function and
phagocytic activities [11]. Notably, in our photobiomodu-
lation applications, particularly by applying infrared LED
treatment at 660 nm and 30 mW, three times daily for three
days (72 h), parallel increases were observed in SP-A and
SP-D alongside SP-B and SP-C (Table 2, highlighted in
bold row).

In our cell viability experiments, photobiomodulation
treatments at 660 nm exhibited up to a 25% increase in cell
proliferation (Fig. 6). However, the photobiomodulation at
830 nm and higher energy levels was observed to induce up
to 25% phototoxicity (Fig. 7). No significant effect on cell
viability was detected with the 940 nm wavelength (Fig. 8).

3.1 Photobiomodulation application in cell viability
measurements using the xCELLigence method

Cell viability measurements began 24 h after seeding
cells into 96-well plates and initiating photobiomodula-
tion treatments. Following the termination of light expo-
sure, the XCELLigence system recorded impedance every
15 min for 72 h. Cell indices at 24, 48, and 72 h were nor-
malized to the control. Analysis was conducted using the
GraphPad Prism software with a linear-quadratic survival
model (Y-axis expressed as a percentage). Cell viability
was assessed at the selected photomodulation dose of 3 J/
cm?, along with one lower and one higher energy level.
Our analysis indicated no cytotoxic effects at 1, 3,
and 5 J/cm? energy levels in type 2 alveolar cells at the
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Table 2 Effect of

. . Wave- Duration (h) 7 (perday)  Power (mW)  Energy SP-A SP-B  SP-C  SP-D
photobiomodulation under length (J/em?)
selected exposure conditions (nm)

on surfactant protein levels. For

each combination of Wavelength 660 72 2 30 10 1.74 0.79 0.94 0.91

(nm), duration (h), daily 830 72 3 30 5 151 084 129 090

repetitions (¢), power (mW), and

energy density (J/cmz), levels 660 72 3 60 5 1.33 1.04 0.93 1.02

of SP-A, SP-B, SP-C, and SP-D 830 48 2 30 15 0.79 2.45 0.80 1.10

are presented as fold change 940 48 2 30 15 086 187 065 114

normalized to the concurrent

dark control (control = 1.00) 660 48 1 30 15 1.19 1.52 0.61 1.55
830 24 1 60 15 0.73 0.72 1.39 1.36
830 72 2 30 3 0.92 0.96 1.33 0.78
660 72 3 30 3 1.24 1.26 1.29 1.26
940 72 1 30 5 1.02 1.02 0.99 2.22
940 48 1 30 15 0.96 1.42 0.70 2.00
830 24 1 30 15 0.85 0.46 0.85 191

For each protein, the top three increases are highlighted in bold (ties included)

Fig.5 Effect of infrared pho- Surfactant release
tobiomodulation on surfactant

protein levels: Levels of 1.50
SP-A, SP-B, SP-C, and SP-D
measured by ELISA in mature
human alveolar epithelial cells
following LED irradiation at
660 nm, 30 mW, 3 J/cm?, three
times daily for a total of 72 h.
Data are normalized to the
concurrent dark control and
presented as fold change

Fold change

Control Surf-A Surf-B Surf-C Surf-D
660]72|3]30|3
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Fig.6 Effect of photobiomodulation at 660 nm on cell viabil-
ity. H-6053 human alveolar epithelial cells were irradiated with a
660 nm, 30 mW LED source at energy densities of 1, 3, and 5 J/em?;
from the start of treatment, the cell index was monitored for 24, 48,

660 nm and 30 mW dose. Significant increases in cell
viability were observed at 24 h compared to the control
at 1 (p=0.0448), 3 (p=0.0037), and 5 J/cm? (p =0.0179)
doses (Fig. 9). At 48 h, significant increases were noted
at 3 (p=0.0475) and 5 J/em? (p=0.0162) doses com-
pared to the control, while the 1 J/cm? application did not
show a significant increase (Fig. 10). At 72 h, significant
increases were observed at 1 (p =0.0448), 3 (»p =0.0037),
and 5 J/cm? (p =0.0179) doses compared to the control
(Fig. 11). The 3 J/cm? energy level demonstrated signifi-
cant increases at all three time points (24, 48, and 72 h).

3.2 Measurement of the effect
of photobiomodulation on DNA fragmentation
using the TUNEL method

Apoptotic DNA fragmentation following photobiomodula-
tion in type 2 alveolar cells was measured using the APO-
DIRECT kit (BD Pharmingen). Cells were collected 24 h

@ Springer

Joule/cm?

and 72 h using the xCELLigence real-time impedance system. Data
are normalized to the concurrent dark control and presented as % of
control

after photobiomodulation and washed with PBS. Cells not
subjected to photobiomodulation were used as the control
group. After washing, cells were fixed with 1% paraformal-
dehyde and incubated in ice-cold 70% methanol. After fur-
ther washing steps, cells were incubated in staining solution
containing reaction buffer, TdT enzyme, and FITC-dUTP.
Following additional washing, PI/RNase staining buffer was
added, and cells were analyzed by flow cytometry within 3 h.
Apoptotic changes potentially induced by photobiomodula-
tion were compared with the control group. No apoptotic
DNA fragmentation was observed in type 2 alveolar cells,
indicating that our photobiomodulation application did not
induce apoptosis in alveolar cells (Fig. 12).

3.3 Measurement of the effect
of photobiomodulation on ATP levels

Given the correlation between surfactant expression levels
in human lung type 2 alveolar epithelial cells and ATP
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Fig.7 Effect of photobiomodulation at 830 nm on cell viability.
H-6053 human alveolar epithelial cells were irradiated with an
830 nm LED source at selected energy densities; from the start of

levels, ATP levels were measured as a complementary
parameter. Lung type 2 alveolar epithelial cells were
seeded at 10* cells/well into 96-well plates, and photo-
biomodulation doses were applied 72 h later. No treat-
ment was applied to control group cells. ATP levels
were measured 72 h post-photobiomodulation using the
CellTiter-Glo® Luminescent Cell Viability Assay (Pro-
mega) kit according to the manufacturer's instructions with
a Thermo Varioskan multi-plate reader (485-500 nm). Our
results showed that photobiomodulation at 3 J/cm? did not
result in an increase in ATP levels, even when tested with
one lower and one higher dose (Fig. 13). However, consid-
ering that a potential increase in ATP may have been uti-
lized for surfactant production and other cellular activities,
the absence of an ATP increase was deemed consistent
with expectations. The lack of a decrease in ATP levels,
coupled with the observed increase in cell viability, sup-
ports this interpretation.

Joule/cm?

treatment, the cell index was monitored for 24, 48, and 72 h using
the xCELLigence real-time impedance system. Data are normalized
to the concurrent dark control and presented as % of control

4 Discussion

Surfactants, surface-active compounds, are essential for
the proper functioning of the lungs; their production and
secretion are regulated by respiratory epithelial cells. In
cases of premature birth, type I and type II alveolar cells
may not fully develop, and in instances of respiratory tract
damage or infection, these cells can be impaired, leading
to insufficient surfactant production. Exogenous surfactant
therapy is typically the only treatment available for infants
in the first hours following premature birth. However, this
treatment is invasive and complex. Our hypothesis posits
that the application of infrared photobiomodulation exter-
nally could reactivate underdeveloped or damaged cells,
stimulating them to produce surfactants. The results of our
study support this hypothesis, particularly demonstrating
that the 660 nm red/infrared light wavelength can enhance

@ Springer
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Fig. 8 Effect of photobiomodulation (PBM) at 940 nm on cell via-
bility. H-6053 human alveolar epithelial cells were irradiated with
a 940 nm LED source at selected energy densities; from the start of

surfactant production even in mature cells. This increase
in surfactant production can be attributed to the effect of
red/infrared light on mitochondrial function within cells.
Mitochondria are the energy-producing organelles of cells,
and light at these wavelengths can stimulate mitochondrial
activity by enhancing the function of the cytochrome c oxi-
dase enzyme. This stimulation increases ATP production,
thereby accelerating cellular metabolism. As surfactant
production and release are closely tied to the metabolic
activity of respiratory epithelial cells, photobiomodulation
with red/infrared light may support surfactant production
by boosting the metabolic activity of these cells. Addition-
ally, light at these wavelengths may influence DNA, RNA,
and protein synthesis, potentially increasing the activity of
genes involved in surfactant production [5].

Currently, no studies in the literature have specifically
investigated the effects of infrared photobiomodulation at
different doses on cellular surfactant levels. However, Cury
et al. examined the anti-inflammatory effects of various
doses (1, 3,5, and 7.5 J/cmz) of 660 nm light in an in vivo
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treatment, the cell index was monitored for 24, 48, and 72 h using
the xCELLigence real-time impedance system. Data are normalized
to the concurrent dark control and presented as % of control

study. They found that the most significant suppression
of inflammatory mediators IL-1p and TNF-« in the lungs
was achieved at a dose of 7.5 J/cm?, while IL-6 levels were
similarly suppressed across all doses [9]. Cunha et al. also
demonstrated the efficacy of photobiomodulation at 660 nm,
30 mW, and 3 J/cm?, which are the same parameters found
effective in our study, in an experimental COPD animal
model [7]. In our study, we observed an average increase of
25% in all surfactant proteins by the application of photo-
biomodulation at a wavelength of 660 nm, a power output
of 30 mW, and a dose of 3 J/cm?, administered three times
daily for three days.

Aquide et al. emphasized that the 720-750 nm infrared
therapy they used in COVID-19 patients is economical, easy
to apply, has no known side effects, and is well-suited for
cell culture models [12]. Similarly, our application method
is both simple and cost-effective, and we observed no pho-
totoxic effects in cells treated with the 660 nm wavelength.
In another study by Aquide et al., using near-infrared (NIR)
730 nm infrared light on human type II alveolar epithelial



Photochemical & Photobiological Sciences (2025) 24:1617-1632

1627

Fig.9 Cell viability at 24 h in
the 660 nm photomodulation
control test. H-6053 human
alveolar epithelial cells were
irradiated at 660 nm with
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irradiation was measured using

the xCELLigence system, nor-
malized to the concurrent dark
control, and presented as % of
control. Bars/symbols represent
the mean of three independent
experiments (n=3), and error
bars denote the standard devia-
tion; the dashed horizontal line
indicates 100% (control). Sta-
tistical analysis was performed
using one-way ANOVA (Dun-
nett’s multiple comparisons
test); effect sizes were reported
as Cohen’s d with 95% Cls
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cells, several key findings were reported: 1) NIR light
reduces inflammation in human alveolar and macrophage
cells, 2) it reduces inflammation triggered by the SARS-
COV-2 spike protein, 3) it stimulates mitochondrial meta-
bolic activity, 4) single exposure to NIR light increases ROS
in inflamed cell cultures, 5) consecutive NIR light exposures
decrease intracellular ROS, and 6) NIR light regulates genes
associated with ROS-clearing enzymes [13]. Additionally,
the two case reports suggest the use of photobiomodula-
tion therapy in adult ARDS patients [14], and one research
article explores its application in COVID-19. Conversely, it
was found in our study that photobiomodulation at 830 nm
caused up to 25% phototoxicity at higher doses [15], despite
previous reports given by Oliveira et al. suggesting benefits
of the 830 nm wavelength in lung applications [10].

The infrared light wavelengths of 660, 830, and 940 nm
used in our study significantly increased at least one of the
surfactants’ proteins by up to 2.5-fold. However, in some
instances, a decrease in surfactant production was observed.

1 Joule 3 Joule 5 Joule
Summary Adjusted p Cohen's d (95% CI)
* 0.0200 1.91 (-0.17 to 3.94)
Hokk 0.0005 4.83 (0.55 t0 9.39)
** 0.0012 6.25 (0.82 to 12.09)

Regarding cell viability, PBMT at 830 and 940 nm wave-
lengths decreased cell viability, while PBMT at 660 nm
wavelength increased cell viability. Therefore, our appli-
cation of the 660 nm wavelength at 30 mW power, three
times daily for three days, with an energy density of 3 J/cm?,
resulted in an average 25% increase in all surfactant proteins.
As a follow-up, our research on premature rat pups is ongo-
ing. Should the results be positive, they will be published in
a future study report.

In this study, we observed that 660 nm photobiomodula-
tion produced consistent increases in the surfactant proteins
SP-A, SP-B, SP-C, and SP-D, whereas 830 nm and 940 nm
yielded more variable responses and, at higher doses, signs
of phototoxicity. These findings can be explained by wave-
length-dependent interactions among tissue optics, target
chromophores, and delivered dose. Within the red/near-
infrared “optical window” (~600—1100 nm), scattering tends
to decrease with wavelength, but absorption is dictated by
the spectra of specific biotissue chromophores: hemoglobin/
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Fig. 10 Cell viability at 48 h in
the 660 nm photomodulation
control test. H-6053 human
alveolar epithelial cells were
irradiated with a 660 nm, 30
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system and presented as % of
control after normalization to
the concurrent dark control.
Bars/symbols represent the
mean of three independent
experiments (n=3), and error
bars denote the standard devia-
tion; the dashed horizontal line
indicates 100% (control). Sta-
tistical analysis was performed
using one-way ANOVA with
Dunnett’s multiple comparisons
test; results are reported with
exact adjusted p-values and
effect sizes (Cohen’s d, 95% CI)
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melanin absorption declines across 600-700 nm, while
water absorption rises beyond ~900 nm. Consequently, at
660 nm both superficial losses and competing absorbers are
comparatively lower than at longer wavelengths, yielding a
more predictable fluence at the cellular plane and, in turn,
more reproducible biological effects [16]. Consistent with
our data, prior pulmonary models have shown that 660 nm
PBM can suppress inflammatory cytokines, mitigate cellu-
lar infiltration, and preserve function [7, 9]. At the mecha-
nistic level, cytochrome-c oxidase (CCO)—a principal
photoreceptor in PBM—exhibits action-spectrum maxima
near ~660 nm and ~ 810-830 nm, suggesting that both bands
can be bioenergetically effective. However, the light pen-
etrates deeper at a wavelength of 830 nm; thus, for the same
nominal energy density (J/cm?), the actual irradiance (mW/
cm?) incident on the target layer and the local thermal load
may be higher, especially in thin culture systems. Therefore,
outcomes can be shifted from the stimulatory limb of the
biphasic (hormetic) dose—response toward the inhibitory
limb, manifesting as reduced viability or frank phototoxicity

@ Springer

ns

1 Joule 3 Joule 5 Joule
Summary Adjusted p Cohen's d (95% CI)
ns 0.0760 1.33 (-0.37 to 2.93)
** 0.0059 3.34 (0.21 to 6.58)
*oE 0.0043 6.93 (0.95 to 13.40)

when the irradiance—time product is not carefully titrated
[17, 18]. Our observations at 830 nm are therefore consist-
ent with the broader hormesis literature and underscore the
need to report—and to control—irradiance at the sample
plane, not merely total energy. By contrast, at ~940 nm the
absorption spectrum of water becomes increasingly domi-
nant (with a peak near 970-980 nm), whereas this band lies
off-peak for CCO. As a result, energy deposition at 940 nm
is more readily captured by bulk water, potentially increas-
ing non-specific thermal effects while diminishing targeted
photobiomodulation signaling. This optical competition pro-
vides a plausible explanation for the attenuated surfactant
responses and the neutral or negative viability effects we
observed at some 940 nm settings [19, 20]. While this study
provides strong proof-of-concept evidence, it also has sev-
eral methodological and biological limitations. First, we
used non-immortalized primary H-6053 alveolar epithelial
cells, which may constrain long-term and large-scale repro-
ducibility due to donor/lot variability and limited prolifera-
tive capacity. Future work should incorporate immortalized
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Fig. 11 Cell viability at 72 h in
the 660 nm photomodulation
control test. H-6053 human
alveolar epithelial cells were
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Bars/symbols represent the
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bars indicate the standard devia-
tion; the dashed horizontal line
denotes 100% (control). Sta-
tistical analysis was performed
using one-way ANOVA with
Dunnett’s multiple comparisons
test; effect sizes for pairwise
comparisons are reported as
Cohen’s d with 95% CI
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AT?2-like lines or iPSC-derived SFTPC* alveolar cells, ide-
ally in air-liquid interface and/or 3D organoid systems to
enhance physiological relevance and reproducibility. Sec-
ond, mechanistic conclusions were supported primarily by
phenotype-level readouts and literature; direct assessments
of mitochondrial bioenergetics were not performed. To sub-
stantiate the proposed PBM mechanisms, studies should
include mitochondrial ROS (MitoSOX), membrane potential
(JC-1/TMRM), oxygen-consumption/extracellular acidifi-
cation (OCR/ECAR; Seahorse), and cytochrome-c oxidase
activity. Third, although surfactant proteins were quantified
by ELISA, functional surfactant activity (surface-tension
measurements via pulsating-bubble surfactometry/Wilhelmy
balance) and molecular confirmations (RT-qPCR/Western
blot) were not conducted. Fourth, wavelength—irradiance
uniformity may be influenced by well geometry and cooling
architecture; detailed beam/dosimetry mapping and micro-
thermal monitoring would mitigate these sources of bias.
Finally, the work is limited to in vitro, single-cell-type cir-
cumstances; validation in co-cultures (alveolar macrophages/

5 Joule

3 Joule

1 Joule

Summary Adjusted P Cohen's d (95% CI)

* 0.0448 2.01 (-0.14 to 4.12)
*k 0.0037 4.80 (0.54 t0 9.34)
* 0.0179 2.12 (-0.10 to 4.33)

fibroblasts), preterm-like cell models, and in vivo systems
(premature rodent models) is required. Although we partially
address statistical robustness by reporting effect sizes and
95% confidence intervals alongside p-values, multi-center,
staged validation will be necessary to establish clinical
generalizability.

As aresult, this study is one of the first in the literature
to specifically investigate the effects of infrared PBM at
different doses on cellular surfactant levels. Considering
the invasive and complicated nature of existing surfactant
therapy, our study aimed to explore the potential of a
non-invasive, low-complication, external PBM treatment.
The results obtained demonstrated that, in particular, the
660 nm wavelength led to a balanced increase in all sur-
factant proteins. These findings are thought to fill a gap in
the literature in this area. Furthermore, for the first time in
this study, the safety and mechanism of PBM were thor-
oughly investigated through control tests on cell viability,
DNA fragmentation, and ATP levels. The detailed results
obtained from this study are thought to reveal the potential
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Fig. 12 Control tests for DNA fragmentation by the TUNEL method
(660 nm; 1, 3, and 5 J/em?). In H-6053 human alveolar epithelial
cells, apoptotic DNA fragmentation 24 h after photobiomodulation

of the PBM method, when applied in the treatment of
respiratory distress syndrome in newborns, to increase
treatment success. This pioneering work paves the way
for a paradigm shift in neonatal respiratory care, offer-
ing a gentle yet powerful alternative to current invasive
interventions.

@ Springer

was assessed using the APO-DIRECT TUNEL kit (FITC-dUTP/TdT)
with PI/RNase staining, and cells were analyzed by flow cytometry

5 Conclusion

Infrared light applied using the photobiomodulation tech-
nique has been shown to increase surfactant protein pro-
duction in mature human lung epithelial alveolar cells. In
particular, the 660 nm wavelength light, which lies at the
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Fig. 13 Control test of the effect of photomodulation on ATP levels
660nm; 1,3,5 J/cmz). ATP levels in H-6053 human alveolar epithe-
lial cells measured at 72 h using the CellTiter-Glo luminescent assay
are shown. Data are normalized to the concurrent dark control and
presented as % of control

boundary between the red and near-infrared spectra, led to a
balanced increase in all surfactant proteins. Further clinical
studies involving experimental animal models and human
subjects are necessary to fully elucidate the therapeutic
potential of infrared photobiomodulation therapy. Respira-
tory Distress Syndrome (RDS) remains a serious condition
with significant morbidity and mortality rates in premature
infants, despite significant advances in its treatment. In this
study, we developed a Photobiomodulation (PMB) device
that is expected to contribute to increasing surfactant pro-
duction in the lungs during the early stages of premature
birth, thereby preventing complications and problems caused
by RDS. It is hoped that this will shorten or prevent the need
for intensive care during the neonatal period.
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