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barrier.[1] The penetration of this barrier 
by bacterial invasion results in an inflam-
mation, which is an essential response 
of the host upon infection or tissue inva-
sion.[2] In most cases, the process leads 
to the elimination of the intrusive micro-
organisms without significant signs of 
inflammation. However, it can be further 
developed to pathological processes that 
may culminate in severe conditions such 
as multiple organ failure and even death.[2]

Since initial and mild cell inflammation 
can be reversible to a healthy condition, 
recovering cell inflammation in the early 
stage is critical for the prevention of fur-
ther inflammatory diseases.

Lipopolysaccharides (LPS)-induced 
inflammation in human alveolar basal 
epithelial cells (A549) is a well-established 
in vitro model to observe host–bacteria 
interactions.[3–7] LPS is the major viru-
lent component of the outer membrane 
of gram-negative bacteria that stimulates 
host cells and induces cell inflammation.[8]

LPS can rapidly trigger an intracellular 
signaling pathway, resulting in the release 
of proinflammatory mediators such as 

the production of cytokines.[8,9] For example, LPS is recognized 
by Toll-like receptor 4 (TLR4) that plays a role in pathogen rec-
ognition and activation of innate immunity. When LPS binds to 
TLR4, it results in boosting of the intracellular signal via Myeloid 
differentiation primary response 88 (MyD88) and subsequently 
phosphorylates nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB). The phosphorylated NF-κB (p-NF-κB) 
is then translocated into the nucleus where it binds to promoter 
regions of target genes.[9] Meanwhile, nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase 4 (Nox4) can interact 
directly with the cytoplasmic tail of TLR4, contributing to NF-κB 
activation.[10,11] NF-κB is an important regulator of the immune 
system, and activation of NF-κB increases the transcription of 
genes involved in innate immune and inflammatory responses.[12]

Therefore, determining the TLR4/Nox4-MyD88-NF-κB signaling 
pathway is important for understanding the mechanism of cell 
inflammation as well as developing a therapeutic approach to 
prevent cell inflammation against bacterial invasion.

As a therapeutic approach capable of inhibition of pro-
moting tissue healing and reducing cell inflammation,[13,14]

the photobiomodulation (PBM) therapy has been highlighted; 

One well-studied bacterial factor recognized by the host immune system is 
lipopolysaccharides (LPS) that stimulate host cells, resulting in cell inflam-
mation. Although photobiomodulation (PBM) therapy demonstrates its 
potency on anti-inflammatory activity, the complete mechanism of action 
in the host–bacteria interaction model is still elusive. In addition, many 
studies were performed regarding a distance between the light source and 
biological sample (non-contact therapy) that may result in disparate reports 
on the efficacy of PBM therapy. Thus, it is critical to clearly understand the 
effect of this approach to maximize efficacy and minimize side effects. Here, 
a custom-built light-emitting diode (LED) platform that mimics near-contact 
therapy is developed. The effect and mechanism of PBM therapy on epithelial 
cells in response to LPS is systematically investigated under various condi-
tions (wavelength, irradiation-time, pulse-frequency). The data show that 
the irradiation of near-infrared (NIR-LED) significantly improves the viability 
of inflamed cells. It reveals that NIR-LED inhibits the production of reactive 
oxygen species by regulating the Nox4-NF-κB pathway. Interestingly, how-
ever, high-pulse frequency stimulus causes the collapse of the mitochondrial 
membrane potential (∆Ψm) of cells, resulting in cell death. These results 
suggest that the optimized “PBM condition” is critical to assist the healthy 
immune system of the host against bacterial invasion.
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1. Introduction

A myriad of microorganisms exists in close proximity to tis-
sues in the human body, while a highly efficient innate host 
defense system constantly monitors the status of microbial col-
onization, and prevents their intrusion by forming a protective 
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however, it has also been debated without a consensus of opti-
mized therapeutic parameters.[15] Several reports showed varied 
physiological effects of PBM therapy depending on a specific 
range of wavelength, energy density, pulse frequency, and 
target disease models. For example, Kolb-Bachofen and co-
workers found that light at wavelengths of 632–940 nm has no 
effect, but irradiation with a blue light at 412–426 nm exerts 
toxic effects at high fluences (>500 J cm–2) on human keratino-
cytes.[16] On the other hand, many reports showed red-to-
infrared wavelength (620–1200 nm) enhances cell proliferation 
and anti-inflammation on human keratinocytes.[17,18] In spite of 
potent biological functions of PBM therapy on promoting tissue 
healing and reducing inflammation, it is as yet unclear its com-
plete mechanism of action on cells in response to LPS-induced 
inflammation in the context of host–bacteria interaction.

Since the PBM therapy may have different optimal “dose” 
and exceeding this may alter its biological function from recov-
ering of cells to killing as in photodynamic therapy, a thorough 
understanding of its effects depending on operating conditions, 
such as wavelength, exposure time, pulse frequency, and energy 
density of light-emitting diode (LED), are warranted. In addi-
tion, there are many commercial wearable phototherapy devices 
in near-contact for clinical purposes such as the treatment of 
joint inflammation and edema.[19] However, these were not 
carefully investigated because most of the in vitro PBM therapy 
studies were performed in a distance between the light source 
and biological sample with high energy density; the energy den-
sity received at the level of biological samples is inversely pro-
portional to the square of the distance, the emission angle at 
the distance may change the effective light irradiance, and the 
ambient light could deviate the efficacy. In addition, the use of 
high energy can cause excessive heat accumulation and tissue 
heating that may negatively impact outcomes.[20]

In this study, we developed a custom-built LED platform that 
uses low energy that can mimic near-contact therapy to pre-
cisely evaluate PBM therapy in vitro and systematically investi-
gated its efficacy on host–bacteria interaction using A549 cells 
and bacterial LPS as model organisms. We also attempted to 
find an optimized PBM dose by irradiating LEDs with four dif-
ferent distinctive wavelengths (λ = 465 nm [blue, B], 575 nm 
[green, G], 615 nm [red, R], and 880 nm [near-infrared, NIR]), 
energy density (mW cm–2), and pulse frequency (5 or 500 Hz). 
Our data showed that cell viability was significantly improved 
when the cells were exposed to R or NIR LEDs (without LPS 
stimulus), proportional to energy density (up to 4.50 J cm–2), 
compared with cells without LED irradiations (i.e., control 
group). G LED did not show any effect regardless of exposure 
time, while B LED decreased cell viability significantly pro-
portional to exposure time. Interestingly, the NIR irradiation 
showed better efficacy than the R irradiation, and only the NIR 
irradiation recovered the inflamed cells and improved their 
viability significantly (≈20%) higher than that of the control 
group (no LPS, no light irradiation). However, the high pulse 
frequency stimulus caused the collapse of the mitochondrial 
membrane potential (∆Ψm) of cells, resulting in subsequent 
cell death. Importantly, the signaling pathway data revealed that 
the major mechanism of action of PBM therapy is deeply asso-
ciated with the inhibition of reactive oxygen species (ROS) pro-
duction and Nox4 expression level.

2. Results

2.1. Customization and Characterization of LED Platform

To investigate the near-contact PBM therapy and its optimal 
operation conditions for efficacious effect, a high-throughput 
modular LED platform was designed (Figure 1). A disc that 
has a size equivalent to a single well of the 24-well cell plate 
(d = 15.4 mm, t = 2 mm) was 3D printed (Form 2, Formlabs, 
Inc.). The disc also incorporated a small slot (dimension of 5 ×
2 × 1 mm3) in the middle to accommodate a miniaturized LED 
circuit (Figure 1A). Four different LED components with dis-
tinctive wavelengths were selected (λ = 465 [B], 575 [G], 615 [R], 
and 880 nm [NIR]) (see Experimental Section). The LED plat-
form was completed by placing the LED discs inside the bottom 
of a custom-designed black box that can house a cell plate while 
blocking ambient light (Figure 1B, a lid not shown). During the 
placement, the LED discs were aligned with an individual well 
of the cell plate that sits on top, making direct contact between 
the cell plate and LED discs (Figure 1C).

The light irradiance and the emission angle by the LED plat-
form were determined to be uniform across all wavelengths. 
We have set the light irradiance at the level of cells to 0.8 mW 
cm–2, which exhibited minimal thermal effects (<1.1 °C) (meas-
ured ≈3 weeks; Figure S1, Supporting Information). Based on 
the light irradiance, the input driving voltage was regulated 
individually for each wavelength. While the fabricated LED 
disc was placed on an optic table, the light irradiance was 
measured using a photodetector (FDS1010, Thorlabs) at the 
same height that the cell plate sits (the distance between the 
LED disc and the bottom of cell plate was 2.3 mm) (Figure 1D). 
The voltages that were able to irradiate 0.8 mW cm–2 were 
VNIR = 2 V, VR = 5.94 V, VG = 4.3 V, and VB = 2.85 V. Since the 
light emission angle was predetermined by a manufacturer, we 
have selected the LEDs that have the emission angle of 120°
or larger for uniform light coverage on cells. The light energy 
density that the cells received was analyzed based on the meas-
ured light irradiance up to 120 min (same exposure time to in 
vitro experiments); the energy densities were almost identical 
(e.g., average energy density of ≈6.00 J cm–2 when irradiated for 
120 min) (Figure 1E; Table S1, Supporting Information).

For the pulse frequency PBM therapy study, a LED driving 
circuitry capable of modulating frequency was separately 
designed (Figure 1F). The LED driving circuit consists of two 
to four individually tuned timer circuits and nine amplifier 
circuits to simultaneously operate multiple LEDs with three 
different driving voltages and frequencies. (Figure 1G shows 
three-timer circuits and nine amplifier circuits). Each timer 
circuit was tuned to generate square waves whose frequency 
can be adjusted (5 or 500 Hz) with a 50% duty cycle. Lastly, the 
voltage output of the timer circuit was amplified to a previously 
determined driving voltage for each LED using an amplifier.

2.2. Effects of LED Irradiations for Cell Proliferation 
on A549 cells

To comprehensively analyze the effect of PBM therapy on 
cell proliferation, especially recovery from bacterial invasion, 
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we investigated various PBM therapy parameters (e.g., wave-
length, exposure time, light energy density, and light irradi-
ance frequency) on A549 cells. First, we prepared A549 cells 
by incubating for 24 h. As shown in Figure 2, cell viability was 
increased over time in the presence of F-12K medium (Kaighn’s 
modification of Ham’s F-12). Then, we irradiated LEDs using 
various light parameters with a range of wavelength (from 
λ = 465 [B] to 880 nm [NIR]) and energy density (up to ≈6.00 
J cm–2) on 24 h pre-cultured intact A549 cells (see Experimental 
Section for the details). The data showed that the higher wave-
length (R, 615 nm and NIR, 880 nm) irradiations increased cell 
viability in proportional to exposure time (up to ≈4.50 J cm–2). 
Interestingly, R irradiation at ≈6.00 J cm–2 energy density 
reduced the cell viability significantly as compared to 90 min 
exposure, while the same energy density of NIR did not affect 
the cell viability negatively. By contrast, strong photocytotoxicity 
was observed when the cells were exposed to lower wavelength 
light (B, 465 nm), showing a linear reduction of cell viability 
in a time-dependent manner. However, green light irradiation 
(G, 575 nm) did not affect A549 cell proliferation regardless of 
exposure time.

2.3. Effect of Bacterial LPS on A549 Cells

To determine LPS treatment condition for mild inflammation of 
cells without severe death, we exposed pre-cultured A549 cells 
to various LPS concentration with a range of 0–100 µg mL–1 for 
24 h (Figure 3). The cell viability was decreased in proportional to 
LPS concentration (Figure 3A). Exposure of cells to 10 µg mL–1

reduced cell viability slightly (p > 0.05), while higher than 
20 µg mL–1 of LPS significantly lower the cell viability (vs non-
LPS-treated cells). The reduction of cell viability may increase 
the level of proinflammatory markers.[21] Thus, we examined 
the effect of bacterial LPS on the production of cytokines, such 
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Figure 1. Schematic view of a custom-built LED device for near-contact PBM therapy. A) A framework of LED disc that holds a LED and a current 
limiting resistor inside. B) An LED platform consists of a black box, multiple LED discs, and an external power (not shown). C) Schematic diagram 
of near-contact PBM therapy: an LED disc directly contact to the bottom of cell culture plate containing mammalian cells. D) A setup of LED light 
irradiance measurement. E) Energy densities of LEDs depending on the wavelength and irradiation time. F) An external LED driving circuit for pulse 
frequency PBM therapy. G) A diagram of a LED driving circuit.

Figure 2. Effect of LED irradiations on cell viability of A549 cells. Cell via-
bility was examined under a range of energy density (up to ≈6.00 J cm–2) 
with a range of wavelength (Blue: 465 nm, Green: 575 nm, Red: 615 nm, 
NIR: 880 nm) with 0% F-12K medium. Cell viabilities under PBM therapy 
were normalized by the control group (no PBM therapy). Red or NIR 
irradiations increased cell viability in proportional to energy density (up 
to ≈4.50 J cm–2), while blue irradiation exhibited a linear reduction of cell 
viability in a time-dependent manner and green irradiation did not affect 
the viability of A549 cells, regardless of energy density. Error bars repre-
sent SD; n ≥ 4; p-value was determined using a two-tailed t-test. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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as interleukin 6 (IL-6) and tumor necrosis factor-α (TNF-α). The 
level of both IL-6 and TNF-α started to increase significantly at 
the concentration of LPS 5 µg mL–1 (Figure 3B), while it did 
not affect the cell viability up to LPS 10 µg mL–1, indicating the 
self-recovery ability of A549 cells against mild inflammation. 
Since LPS is known to stimulate host cells to release ROS,[22]

we investigated the production of ROS by LPS. To assess the 
level of intracellular ROS after LPS exposure, the production of 
intracellular ROS levels was measured using dichlorofluorescin 
diacetate (DCF-DA) fluorescence.[23] In the presence of intracel-
lular esterases and oxidizing molecules such as O2

•, H2DCF-DA 
is converted to the highly fluorescent DCF. Green fluorescent 
indicates the produced ROS, showing the highest level of ROS 
signal at LPS 20 µg mL–1 (Figure 3C; Figure S2, Supporting 
Information). The reduction of ROS signal was observed when 
LPS was higher than 50 µg mL–1, possibly due to severe cell 
death, resulting in less production of ROS.

2.4. Effect of PBM Therapy on A549 Cells against LPS-Induced 
Inflammation

Based on the results of LED irradiance and bacterial LPS 
on A549 cells, we further investigated the efficacy of PBM 
therapy on LPS-inflamed cell under two parameters: 
1) ≈4.50 J cm–2 energy density because it showed the highest 

viability of intact cell when R or NIR was irradiated, and 
2) 20 µg mL–1 of LPS due to inflammation initiation without 
severe cell death (Figure 4). First, we determined how effec-
tively PBM therapy can improve the viability of LPS-inflamed 
A549 cells. We did not observe the improvement of cell via-
bility under B or G irradiation, rather these conditions sub-
stantially lowered the cell viability when exposed to LPS (vs 
B or G without LPS treatment) (Figure 4A). However, irra-
diation of R maintained the viability of inflamed cells similar 
level to that of intact cells (i.e., control; no LPS, no LEDs), 
while it did not reach the level of viability of R without LPS. 
Interestingly, there were no significant differences in cell 
viability when exposed to NIR (regardless of LPS treatment), 
indicating its strong anti-inflammatory activity against LPS 
stimulus. Then, we determined the level of proinflamma-
tory markers showing that R or NIR irradiation significantly 
inhibits the production of IL-6 and TNF-α (vs cells with LPS 
but no light irradiation) (Figure 4B,C). Particularly, NIR expo-
sure reduced the production of both IL-6 and TNF-α approxi-
mately threefold compared to control. Finally, we investigated 
the ROS production in these conditions. In the absence of 
LPS, all the conditions showed a similar level of ROS produc-
tion regardless of irradiation. LPS substantially induced the 
ROS production; however, R irradiation decreased its level 
significantly and NIR even further inhibited the ROS produc-
tion, comparable to that of no LPS condition (Figure 4D).

Adv. Biosys. 2020, 1900227

Figure 3. Effect of LPS treatment on A549 cells. A) Normalized cell viability depending on the concentration of LPS: A549 cells were treated with 
1–100 µg mL–1 LPS for 24 h to analyze the viability of cells via MTT assay. Over 20 µg mL–1 of LPS reduced the cell viability significantly compared 
to control. B) Amount of produced cytokines by LPS stimuli: expression levels of IL-6 and TNF-α were significantly higher than control when LPS 
is over 1 and 5 µg mL–1, respectively. C) fluorescence images of LPS-treated cells: green fluorescence indicates production of intracellular ROS, 
showing the highest signal at 20 µg mL–1 of LPS. Reduction of ROS signal was observed when LPS is higher than 50 µg mL–1, possibly due to 
severe cell death, resulting in less production of ROS. Error bars represent SD; n ≥ 4; p-value was determined using a two-tailed t-test. *p < 0.05,
**p < 0.01, ***p < 0.001.
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2.5. Effect of R or NIR Irradiation on Signaling 
(Nox4-MyD88-NF-κB) Pathway of the LPS-Inflamed Cell

LPS is recognized by TLR4 and it can trigger inflammatory 
responses via NF-κB activation.[10] Nox4 also can interact with 
the cytoplasmic tail of TLR4, by coupling with the COOH-
terminal region of Nox4 in response to LPS, contributing to 
NF-κB activation.[24,25] To determine the TLR4-related path-
ways of our PBM therapy on anti-inflammatory activity against 
LPS, we performed qRT-PCR (Figure 4E) and Western blotting 
assays (Figure 4F; Figure S3, Supporting Information). The 
data showed that the mRNA and protein expression levels of 
TLR4 were slightly increased when the cells were exposed to 
LPS (20 µg mL–1) but these expression levels were reduced to 
those of control under R or NIR therapy at ≈4.50 J cm–2. In con-
trast, expression levels of Nox4, MyD88, tumor necrosis factor 
receptor associated factor 6 (TRAF6), p-transforming growth 
factor beta-activated kinase 1 (p-TAK1), p-IκB kinase (IKK) com-
plex α/β (p-IKKα/β), p-nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor α (p-IκBα), and p-NF-κB 
were significantly increased by LPS stimulus, while R or NIR 
treatment significantly reduced the expression levels of those 
(Figure 4E,F; Figure S3, Supporting Information). These results 
suggest that the irradiation of R or NIR can inhibit inflamma-
tion by interfering ROS production through the Nox4/MyD88/
NF-κB pathway (Figure S4, Supporting Information).

2.6. Effect of Pulse Frequency of R or NIR Irradiation on In Vitro 
Host–Bacteria Model

It has been reported that pulsed wave (PW) light therapy can be 
more effective than continuous wave (CW) light therapy in some 
biological systems.[26–28] To compare the efficacy of PBM therapy 
on anti-inflammation activity in the LPS involved host–bacteria 
interaction model, we examined the cell viability and cytokine 
productions under low or high pulse frequency conditions (5 or 
500 Hz; Figure 5). The data showed that in the absence of LPS,
both R and NIR irradiations incrementally increased the cell via-
bility according to the increase of energy density (hollow sym-
bols in Figure 5A,B). Interesting results were observed under 
the LPS-induced inflamed condition; cell viability increased 
under R irradiation at a frequency of 5 Hz (R-PW5), while R 
irradiation at a frequency of 500 Hz (R-PW500) decreased cell 
viability dramatically when higher than 0.75 J cm–2 energy den-
sity applied (filled symbols in Figure 5A). Pulsed NIR irradiation 
(NIR-PW5 or NIR-PW500) increased the viability of LPS-inflamed 
cells; however, recovering of cell viability by NIR-PW500 irradia-
tion was significantly retarded compared to those of NIR-PW5

irradiations, although it did not show a reduction of cell viability 
that was observed from R-PW500 (filled symbols in Figure 5B). 
We also tested the effect of extremely low energy densities 
with frequencies (lower than 0.25 J cm–2); the data revealed 
that irradiation at 0.03 J cm–2 barely affected the cell viability, 

Adv. Biosys. 2020, 1900227

Figure 4. Effect of red (R) and NIR irradiations on inflamed cells by LPS. A) Normalized viabilities of cells and expression level of proinflammatory 
markers, B) IL-6 and C) TNF-α, with or without LPS inflammation (20 µg mL–1) in the absence or presence of LED irradiations (90 min): R irradia-
tion maintained the viability of inflamed cells to that of control, while NIR irradiation significantly improved the cell viability, regardless of LPS 
treatment. NIR irradiation reduced the expression level of IL-6 or TNF-α more efficiently than R irradiation. Empty columns indicate without LPS 
condition and the filled columns indicate with LPS inflammation. D) fluorescence images of cells with or without LPS inflammation (20 µg mL–1) 
in the absence or presence of R or NIR irradiations: either R or NIR irradiation reduced the production of ROS significantly compared to inflamed 
cells without LED irradiation (LED– LPS+). E) qRT-PCR analyses of TLR4, Nox4, and MyD88: NIR irradiation reduced the expression level of TLR4 
or MyD88 more efficiently than R irradiation. (F) Western blotting analyses of TLR4, Nox4, MyD88, TRAF6, p-TAK1, p-IKKα/β, p-IκBα, NF-κB, 
and p-NF-κB: GAPDH was used as a loading control. Error bars represent SD; n ≥ 4; p-value was determined using a two-tailed t-test. NS: not 
significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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while irradiation at 0.13 J cm–2 slightly increased the cell via-
bility (Figure S5, Supporting Information). Next, we assessed 
the level of inflammation markers, IL-6 (Figure 5C) and TNF-α
(Figure 5D), under PW conditions. The effect on cell viability by 
PW irradiation accorded with the effect on the levels of inflam-
mation markers, showing that IL-6 and TNF-α were reversely 
proportional to cell viability (Figure 5C,D). Interestingly, under 
the range of energy density between 1.50 and 3.00 J cm–2, R-PW5

exhibited a similar effect to R-CW, while NIR-PW5 showed sig-
nificantly better effect compared to NIR-CW when cells were 
exposed to LPS (Figures S5, Supporting Information).

Since excessive mitochondrial activation can induce its 
apoptosis,[29] we measured the levels of ROS production 
and mitochondria membrane potential (∆Ψm) to investi-
gate this unexpected by-effects of PW500 (Figure 6). The car-
bocyanine fluorescent probe, 5,5′,6,6′-tetrachloro-1,1′3,3′-
tetrathylbenzimidazolyl-carbocyanine iodide (JC-1), is a popular 
fluorochrome for assessing changes in ∆Ψm in mammalian 
cells, which shows different patterns depending on the level of 
∆Ψm: forming a monomeric green-emitting aggregate when 
∆Ψm is low (<80–100 mV) while forming a red-emitting aggre-
gate when ∆Ψm is high (>190 mV).[30] As shown in Figure 6, 
untreated control displayed no signs of ROS generation and 
showed large red fluorescing JC-1 aggregates (96.93%). The 
protonophore, carbonyl cyanide m-chlorophenyl hydrazone 

(CCCP), inhibits mitochondrial function by uncoupling oxida-
tive phosphorylation and it has been used as a positive control 
for cells stained with JC-1.[31] As expected, the green fluores-
cence was significantly increased when cells were treated with 
the uncoupler CCCP-positive control (97.8%) or inflamed by 
LPS (31.08%), indicating decreased ∆Ψm and increased apop-
tosis. Interestingly, we also observed a significant increase of 
JC-1 green signal when the inflamed cells were exposed to 
R-PW500 irradiation (41.47%), compared to R-PW5 condition 
(Figure 6A ; Figure S6, Supporting Information). However, NIR 
irradiated cells (all conditions) exhibited significantly higher 
∆Ψm compared to no irradiation or R-PW500, which are con-
sistent with the result of viability assay (Figure 4A) and the 
DCF-DA results for ROS generation (Figure 4D and 6B). Alto-
gether, the data revealed that low PW frequency irradiation 
could more effectively scavenge ROS generated by LPS stim-
ulus, while high PW frequency was significantly less efficient 
to inhibit ROS generation, particularly for R-PW500 condition.

3. Discussion

PBM therapy (or low-level light therapy) has a long history and 
is a rapidly growing approach to treating a wide range of dis-
eases and disorders that afflict humanity.[32–34] Although many 
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Figure 5. Effect of pulse frequency on cell viability and cell inflammation. Normalized viability of cells with or without LPS inflammation depending on 
the PW frequencies of A) R and B) NIR irradiations: In general, R and NIR irradiations increased the cell viability in proportional to energy density other 
than R-PW500 showing dramatic reduction of cell viability when higher than 0.75 J cm–2 was applied. The expression level of C) IL-6 and D) TNF-α with 
or without LPS inflammation depending on the PW frequencies of R and NIR irradiations: The effect of PW irradiation on cell viability is in accordance 
with the level of inflammation markers, showing that IL-6 and TNF-α were reversely proportional to cell viability. Error bars represent SD; n ≥ 4; p-value 
was determined using a two-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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efforts have been made to investigate the effect of PBM therapy 
and to identify their chromophores and signaling pathways in 
mammalian cells,[35,36] its basic molecular and cellular mecha-
nism of action is still elusive, particularly in host–bacteria 
interaction models. Here, we used A549 cell (a model host 
organism) and Pseudomonas aeruginosa LPS (a model inflam-
matory stimulus) to systematically investigate the efficacy of 
PBM therapy on anti-inflammatory activity and its underlying 
mechanism as a model host–bacteria interaction. To the best 
of our knowledge, the report of optimizing the PBM therapy 
parameters using the near-contact device in the study of host–
bacteria interaction models using A549 cell and P. aeruginosa
LPS does not yet exist.

Although there are many commercially available wear-
able phototherapy devices in near-direct skin contact,[19] most 
of in vitro PBM therapy studies were performed in a distance 
between the light and biological samples.[17] Since energy den-
sity is drastically reduced in proportional to the square of the 
distance between the light source and target biological sample, 
operation conditions in those studies may not be relevant to the 
near-contact PBM therapy. Furthermore, light irradiation at a 
distance avoids testing of multiple conditions simultaneously 
due to the wide emission angle. To address these issues, we 
performed all PBM therapy using the custom-built near-contact 

LED platform via 3D printing technology. The modular design 
of the LED disc allows versatility as the 3D printer can scale 
up or down the design depending on the type of cell plate. For 
example, the current design can scale up by 44% for the six-
well cell plate or 28% scaling down for the 48-well cell plate. By 
incorporating the LED in the middle of the disc and its near-
contact, the LED platform enabled high-throughput screening; 
it allows to perform multiple experiments with different experi-
mental groups (e.g., different wavelengths) simultaneously 
without interfering the adjacent wells due to minimized refrac-
tion and focused irradiation of light. The optical properties (i.e., 
light irradiance, light emission angle, and light energy density) 
were also measured and analyzed at the level of cells, which 
could reveal the efficacy of the PBM therapy more precisely. 
Finally, this system requires significantly less power to drive the 
light source (LED) to achieve the same energy density on cells, 
thereby reducing negative thermal effects and eliminating the 
need for a cooling system.

By testing various operating conditions such as wave-
length (blue to NIR), energy density (up to 6.00 J cm–2), and 
pulse frequency (5 or 500 Hz), we found that R or NIR irra-
diations can be helpful to promote cell proliferation. Many in 
vitro and in vivo studies have shown that red (600–700 nm) 
or NIR (770-1200 nm) spectrums have positive effects on cell 

Adv. Biosys. 2020, 1900227

Figure 6. Effect of pulse frequency on mitochondrial membrane potential and ROS generation. A) Map of ∆Ψm in A549 cells with or without LPS 
inflammation depending on the PW frequencies of R and NIR irradiations: Green fluorescence signal was significantly increased under R-PW500 con-
dition compared to the untreated control; it shows higher signal intensity than that of LPS without any irradiations. B) Fluorescence images of LPS-
treated cells depending on the PW frequencies of R and NIR irradiations: R-PW500 condition showed significantly higher signal than other conditions, 
indicating significant production of ROS.
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growth,[37] differentiation,[38] and anti-inflammation,[39] which 
is in line with our observation. It is mainly due to the fact 
that light with longer wavelength causes less absorption and 
scattering of light into the tissue than the light with shorter 
wavelength (e.g., blue or green). There are many reports 
regarding the biphasic dose–response in PBM therapy 
showing that the PBM effect can be positive or negative 
to cell viability, depending on the energy density or irradia-
tion time.[40–43] In this study, the half duty cycle was applied 
to 5 or 500 Hz, thereby lowering the energy densities at 5 or 
500 Hz by approximately 50% compared to the energy den-
sity of CW. However, the pulse frequency experiment showed 
unexpected data that R-PW500 irradiation significantly reduced 
the cell viability (vs R-CW or R-PW5). In addition, the efficacy 
of NIR-PW500 on anti-inflammation was significantly lower 
than that of NIR-CW or NIR-PW5, indicating high pulse fre-
quency could be detrimental to cell proliferation, particularly 
under inflammatory condition. Although we observed energy-
dependent efficacies (biphasic dose–response) on R-PW500

irradiation (peak at 0.25 J cm–2, Figure 5A), PW5 and PW500

irradiations (either R or NIR) exhibited significantly different 
efficacies at same energy densities. In spite of the same 
energy density under different pulsed frequencies (i.e., PW5

vs PW500), cellular energy status (i.e., ATP level) could be dif-
ferent due to delayed luminescence that is the prolonged ultra-
weak luminescence emitted by the biological system after the 
light source is switched off.[44–46] As the negative effect was 
mainly observed under LPS stimulus in this study, it is specu-
lated that cell inflammation may affect cellular energy status 
under high-frequency irradiance, thereby exhibiting negative 
effects. It is also possible that high-frequency irradiation may 
overstimulate mitochondrial cytochrome c oxidase that acts as 
a photoacceptor and photosignal transducer,[47] or causes the 
release of cytochrome c from mitochondria due to the collapse 
of the ∆Ψm,[48] resulting in subsequent cell death. In our 
study, a high PW frequency stimulus negatively affects the 
cell viability under LPS stimulus even at lesser energy density 
than CW (under the same exposure time), which is an oppo-
site trend from the previous report, suggesting further investi-
gation on the role of PW frequency.

When a pathogen infects a host cell, the cell releases ROS 
and cytokines to recognize and remove foreign molecules such 
as LPS and to recruit immune cells.[9] While intracellular ROS 
helps to eliminate pathogens and foreign molecules, certain 
microbial consortiums often induce excessive ROS, resulting 
in irreparable levels of tissue damage in the host.[49,50] Under 
the optimal PBM condition, either R or NIR effectively inhib-
ited LPS-induced inflammation and ROS production. It has 
been reported that there are some potential signaling path-
ways involved in LPS-induced cell inflammation. For example, 
once LPS binds to TLR4, the level of MyD88 expression is 
increased, thereby it phosphorylates NF-κB.[9] Recently, it has 
been also reported that Nox4 can interact directly with the 
cytoplasmic tail of TLR4.[11] The Nox4 protein can transfer 
electrons from NADPH to O2 to produce O2•–, and these 
peroxide free radicals rapidly convert H2O to H2O2 and O2

in the cell to generate intracellular ROS.[12] Intracellularly 
produced ROS then induces NF-κB activation and its activa-
tion increases the transcription of genes involved in innate 

immune and inflammatory responses.[14] Our data revealed 
that PBM therapy did not significantly affect the expression 
level of TLR4 but significantly reduced the expression level of 
Nox4 and its downstream signaling (MyD88, TRAF6, p-TAK1, 
p-IKKα/β, p-IκBα, and p-NF-κB; Figure 4E,F). Therefore, it 
seems that the major inhibition pathway of anti-inflammation
by R or NIR irradiation is through Nox4-MyD88-NF-κB in this 
model (see Figure S4, Supporting Information). It has been 
reported that ionizing radiation or blue light (405 nm) irra-
diation exhibited enhancement of Nox4 expression level and 
ROS production, while those induced ROS productions could 
be diminished by inhibiting Nox4 expression level genetically 
or pharmacologically.[51,52] Our data showed that the produc-
tion of ROS can be regulated by R or NIR irradiation without 
using any drugs, indicating a potent of PBM therapy as a 
Nox4 regulator.

Meanwhile, B irradiation reduced cell viability significantly 
compared to control in our study. Indeed, blue (380–500 nm) 
spectrums were widely used to kill a pathogen. For example, 
blue light therapy is a clinically accepted approach for Propioni-
bacterium acnes infections.[53] Also, studies on blue light inac-
tivation of important wound pathogenic bacteria, including 
Staphylococcus aureus,[54] P. aeruginosa,[55] and Candida albi-
cans[56] have also been reported. Moreover, clinical trials have 
been conducted to investigate the use of blue light for the treat-
ment of stomach infection by Helicobacter pylori, which was 
promising.[57] Since NIR irradiation exhibited outstanding effi-
cacy of protecting cell viability and recovering from inflamma-
tion, it may be interesting to test a mixed B/NIR irradiations to 
improve the efficacy of PBM therapy that may result in killing 
pathogenic bacteria without negatively affecting the viability of 
host.

It is noteworthy that as the A549 cells were derived from 
human lung cancer, it may have different mitochondrial struc-
tures and metabolism from normal cells, thereby possibly 
resulting in different responses to light irradiation. Further-
more, chromophores in human epithelium could be different 
under irradiation by different wavelengths in the same color 
(e.g., 400–425 vs 465 nm in blue LEDs), thus the use of dif-
ferent wavelengths of each colored LED may cause different 
cell responses. Therefore, the response of a specific cell to PBM 
therapy should be comprehensively tested before clinical trial 
to maximize therapeutic efficacy and to avoid potential harmful 
effects.

4. Conclusion

Collectively, we demonstrated the comprehensive analysis of 
the efficacy of PBM therapy in the LPS-A549 model depending 
on wavelength, irradiation time, and pulse frequency using a 
custom-built near-contact LED platform. These results sug-
gest that applying PBM therapy with optimal energy density 
and pulse frequency is critical to prevent cell inflammation or 
to treat inflamed cells by bacterial invasion since PBM therapy 
could either beneficial or detrimental to the host. The data may 
have important ramifications beyond the A549-LPS model, as 
PBM therapy may be applied to other human body compart-
ments impacted by bacterially induced inflammation.

Adv. Biosys. 2020, 1900227
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5. Experimental Section
LED Disc: Four LEDs with different wavelengths were selected: Blue 

(B) λ = 465 nm (445–487 nm; APTD1608VBC/D, Wurth Electronics, 
Inc., Germany); Green (G) λ = 575 nm (545–605 nm; SM0402GC, 
Bivar, Irvine, CA); Red (R) λ = 615 nm (610–620 nm; SML-P12U2TT86R, 
ROHM Semiconductor, UK); and NIR λ = 880 nm (830–930 nm; 
APT2012SF4C-PRV, Kingbright, City of Industry, CA). The miniaturized 
LED platform was fabricated by connecting a resistor in series with an 
LED (1.2 kΩ for red, green, and blue LEDs and 220 Ω for NIR LED) 
to limit the current to protect electronics. After the LED circuit was 
assembled on a printed circuit board (PCB), it was placed in a slot 
of the 3D printed disc, followed by subsequent electrical and thermal 
passivation by 3D printing resin. Using insulated wires (29 AWG), the 
LED circuit could be connected to an external LED driving circuitry 
(pulse frequency PBM therapy) or a power supply directly.

Cell Culture and Cell Viability Assay: Human alveolar basal epithelial 
(A549; CCL-185, ATCC) cells were cultured in Kaighn’s modification 
of Ham’s F-12 medium (F-12K medium; 10-025-CV, Corning, Costar, 
NY) containing 10% v/v fetal bovine serum (FBS; 16140071, Gibco, 
Belgium) and 100 U mL–1 Antibiotic-Antimycotic (15240096, Gibco) 
at 37 °C in a humid atmosphere of 5% CO2. Initially, A549 cells were 
seeded at 1 × 104 cells per well in 24-well plate and grown for 24 h at 
37 °C. After 24 h of incubation, cells were washed with 1× phosphate-
buffered saline (PBS) and incubated in medium without FBS for an 
additional 24 h after relevant treatments (LED irradiation and/or LPS 
treatment). Cell viability was determined at 0, 12, 24, and 48 h using 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT; 
cell proliferation kit I, Roche, Germany) as described elsewhere.[58]

Briefly, 50 µL of the MTT labeling reagent (final concentration of 
0.5 mg mL–1) was added to each well. Then, the cells were incubated in 
a CO2 incubator at 37 °C for 4 h. A total of 500 µL of the solubilization 
buffer (10% SDS in 0.01 M HCl) was added and the plate was allowed 
to stand overnight in the incubator to solubilize the formazan crystals. 
The optical density (OD) values of samples were then measured at a 
wavelength of 570 nm with a microplate reader (BioTek, Winooski, VT). 
OD values of the treatment groups were always normalized to that of 
the untreated control group.

PBM Therapy on Epithelial Cell: To test the efficacy of PBM therapy, 
A549 cells were seeded at 1 × 104 cells per well in 24-well plate and 
grown for 24 h at 37 °C. After 24 h, the cells were washed and the 
culture medium was replaced as described in the previous section. 
Then, the cells were placed on the LED platforms to be exposed to 
each wavelength of LED for various times (up to ≈6 J cm–2) (see LED 
platform and Table S1, Supporting Information, for detail). To test the 
effect of pulse frequency, we also used low (5 Hz) or high (500 Hz) 
pulse frequencies of R or NIR for a range of energy density (up to ≈ 3 
J cm–2). After PBM therapy, the cells were incubated for an additional 
24 h and the viability was determined as described in the previous 
section.

Cell Inflammation by Bacterial LPS: To investigate the cell response to 
bacterially induced inflammation, we exposed the cells to LPS (L9143, 
Sigma, St. Louis, MO). First, we determined the optimal concentration 
of LPS for inflammation induction by adding various concentrations of 
LPS (0–100 µg mL–1). After A549 cells were grown for 24 h, the cells were 
washed and the culture medium was replaced with fresh media (0% 
FBS). Then, LPS was added and the cells were subsequently incubated 
for an additional 24 h. With a predetermined optimal concentration of 
LPS (0–20 µg mL–1), we also pretreated the cells with LEDs before LPS 
exposure as described in the previous section on PBM therapy, and 
the cells were subsequently incubated for an additional 24 h. Then, the 
viability of cells was evaluated using MTT assay (see section Cell Culture 
and Cell Viability Assay for detail).

Enzyme-Linked Immunoassay for Inflammation Markers (IL-6 and 
TNF-α): The level of inflammation markers (IL-6 and TNF-α) of the 
supernatant of various concentrations of LPS-treated (0–100 µg mL–1) 
cells was determined using ELISA kits (205991004 for IL-6 and 201629004 
for TNF-α, Invitrogen, Rockford, IL) according to the manufacturer’s 

protocol.[59] Then, the level of IL-6 and TNF-α of the supernatant of 
LPS-treated (20 µg mL–1) cells in the absence/presence of R and NIR 
irradiation was also determined. Absorbance for IL-6 and TNF-α was 
measured at 450 nm using a colorimetric microplate reader.

ROS Detection with H2DCF-DA Assay: The production of ROS 
was visualized by using 2′,7′-dichlorodihydrofluorescein diacetate 
(H2DCF-DA; Sigma) and quantified using ImageJ.[60] After the cell 
inflammation experiment using various concentrations of LPS 
(0–100 µg mL–1), each condition was subjected to the ROS assay. This 
assay was also performed to the LPS-treated (20 µg mL–1) cells in the 
absence/presence of R and NIR irradiation. To visualize the produced 
ROS, the A549 cells were incubated with 1 µM of DCF-DA for 45 min at 
37 °C. After DCF-DA incubation, cells were washed with PBS and DCF 
fluorescence intensity was monitored using a fluorescence microscope 
(Olympus, IX71, Japan) with excitation at 485 nm and emission at 
530 nm, respectively.

Quantitative Real-Time PCR: After the PBM therapy on LPS-treated 
A549 cells, the cells were collected and total RNA was isolated with 
RNeasy Mini kit (Qiagen, Valencia, CA) for qRT-PCR.[61] To synthesize 
cDNA from total RNA, iScript Reverse Transcription Supermix (Bio-Rad 
Laboratories, Hercules, CA) was used according to the manufacturer’s 
protocol. Gene-specific RT-PCR primers were selected from the mRNA 
sequences obtained from NCBI’s reference sequence database (http://
www.ncbi.nlm.nih.gov/refseq/). The primer sets for quantitative real-
time PCR were follows: TLR4: 5′-GAGTCCACTGGCGTCTTCAC-3′
(forward) and 5′-ATGACGAACATGGGGGCATC-3′ (reverse); MyD88:  
5′-GTTTGTGCAGGAGATGATCC-3′ (forward) and 5′-TGGCCTTCTA-
GCCAACCTCTT-3′ (reverse); Nox4: 5′-ACCAGATGTTGGGGCTAGGA-3′
(forward) and 5′-CTCCTGGTTCTCCTGCTTGG-3′ (reverse); and GAPDH:  
5′-GAGTCCACTGGCGTCTTCAC-3′ (forward) and 5′-ATGACGAACATGG-
GGGCATC-3′ (reverse).

Western Blotting: Cells were lysed in cold piece 
radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, 
Rockford, IL) containing protease inhibitor cocktail (P8340, Sigma, St. 
Louis, MO). The whole-cell lysates (100 µg per lane) were separated by 
SDS-PAGE and detected with primary antibodies. Primary antibodies 
specific for TRAF6, p-TAK1, p-IKKα/β, p-IκBα, NF-kB, p-NF-kB, and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased 
from Cell Signaling Technology (Beverly, MA). Antibodies for TLR4 and 
MyD88 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 
Antibody for NOX4 was obtained from Novus (St. Charles, MO). The 
secondary antibodies used were an anti-rabbit IgG, and anti-mouse 
IgG from Santa Cruz Biotechnology. Bound secondary antibodies were 
detected using SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Fisher Scientific). Equal loading was assessed using anti-
GAPDH antibody to normalize the amounts of total protein.[62] The 
protein levels were determined by ImageJ software.

Assessment of ∆Ψm: ∆Ψm was measured using a MitoProbe 
JC-1 Assay Kit (Thermo Fisher Scientific).[63] Briefly, trypsin-
ethylenediaminetetraacetic acid-treated cells (1 × 106 cells mL–1) were 
incubated in the dark at 37 °C for 15 min in 500 µL of 40 nM JC-1. Data 
were analyzed using a flow cytometer (BD Biosciences, Santa Clara, CA). 
Green and red fluorescence were measured at 514/529 nm (FL-1) and 
585/590 nm (FL-2), respectively. Cells were kept on ice before analysis. 
Control experiments were performed in the presence of 50 µM CCCP, an 
uncoupling agent that can abolish ∆Ψm.

Statistical Analysis: The results from independent experiments were 
expressed as mean ± standard deviation. Statistical analysis of all 
the experimental data was performed using the Student’s t-test with 
Microsoft Excel. All the experiments were repeated at least four times. 
Data were considered statistically significant when p-value is less than 
0.05.
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