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Currently, wound treatment is an urgent task of medicine around the world. In the process of wound healing, various types of cells
are involved under the control and regulation of cytokines and growth factors. Disruption of the synchronization process between
the various types of cells and intercellular mediators involved in the restoration of tissue damage can lead to impaired healing and
the development of chronic wounds. Photobiomodulation (PBM) therapy promotes platelet activation and aggregation, reduces
inflammation and oxidative stress, and accelerates cell migration and proliferation. PBM also induces the production of the
extracellular matrix and the release of key growth factors, thereby improving tissue regeneration and accelerating wound
healing. The aim of our work was to study the effect of photobiomodulation therapy on the regulation of reparative processes
in chronic wounds monitored by biomarkers and platelet aggregation activity. 54 Wistar rats were divided into three groups.
Intact animals were not manipulated. In animals of the control and experimental groups, a chronic wound was simulated by
reproducing the conditions of local hypoxia and microcirculation disorders. The wounds of the experimental group received
PBM therapy. The device Lika-therapist M (Ukraine) was used in a continuous mode at a wavelength of 660 nm, an output
power of 10mW, and an energy density of 1J/cm®. The wounds of the animals in the control group were treated with sham.
The animals were euthanized on days 3, 7, 14, and 28 after the surgery (6 animals, each from the control and experimental
groups). Measurements of the levels of interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor alpha (TNF-«), the
basic fibroblast growth factor (bFGF), and reactive oxygen species (ROS) were carried out by ELISA. Results revealed the
multidirectional effect of PBM therapy on the expression of the studied biomarkers. The results of the histological examination
indicated a positive effect of PBM therapy with the applied parameters on the repair processes of chronic wounds. We
concluded that the use of PBM therapy made it possible to regulate disturbances in reparative processes by modulating ROS,
cytokines, and platelet aggregation activity.

1. Introduction

The theoretical foundations of the possibility of creating a
laser were laid by Albert Einstein, who first touched upon
the possibility of stimulated radiation in a 1917 article.
And in 1960, the revolutionary discovery of the laser by
Theodore Maiman changed the world. Maiman presented
his invention to the scientific community in an article in

the journal Nature, which contained just under 300 words.
Soon, a first application of low-intensity laser therapy for
wound healing was demonstrated by the Hungarian doctor
Endre Mester and his colleagues [1].

Today, photobiomodulation (PBM) therapy has found
applications not only in the treatment of chronic wounds
but also in the treatment of many diseases, including neuro-
logical and musculoskeletal [2]. Also, this noninvasive
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method is used to reduce pain [3]. Despite widespread
studies of various aspects of the action of PBM therapy,
the exact mechanisms of laser-tissue interaction are not fully
understood. It also requires a deeper understanding of the
parameters that determine the therapeutic results and effec-
tiveness of this method of treatment.

Currently, the treatment of wounds, called the “silent
epidemic” [4], continues to be an urgent task of medicine
around the world. Wound healing is a multifaceted process
driven by sequential but overlapping phases including
hemostasis, inflammation, proliferation, and remodeling
[5]. Acute wounds usually heal in a consistent and timely
manner. Chronic wounds remain blocked in one of these
stages (oftentimes the inflammatory phase). This process
involves various types of cells under the control and regula-
tion of cytokines and growth factors. Reactive oxygen species
(ROS) are also important regulators of wound healing
phases [6]. Disruption of the synchronization of dynamic
interactions among these various types of cells and intercellu-
lar mediators can lead to impaired healing and the develop-
ment of chronic wounds. PBM therapy promotes platelet
activation and aggregation, reduces inflammation and oxida-
tive stress, and accelerates cell migration and proliferation. It
also induces the production of the extracellular matrix and
the release of key growth factors, thereby improving tissue
regeneration and accelerating wound healing [7, 8].

In the literature, there are numerous works that demon-
strate positive effects of PBM therapy on individual phases of
the healing process, mainly on the inflammation stage.
Opverall, it is of interest to study the regulation of the repair
process of chronic wounds by intercellular mediators at all
stages of healing when using PBM therapy. Animal models
remain the best available alternative for studying the com-
plex cellular and molecular interactions that occur during
the wound healing process [9].

The aim of our work was to study the effect of photobio-
modulation therapy on the regulation of reparative processes
in chronic wounds using biomarkers (for example,
interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis
factor alpha (TNF-«), the basic fibroblast growth factor
(bFGF), and reactive oxygen species (ROS)) and platelet
aggregation activity.

2. Materials and Methods

The work included 54 Wistar rats weighing 250 + 25 g at the
age of 8-9 months. The study was approved by the Commit-
tee on Ethical Animal Care and Use of the Kharkiv Medical
Academy of Postgraduate Education, Ukraine (Protocol No.
5 dated November 12, 2019). All animal handling proce-
dures were performed in accordance with the rules and
guidelines set by this Committee.

2.1. Study Design. All rats were randomly divided into three
groups (see Figure 1). Intact (Int) animals were not manipu-
lated. Wounds were induced in animals of the control (Con)
and experimental (Exp) groups.

The literature mainly contains models of acute wounds
or wounds in animals with systemic diseases, such as diabe-
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tes. We have chosen a model of a chronic wound that repro-
duces the conditions of local hypoxia and impaired
microcirculation [10].

Each animal was anesthetized (zoletil 10 mg/kg body
weight) and depilated. In the proximal part of the back, the
skin was excised with surgical scissors to the superficial fascia
in the form of a circle with a diameter of about 20 mm. After
that, a perpendicular loop-shaped fascial skin suture was
applied along the edges of the wound. On the surface of the
bottom of the formed wound, the superficial fascia was dis-
sected by mutually perpendicular transverse and longitudinal
cuts, which formed cells measuring 5 x 5mm, which were
then sutured with U-shaped sutures (see Figure 2).

The wounds of the experimental group received PBM
therapy. The wounds of the animals in the control group
were treated with sham.

For PBM therapy, the laser device Lika-therapist M
(Ukraine) was used once a day for 5 days, starting from 24
hours after the formation of the wound. The parameters of
low-intensity laser radiation are shown in Table 1. The beam
of the laser tip was held perpendicular to the surface of the
irradiated tissue. The distance between the extension handle
and the wound was selected so as to illuminate the entire
area of the wound. Taking into account the divergence of
the diode laser beam (0.5 rad +20%) and the aperture diam-
eter of the laser device extension handle (0.2cm) (recom-
mended by Lika-therapist M), the distance between the
extension handle and the wound was 3.53 cm.

The animals were taken out of the experiment on days 3,
7, 14, and 28 after surgery (6 animals, each from the control
and experimental groups). Animals were euthanized by
inhalation of chloroform in a confined space.

Blood samples were taken by open cardiac puncture.
Measurements of the levels of the studied indicators in the
blood serum of animals were carried out by the method
of enzyme-linked immunosorbent assay (ELISA). The
method is based on a sandwich version of ELISA using
mono- and polyclonal antibodies. ROS and bFGF concen-
trations were determined using ELISA kits (Elabscience
Biotechnology Inc., USA) ROS (Catalog No: E-EL-H5436)
and bFGF (Catalog No: E-EL-H0483) according to the
manufacturers’ instructions. The levels of IL-6, IL-10, and
TNF-a were determined using the ELISA kits (Vector-Best,
Russia) IL-6 (Catalog No: A-8768), IL-10 (Catalog No: A-
8774) and TNF-a (Catalog No: A-8756) following the
manufacturers’ instructions.

2.2. Determination of the Functional Activity of Platelets. The
study of induced platelet aggregation was carried out in
platelet-rich plasma. Sodium citrate 3.2% was used as an
anticoagulant in a ratio of 9 parts blood to 1 part stabilizer.
To obtain platelet-rich plasma, the blood was immediately
centrifuged for 10-12min at 1000rpm. One part of the
resulting plasma was taken into a plastic tube and stored in
a thermostat at 37°C until analysis. The second part of the
plasma was subjected to further centrifugation at 4000 rpm
for 20 minutes, thus obtaining platelet-poor plasma. This
plasma was used to zero the optical density of the device
and dilute the platelet-rich plasma. For the analysis, we took
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FIGURE 1: Study design.

FIGURE 2: The induced injury.

plasma, keeping the concentration of platelets to 200-250
thousand/ul or 43.5-52.5% of light transmission, relative to
platelet-poor plasma. The study was carried out on a com-
puterized analyzer of platelet aggregation SOLAR 2110
(Belarus). Adenosine diphosphate (ADP) (Tekhnologiya-
Standard, Russia) at concentrations of 2.5, 5, and 10 ymol/l
was used to induce aggregation. An aggregatogram record-
ing was carried out for 10 minutes at 37° C. All studies were
carried out in plasma obtained no later than 3 hours after

blood sampling. The analysis of the aggregatograms
included estimating the shape of the curves and determining
the following: the degree of aggregation (the maximum level
of plasma light transmission after the inductor was intro-
duced), the rate of aggregation (measured over a 30-second
segment at the most linear portion of the rise in the aggrega-
tion curve), and the aggregation time (the time to reach the
maximum light transmission of the plasma).

2.3. Histological Analysis. After euthanasia of the animals,
the wound area was surgically removed, fixed in 10% forma-
lin, and embedded in paraffin. Subsequently, serial sections
of 5-7 ym in size were obtained and stained with hematoxy-
lin and eosin (H&E). The preparations were analyzed and
photographed using a Primostar microscope (Zeiss) and a
microocular digital camera.

2.4. Statistical Analysis. Statistical processing of the results
was performed using Statistica 6.0 (StatSoft, USA) statistical
analysis package. The descriptive data were presented as M
+ SE, where M is the arithmetic mean and SE is the standard
error of the arithmetic mean. The significance of differences
between groups (statistical significance) was determined
using the nonparametric Kruskal-Wallis test for indepen-
dent samples. The significance p <0.05 was considered
statistically significant. Histograms were plotted by Graph-
Pad Prism 9 (GraphPad Software, USA).

3. Results

Indicators of the degree, rate, and time of reaching the max-
imum rate of platelet aggregation at concentrations of the
aggregation inducer 2.5, 5, and 10 ymol/l ADP are shown
in Table 2.

A significant decrease in the degree and rate of platelet
aggregation was observed in rats with wounds at concentra-
tions of an aggregation inducer of 2.5, 5, and 10 gmol/l on
day 3 after surgery, compared to the control group (see
Table 2). The time to reach the maximum rate of
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TaBLE 1: Laser parameters.

Wavelength (nm) Mode Total energy

Power output (mW)

Spot area (cm?) Time (sec) Energy density (J/em?)

660 Continuous 3.14 10

3.14 314 1.0

TaBLE 2: . Indicators of functional activity of platelets in animals at various concentrations of adenosine diphosphate (ADP).

Groups of animals

Indicators Int Con 3 days Exp 3 days Con 7 days Exp 7 days

Aggregation degree (%) 27.26 +2.44 57.73 +3.06 20.95 + 5.89" 28.76 £ 1.61 23.77 +5.64

2.5 umol/l

Aggregation time (s) 61.17 +3.46 102.33 +7.22 59.00 + 4.05* 61.40 + 2.86 66.67 +1.98

2.5 umol/l

Aggregation rate for 30s (%/min) 56.77 +2.05 88.00 +2.79 54.10 + 6.70 65.20 +2.77 52.07 + 8.15

2.5 umol/l

Aggregation degree (%) 42.28 +4.54 72.50 + 0.44 33.50 + 8.22" 45.34+2.16 44.53 +4.96

5 yumol/l

Aggregation time (s) 108.17 + 7.56 146.00 + 5.25 106.33 + 6.45" 100.60 + 8.33 106.67 + 3.04

5 yumol/l

Aggregation rate for 30s (%/min) 63774 497 100.07£272  57.25+10.99° 71.60 + 3.38 69.07 +7.05

5 umol/l

Aggregation degree (%) 60.73 + 1.45 78.60 +1.18 53.98 +3.77" 57.86+1.53 55.93 +1.85

10 gmol/l

Aggregation time (s) 150.83 +5.25 221.67 +7.86 153.50 +9.93" 163.80 + 6.84 201.00 +9.97**

10 pmol/1

i*(;‘:’gregall/tion rate for 30s (%/min) 83.05 + 4.46 104.87 + 3.01 72.40 +5.14° 76.28 +2.19 64.47 +2.81""
H“mo.

*p <0.05 in comparison with the Con 3-day group, **p < 0.05 in comparison with the Con 7-day group.

aggregation, in this case, was shorter than in rats without
affecting the wound defect. At the same time, on the 7th day
after modeling the wounds, the study of the effect of PBM ther-
apy on the functional activity of rats’ platelets did not show any
differences in the studied parameters, except for the time to
reach the maximum aggregation rate at an ADP concentration
of 10 umol/l (see Table 2). The shapes of the aggregation curves
(single-phase reversible aggregation) did not differ in the
control and experimental groups (see Figure 3).

The concentrations of ROS, bFGF, and interleukins in
the blood serum of animals whose experimental wounds
were exposed to PBM therapy compared to animals that
did not receive PBM therapy are presented in Figure 4.

Histological studies revealed that wound healing in the
animals treated with PBM therapy is characterized by a
reduction in the duration of the inflammation phase com-
pared to the control group (see Figure 5). Microscopically,
this is expressed in a smaller number of polymorphonuclear
leukocytes, fibrin, and tissue detritus on day 3. At the same
time, fibroblasts, newly formed collagen fibers, and vessels
are noted in sufficient quantities. Such signs are characteris-
tic of the onset of the proliferation phase. In the control
group, such signs are noted on day 7 (see Figure 5(b)).

Earlier onset of the remodeling phase in the experimen-
tal group of animals is evidenced by the packing of collagen
fibers into bundles and their orientation parallel to the
wound surface (in accordance with the mechanical load).
These signs are noted on day 7. By day 14, the granulation

tissue of the animals of the experimental group has signs
of transformation into scar tissue, specifically a reduction
in the number of vessels and fibroblasts, the transformation
of some of the fibroblasts into fibrocytes, and compaction of
bundles of collagen fibers (see Figure 5(c)). By day 28 in the
experimental group, the structure of the connective tissue at
the site of the wound corresponded to the histoarchitec-
tonics of the dermis of normal skin: the thickness and loca-
tion of collagen fiber bundles, the presence of hair follicles
and sebaceous glands, and the absence of newly formed
vessels and fibroblast proliferation. Collagen fiber bundles
had a greater thickness and packing density compared to
the control group. The animals of the control group showed
signs of the continuation of the remodeling phase in the
central sections of the wound: the presence of a significant
number of fibroblasts, newly formed vessels, chaotically
located, with thin collagen fibers. That is, the connective tis-
sue was immature, and the remodeling process continued
with the formation of first scar tissue and then the dermis.
In general, the results of histological examination indi-
cate a positive effect of PBM therapy with the applied
parameters on the repair processes of chronic wounds.

4. Discussion

The choice of radiation parameters for PBM therapy is an
important task. An inappropriate choice of parameters leads
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FIGURE 3: An example of the shape of the aggregation curves for animals in the control and experimental groups on day 3 (a) and day 7 (b)

after surgery at an ADP concentration of 5 ymol/L.

to unsatisfactory results or even to a negative therapeutic
effect [11].

Considering that the new term “photobiomodulation
therapy” is designated as “a form of light therapy...in the
visible and infrared spectrum...” [12]; in previously pub-
lished studies, we analyzed the effects of PBM therapy on
wound regeneration processes. Wavelengths in the 600 or
800nm range with daily laser exposure have been shown
to be most beneficial in rodent studies, regardless of health
condition or wound type [13]. The optimal therapeutic dose
when using laser therapy in an open wound is from 0.5 J/cm®
to 1]/cm? [14]. Improved healing of experimental wounds in
rats has been demonstrated using PBM therapy with a wave-
length of 660 nm and energy densities of 1 and 5 J/em? [15].

The frequency and number of PBM therapy sessions
vary in the literature from one to several dozen [13]. A
review by Ebrahimi et al. showed that the frequency of irra-
diation sessions is 3-8 times [16]. In our work, PBM therapy
was applied daily for 5 days, starting the day after surgery.
Literature data indicate that primary effects resulting from
laser stimulation, such as an increase in the number of fibro-
blasts, myofibroblasts, and collagen expression, are present
even after interruption of PBM therapy. Thus, after four
treatment sessions carried out in the first days after wound
induction, a more pronounced expression of collagen fibers
was observed in rats receiving PBM therapy, compared with
the control group on days 14 and 21 [17]. The results of
another study also demonstrate accelerated maturation and
increased collagen deposition and better architecture of final
fibrous scarring at 21 days after injury, following daily appli-
cation of PBM therapy during the first 7 days after wound
induction [18]. In our work, we investigated the effect of
PBM therapy, applied in the first 5 days after wound model-
ing, on the reparation processes of chronic wounds at all
stages of wound healing, including the long-term effects of
this method on days 14 and 28.

Taking into account the two-phase dose-effect curve
[19], we applied other radiation parameters on the wound

model already used in our studies [20]: radiation power of
10mW at an energy density of 1J/cm® and a wavelength
of 660 nm.

Since it is the reaction of the body as an integral system
that often determines the outcome of the wound healing pro-
cess (for example, in patients with diabetes), this study focused
on the effect of local exposure by PBM therapy on the features
of the body’s response. The systemic body response, in turn,
affects the local processes in the wound. Many studies have
been devoted to the study of local processes directly in the
wound, including by methods of immunohistochemistry.
But the effect of PBM therapy on the healing of chronic
wounds at the systemic level has not been adequately studied,
justifying the choice of research methods utilized here.

The first response to tissue damage in the body is hemo-
stasis. Platelets are known to be an integral part of hemosta-
sis, but these cells also function as a physiological trigger to
activate inflammation [21]. Therefore, the aggregation activ-
ity of platelets was studied in our work at the initial stages of
healing. On day 3 after modeling the wound, platelet aggre-
gation activity was increased compared to intact animals.
Our results are comparable to the literature data on platelet
hyperactivity in mice with impaired wound healing [22].
The platelet aggregation activity in mice was studied in
pooled blood samples. We, having the opportunity to obtain
a larger volume of blood in rats, investigated the aggregation
activity of platelets in each animal. The use of PBM therapy
in our study helped to reduce the degree, speed, and time to
reach the maximum rate of aggregation for a period of 3
days after wound modeling. This is apparently due to the
ability of PBM therapy to activate anti-inflammatory regula-
tory pathways. In our work, no differences were found in the
aggregation activity of platelets between the experimental
and control groups 7 days after wound simulation. Similar
results were obtained in our previous study on the third
day after surgery with the same wound model and similar
parameters of the applied radiation (wavelength, energy
density), except that the study used a radiation power of
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50 mW. However, on the 7th day after modeling the wound,
an increase in platelet aggregation activity was observed [23].
This effect is apparently associated with the ability of PBM
therapy to inhibit or resolve the inflammatory process [24],
as well as with the pro- and anti-inflammatory functions of
the platelets themselves [25].

In the regulation of platelet function, reactive oxygen
species and mitochondria play a key role [26]. In our work,
it was found that the action of PBM therapy on a wound
defect leads to an increase in ROS levels 7 and 14 days after
wound modeling. The literature provides data on an increase
in the generation of ROS after PBM therapy at a wavelength
of 660 nm [27]. In the same work, it was shown that different

wavelengths have an opposite effect on the production of
ROS. Many of the biological effects of PBM are attributed
to the absorption of photons by chromophores located
inside the mitochondria, which leads to an increase in cellu-
lar metabolic activity. Moreover, many of the mechanistic
pathways for mediating the biological effects of PBM include
ROS [28]. The induction of safe ROS levels observed in our
study may be one of the mechanisms by which the signaling
pathways that regulate cell proliferation, differentiation, and
apoptosis are activated.

ROS are also important regulators of inflammation [29].
It was found that the formation of ROS originating from
mitochondria induces the activation of proinflammatory
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FIGURE 5: Animal wound sites: 1: control group ((a) on day 3, among fibrins, there are numerous polymorphonuclear leukocytes, single
fibroblasts, and collagen fibers; (b) on day 7, young granulation tissue with a moderate number of polymorphonuclear leukocytes,
fibroblasts and blood vessels, and chaotic collagen fibers; (c) on the 14th day, granulation tissue with signs of maturation in the form of
parallel orientation and thickening of collagen fiber bundles, the presence of fibrocytes, and single vessels; (d) on the 28th day, the newly
formed dermis); 2: experimental group ((a) on day 3, young granulation tissue with a moderate number of fibroblasts and
polymorphonuclear leukocytes, randomly located collagen fibers, and numerous vessels; (b) on day 7, granulation tissue with a moderate
number of fibroblasts, numerous vessels, and parallel bundles of collagen fibers; (c) on the 14th day, maturing granulation tissue with
parallel bundles of collagen fibers, fibrocytes, and single vessels; (d) on the 28th day, the newly formed dermis with dense bundles of

collagen fibers) (H&E, x400, scale bar 50 ym).

cytokines IL-1, IL-6, and TNF-«a[30]. In our study, the
decrease in IL-6 levels in the experimental groups in the ini-
tial phases of healing and TNF-a throughout the entire
wound healing process appears to be due to the anti-
inflammatory effect of PBM therapy at the systemic level.
Proinflammatory cytokines must perform an obligatory
part of the inflammatory process because insufficient inflam-
mation can lead to delayed healing. On the other hand,
chronic wounds remain indefinitely in the inflammatory
stage of wound healing [31]. To continue the healing pro-
cess, each phase, upon completion of its functions, must be
able to initiate the next stage (for example, resolution of
inflammation shifts the process towards the proliferation
phase), which is then able to turn off the previous one. Phase
switching using positive and negative feedback loops is car-
ried out by cytokines and growth factors [32]. Regulation
of the levels of these intercellular mediators by PBM therapy
can promote the progression of wound healing processes
and prevent inhibition of progression into the next phase.
Proinflammatory cytokines are also thought to mediate
cell proliferation and differentiation during wound healing.
Thus, in our work, when a wound defect was exposed to
low-intensity laser radiation, an increase in IL-6 levels was
observed at the stage of the transition from proliferation to
remodeling, which may be associated with its anti-
inflammatory and regenerating properties. The ability of this
pleiotropic cytokine to stimulate the formation of granula-
tion tissue, mechanisms of reepithelialization, angiogenesis,
infiltration, and cell remodeling has been previously discov-
ered [33]. There are a limited number of studies in the liter-
ature demonstrating the effect of PBM therapy on IL-6 levels
in cutaneous pathology. The increase in the levels of this
cytokine in the early stages of wound healing, demonstrated

by Mo et al. [34], and the decrease in IL-6 concentrations
after 14 and 30 days of treatment for pressure ulcers, shown
by Taradaj et al. [35], do not coincide with our data. This is
probably due to the difference in wound models and the
studied parameters (local or systemic levels), as well as the
parameters of the applied PBM therapy.

TNEF-a, like IL-6, has both proinflammatory and immu-
noregulatory properties. TNF-a provides a wide spectrum of
cellular responses including regulation of inflammation,
immune response, cell survival, proliferation, and apoptosis
[36]. An increase in the formation of granulation tissue
and a better arrangement of collagen fibers found in histo-
logical studies of wounds in the experimental group may
be associated with a decrease in the levels of the cytokine
TNF-a observed in our work [37]. Our results are compara-
ble to the literature data, in which exposure to PBM therapy
led to a decrease in the levels of the pleiotropic cytokine
TNF-a[34, 35, 38, 39].

The anti-inflammatory cytokine IL-10 also facilitates the
transition from the inflammatory to the proliferative phase
by regulating cytokine expression [40]. PBM therapy used
in our work increases the levels of IL-10 in the serum of rats
as inflammation decreases. This confirms the ability of PBM,
in the absence of inflammation, to provide proinflammatory
mediators that could help in tissue remodeling [41].

The improvement in skin regeneration of the animals of
the experimental group, observed in our study, is apparently
due, inter alia, to the pleiotropic effects of IL-10, including
regulation of the formation of the extracellular matrix,
modulation of fibroblast function, and differentiation and
increased content of endothelial progenitor cells (EPC) in
the wound [42]. Considering also the ability of IL-10 to
counteract the deposition of collagen in scars [43], the



regulation of levels of this cytokine by PBM therapy
promotes better organization of collagen fibers, which is
confirmed by our histological analysis.

Collagenogenesis is stimulated by a number of factors,
including the fibroblast growth factor (FGF). bFGF is known
to be a potent mitogen and chemoattractant for endothelial
cells and fibroblasts. This growth factor also accelerates the
formation of granulation tissue and induces reepithelializa-
tion [41]. The decrease in the maximum concentration of
bFGF, observed in the blood of animals of the experimental
group on day 28 after exposure to PBM therapy, apparently
indicates an earlier transition of the wound healing process
in the experimental group of animals to the remodeling
phase. At the stage of remodeling, the number of macro-
phages and fibroblasts decreases due to apoptosis and
regression of the new vasculature occurs, with the further
transformation of granulation tissue into scar tissue [44].
The literature contains studies on the effect of PBM therapy
on bFGF expression: PBM therapy stimulates the release of
bFGF from human skin fibroblasts [45] and increases the
concentration of this growth factor at the initial stages of
wound healing [23]. The change in bFGF levels upon expo-
sure to PMB therapy of 630nm, an energy density of
3.6J/cm® on wounds of diabetic rats, depending on the
radiation power and the timing of the wound defect, was
demonstrated by Ma et al. [46].

Thus, in our study, the use of PBM therapy in the treat-
ment of chronic wounds resulted in systemic effects. There
was a decrease in platelet aggregation activity in the inflam-
matory phase. At all phases of the healing process, the use of
this method of treatment resulted in a change in the expres-
sion of biologically active substances. The impact of PBM
therapy applied locally to the wound resulted in the follow-
ing changes in the central blood flow: a decrease in IL-6
levels and an increase in ROS levels in the inflammatory
phase and during the transition from the inflammatory
phase to the proliferation phase; an increase in IL-6 levels
during the transition from the proliferation phase to the
remodeling phase; a decrease in TNF-« levels during the
transition from the inflammatory phase to the proliferation
phase and further, up to the remodeling phase; and an
increase in IL-10 levels and a decrease in bFGF concentra-
tion in the remodeling phase.

We believe that optimization of the activity of these bio-
markers at the systemic level—as observed in our study—-
may be one of the mechanisms by which PBM therapy
stimulates the processes of chronic wound repair. The study
of systemic reactions, we hope, will make it possible in the
future to develop approaches to correct violations of the
repair process, supplementing the local effect of laser radia-
tion on the wound with correction at the systemic level.

5. Conclusions

The results obtained in our study indicate the ability of PBM
therapy to positively influence the reparation processes of
chronic wounds.

The results of the histological study indicate a positive
effect of PBM therapy with the applied parameters on the
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healing of chronic wounds, which is expressed in the accel-
eration of the repair processes at all phases of healing.
PBM therapy can be used to regulate wound healing
processes by modulating the levels of ROS; cytokines TNF-
a, IL-6, and IL-10; and bFGF.
Further research is needed to optimize radiation
parameters.
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Lung transplantation is one of the most difficult and delicate procedures among organ transplants. For the success of the procedure
and survival of the new organ, the sterilization step for acellular lungs prior to recellularization is important to ensure that they are
free of any risk of transmitting infections from the donor to the recipient subject. However, there are no available information
concerning the lung mechanical parameters after sterilizing photodynamic therapy. The aim of this study was to evaluate the
extracellular matrix (ECM) and lung mechanical parameters of decellularized lungs undergoing sterilizing photodynamic
therapy (PDT). Besides, we also analyzed the lung after controlled infection with C. albicans in order to evaluate the
effectiveness of PDT. The lung mechanical evaluation parameters, resistance (R;) and elastance (E;), exhibited no significant
differences between groups. In addition, there were no PDT-induced changes in lung properties, with maintenance of the
viscoelastic behavior of the lung scaffold after 1 h exposure to PDT. The ECM components remained virtually unchanged in the
acellular lungs of both groups. We also showed that there was a reduction in fungal infection population after 45 minutes of
PDT. However, more studies should be performed to establish and verify the effectiveness of PDT as a possible means for
sterilizing lung scaffolds. This manuscript was presented as a master thesis of Nadua Apostélico at the postgraduate program in
rehabilitation sciences, University Nove de Julho—UNINOVE.
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1. Introduction

According to the World Health Organization (WHO), organ
transplantation is frequently the only treatment for end-state
organ failure, such as liver, lung, and heart failure. However,
as a biomaterial, all implanted or transplanted material from
human origin presents serious risks of several disease trans-
missions. Besides the biological risks, the extremely low avail-
ability of organ/tissue donors is the most important restriction
for such procedures all over the world. In this scenario, tissue
engineering has emerged as an alternative that is aimed at
developing functional tissue substitutes with the goal of
improving health and quality of life in terminal patients.

Tissue engineering has the specific target of promoting
regeneration of structures and functions of tissues/organs
compromised by disease or surgery. Research in the field
of lung bioengineering has been particularly active in
recent years due to the lack of viable lungs designated to
transplant and the reduced long-term patient survival after
transplantation [1, 2].

An important step in handling acellular lungs before
they are subjected to recellularization is sterilization to sup-
press any risk of transmission of viruses or bacteria from the
donor to the receiver of the transplanted tissue/organ.
Indeed, potential transmission of infections, such as HIV
and hepatitis C, has been reported in tissue engineering
applications [3-5]. Therefore, the effects of different sterili-
zation methods on a variety of tissue types have been studied
to determine the optimal procedures. To this end, it is
imperative to take into account that aggressive sterilization
methods that ensure full elimination of pathogens may also
deteriorate the structural components of the tissue, specifi-
cally its mechanical performance [6, 7].

Not all sterilization methods used in the health indus-
try are applicable to bioscaffolds. At first, sterilization
methods, such as those based on gamma irradiation, ethyl-
ene oxide, or other chemical agents, could be used. How-
ever, all sterilization procedures have their side effects,
since any action to destroy infectious microorganisms at
the same time can affect the different structures of the
molecular scaffold.

It has been reported that both ethylene oxide and irradi-
ation can interact with molecules and scaffolds and poten-
tially degrade their function. It has recently been suggested
that peracetic acid (PAA) can be a useful chemical agent
for sterilizing scaffolds for tissue engineering [8]. However,
it was not fully effective to sterilize pulmonary scaffolds [9].

Thus, appropriate sterilization procedures that pre-
serve the mechanical properties of lung scaffolds after
decellularization are essential for safe repopulation. Partic-
ularly, photodynamic therapy (PDT) could be a tool for
obtaining viable lung scaffolds necessary for the repopula-
tion process [10, 11].

The PDT was discovered in 1900 by Oscar Raab and
Hermann Von Tappeiner [12], who found that Paramecium
spp. protozoans were killed following acridine orange stain-
ing and subsequent exposure to bright light [13]. In the
1970’s, PDT was initially developed to be used in cancer ther-
apy after it was discovered that porphyrins selectively local-
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ized in tumors [14]. Since then, PDT has been clinically
used for the treatment of various malignancies and is an
approved therapy for the destruction of choroidal neovascu-
larization (CNV) in age-related macular degeneration.
Recently, antimicrobial PDT has been proposed as an alter-
native approach for treating localized infections [12-16].

A photosensitizer plays a key role in the efficacy of PDT.
Protoporphyrin IX (PpIX) is actively transported into the cell
through an uptake mechanism induced by growth under
nutritionally restrictive conditions. For instance, in C. albi-
cans, the surface properties and composition are complex
and dynamic and hydrophobicity is one of the many poten-
tial factors that may influence uptake. Previous studies dem-
onstrated that filamentous forms and biofilms of Candida
albicans were sensitive to PDT using porphyrin as a photo-
sensitizer [17-19].

Understanding the mechanical consequences of lung
scaffold sterilization is particularly relevant since the lung is
an organ with high structural and mechanical complexity
that is physiologically subjected to continuous deformation
cycling during breathing. Therefore, the mechanical proper-
ties of the organ scaffold should be preserved as much as pos-
sible after sterilization to ensure optimal organ regeneration.
However, studies concerning the efficacy of PDT in the ster-
ilization of lung scaffolds and its repercussions on the
mechanical properties are lacking. Thus, the aim of this study
was to evaluate the extracellular matrix and lung mechanical
parameters of decellularized lungs undergoing PDT with the
purpose of sterilization and to perform a proof of concept of
microbiological analyses of lungs infected with Candida albi-
cans to determine the effectiveness of PDT.

2. Material and Methods

2.1. Experimental Animals. Male C57BL/6 mice (7-8 weeks
old) were kept under standard housing conditions in venti-
lated rooms (12h light-dark cycles, temperature at 23°C,
and 60-70% humidity), with food and water provided ad libi-
tum. Experimental procedures were carried out after submis-
sion and approvals by the Ethical Committee for Animal
Research of the Universitat de Barcelona and by the Research
Ethics Committee of Universidade Nove de Julho (UNIN-
OVE) (protocol 0038/2011).

2.2. Experimental Setting. This study was divided into two
phases: phase 1—decellularized mice lungs were mechanically
evaluated and the extracellular matrix morphology was
assessed before and after PDT and phase 2—decellularized
mice lungs experimentally contaminated with C. albicans
(ATCC 90028) were submitted to PDT; microbiological anal-
yses were performed to evaluate the efficacy of PDT on C. albi-
cans decontamination (Figure 1).

The animals were weighed, intraperitoneally anesthetized
with 1.0g/kg urethane, and sacrificed by exsanguination.
Immediately, lungs were perfused via the pulmonary artery
with phosphate-buffered saline (PBS) containing 50 U/mL
heparin (Sigma-Aldrich, St. Louis, MO, USA) and 1 yg/mL
sodium nitroprusside (SNP) (Fluka Analytical, St. Louis,
MO, USA) to prevent the formation of blood clots. Then,
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the lungs and heart were removed together with the trachea
and esophagus. The whole block was stored at —80°C until
the decellularization protocol was performed.

2.3. Lung Decellularization. At the day of the experiment, the
tissues were thawed decellularized as previously described
[20]. Briefly, once the trachea and pulmonary artery were
cannulated (Figure 2(a)) and placed into the experimental
system, the following sequence of reagents was perfused:
PBS for 30 min, deionized water (DI) for 15 min, 0.1% triton
for 30 min, DI for 5 min, 1% sodium dodecyl sulfate (SDS) for
150 min, and a final wash of PBS for 30 min, resulting in a
translucent acellular lung (Figure 2(b)).

2.4. Addition of a Photosensitizer and Sterilization with Red
LED (660 nm). The first set of experiments consisted in a test
to prove that PDT would be able to quell a controlled infec-
tion with C. albicans. A number of 12 decellularized mouse
lungs were randomly divided into two groups of six animals:
a group injected with protoporphyrin IX (group PpIX or
GPpIX) and a control group injected with PBS (control).
For the second stage, a total of eight decellularized mice lungs
were randomly divided into four groups, each containing two
animals: a control group of infected mice (CG), a group
treated with PpIX (group photosensitizer or GPS), a group
treated with PDT for 15 minutes (group PDT 15 minutes
or GPDT15), and a group treated with PDT for 45min
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FIGURE 3: (a) Setup of the irradiation system with the LED; (b) lungs being irradiated with the LED.

TaBLE 1: Spectroscopic parameters used to irradiate the lungs with
the LED.

Wavelength (nm) 660
Operation mode Continuous wave
Average radiant energy (mW) 2000

Beam area (cm?) 8.50
Intensity (mW/cm?) 236
Polarization Aleatory
Beam profile Multimode
Exposure time (min) 15, 45, 60

1808, 5424, 7232
212.5, 637.5, 850

Radiant energy (J)

Radiant exposure (J/cm?)

(group PDT 45 minutes or GPDT45). After decellularization,
GPpIX, GPS, GPDT15, and GPDT45 mice were tracheally
injected with 1 mL PpIX (10 uM; Sigma-Aldrich), while both
control groups were injected with 1 mL PBS. Each stage-one
decellularized lung was irradiated for one hour using a light-
emitting diode (LED) with a wavelength of 660 nm, con-
trolled by a current source of 1400 mA at 7.5V (Figure 3).
For the second stage, decellularized lungs were irradiated
for 15 minutes in GPDT15 and 45 minutes in GPDT45.
The parameters of irradiation are showed in Table 1.

2.5. Evaluation of Pulmonary Mechanics. To evaluate the
resistance and elastance of acellular lungs, a custom-built sys-
tem was used. The trachea was cannulated, and the lung was
vertically connected to the system. Flow signal was recorded as
the pressure drop across a pneumotachograph with a differen-
tial pressure transducer (DCXLO1DS, range +2.5 cmH,0) and
tracheal pressure (P,) was measured using a pressure trans-
ducer (176PC14HD2, +35cmH,0) on a side port between
the pneumotachograph and the cannula. Acellular lungs were
subjected to conventional pressure-controlled ventilation with
a quasi-sinusoidal flow pattern at a frequency of 80 breath-
s/min. A positive end expiratory pressure (PEEP) of 2 cmH,0O
was applied through the ventilator to counteract the absence
of physiological negative pleural pressure. Flow and pressure
signals were recorded with LabView (© 2011 National Instru-
ments Corporation, Austin, Texas, USA) and postanalyzed

TaBLE 2: Values of positive end-expiratory pressure (PEEP) and
lung volumes of the control group and protoporphyrin IX group
(GPpIX).

Control GPpIX
Volume PEEP Volume PEEP
(mL) (cmH,0) (mL) (cmH,0)
Mean 0.15 1.95 0.12 1.93
SD 0.04 0.03 0.01 0.02

with MATLAB (© 1994-2015 The MathWorks Inc., Natick,
Massachusetts, USA). Effective lung resistance (R;) and elas-
tance (E; ) were computed by linear regression of the recorded
signals P, (tracheal pressure), V' (volume), and V (flow),
using the conventional respiratory mechanics model P, = P,
+(E..V) + (R..V"), where P, is a parameter to account for
the external PEEP applied by the ventilator. For each decellu-
larized lung, R; and E; were computed from data including
five ventilation cycles [21].

2.6. Immunofluorescent Microscopy. For conventional fluo-
rescence microscopy analysis, decellularized lungs were fixed
with a mixture of optimal cutting temperature compound
(OCT) (Sakura Finetek, Torrance, CA, USA) and PBS in a
3:1 ratio and frozen at —80°C. Ten-micrometer sections of
lung samples were obtained using an HM 560 CryoStar
Cryostat (Thermo Scientific, Waltham, MA, USA). Then,
sections were rinsed with PBS to remove the OCT, fixed with
4% paraformaldehyde for 30 minutes at room temperature,
and incubated for 10 min with 4',6-diamidino-2-phenylin-
dole (DAPI). To assess extracellular matrix proteins follow-
ing PDT, cryosections were rinsed as previously described
and incubated with a blocking solution (1% bovine serum
albumin, 6% fetal bovine serum, and 0.5% triton in Tris-
buffered solution) for 30 minutes, washed with PBS, and
incubated overnight with the following primary antibodies:
anti-collagen-I (Abcam, Cambridge, UK), anti-laminin
(Sigma-Aldrich), anti-collagen-IV (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), and anti-elastin (Santa Cruz Bio-
technology). The primary antibodies were detected using
appropriate secondary antibodies. Images were taken using
an Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan).
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FIGURE 4: Values of pulmonary resistance and elastance of the control group and protoporphyrin IX group in relation to time during

photodynamic therapy.

2.7. Scanning Electron Microscopy (SEM). Decellularized
lungs were analyzed by SEM after PDT in both groups. Tis-
sue samples were fixed with 2% glutaraldehyde and 2.5%
paraformaldehyde in 0.1 M cacodylate buffer for 2h at room
temperature. Then, samples were rinsed in cacodylate buffer,
sliced, and dehydrated over an ethanol gradient. Samples
were dehydrated in hexamethyldisilazane for 10min, dried
overnight, coated with a 14.4nm layer of gold using a sputter
coater (SC510; Fisons Instruments, San Carlos, CA, USA), and
analyzed using a DSM 940A microscope (Zeiss, Oberkochen,
Germany) with an acceleration of 15kV.

2.8. Candida albicans Growth Conditions and Inoculum
Preparation. Candida albicans (ATCC 90028) was cultivated
in Sabouraud dextrose agar (SDA) at 37°C for 24 h. Cells were
harvested, suspended in PBS, and homogenized in a vortex
shaker. The concentration was estimated by the turbidity of
the suspension at 15% transmittance [22]. The concentration
of the inoculum was confirmed by culture on SDA and
CFU/mL count, according to methodology proposed by Jett
et al. [23].

2.9. Microbiological Evaluation. For microbiological analysis,
we conducted a sagittal cut into the left lung. After slicing,
half of the left lung was subjected to manual maceration.
After maceration, serial dilutions were performed and plated
on SDA and plates were incubated at 37°C for 24 h. After 24
hours, a count colony-forming unit of the plated content
(CFU/g) was conducted.

2.10. Statistical Analysis. All rates are expressed as the mean
+ standard deviation (SD). To verify the normality of groups,
we used the Shapiro-Wilk test. One-way ANOVA was used
to test for differences between groups. The group means were
analyzed with the Tukey test and Levene test for comparison
of variances. Comparisons between the values obtained for
R; and E; measured in each group pre- and postirradiation
were carried out using a paired Student’s ¢-test. The p value
was considered statistically significant at the 5% level. For
these analyses, we used the Statistical Package for Social Sci-
ences (SPSS) version 21.0 (SPSS Inc., Chicago, IL, USA).

PBS group PpIX group

Laminin Collagen IV Collagen I

Elastin

DAPI

Ficure 5: Immunofluorescent images of extracellular matrix
components of acellular lung sections of the control group and the
protoporphyrin IX group after LED irradiation.

3. Results

Pulmonary mechanics were evaluated in all 12 mice lung
scaffolds divided in two groups: the control (n = 6) adminis-
tered 1 mL PBS and GPpIX (n = 6) injected with 1 mL PpIX
in the lungs, both of which were irradiated with a 660 nm
LED. Mean of ventilation volumes and PEEPs are described
in Table 2.
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FIGURE 6: Scanning electron microscopy images of decellularized lungs submitted to photodynamic therapy for one hour with phosphate-

buffered saline (a) or photosensitizer protoporphyrin IX (b).

There were no significant differences between the control
and GPpIX groups, which represents an equal ventilation for
both evaluations. The lung mechanical evaluation parame-
ters, R; and E;, exhibited no significant differences between
both PDT intervals (Figure 4). Also, there were no changes
observed over time of irradiation, representing the mainte-
nance of the viscoelastic behavior of the lung scaffold after
1 h exposure to LED light.

Figure 5 demonstrates that extracellular matrix compo-
nents responsible for the maintenance of the 3D lung
structure, such as elastin, laminin, and collagens I and IV,
remained virtually unchanged in the acellular lungs of both
the control and GPpIX groups following application of the
LED. The SEM analysis, observed in Figure 6, suggests that
the microscopic lung structure has been maintained in both
groups (control, Figure 6(a) and PpIX, Figure 6(b)), after
application of photodynamic therapy. Also, the pulmonary
scaffolds obtained from the decellularization process after
irradiation LED compared to acellular lungs subjected to
photodynamic therapy showed the absence of cell nuclei
assessed by DAPI staining.

For the second stage of this study, eight mouse lungs were
decellularized and divided into four groups: CG (n = 2), GPS
(n=2), GPDT15 (n=2),and GPDT45 (n = 2). In the CG, no
intervention of any kind was performed. For the group-
denominated GPS, there was no application of LED, just
addition of the PpIX photosensitizer. We observed that the
PDT protocol promoted a reduction in the fungal population
by about 1.60 log,, (CFU/g) (4.87 £0.16 and 3.27 + 0.45 for
GPDT15 and GPDT45, respectively) when compared to GPS
(4.24 £ 0.23; p < 0.05). When comparing the CG (4.38 + 0.31)
with the GPS (4.24 + 0.23), there was no significant reduction
in microbial counts observed (Figure 7).

4. Discussion

Tissue engineering is a rapidly evolving field that aims at
developing functional tissue substitutes with the goal of
improving the quality of life in patients by promoting true
regeneration of the structure and function of tissue compro-
mised by disease or surgery. Hence, it is especially important
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FIGURE 7: Values of the population of Candida albicans according to
the protocol of photodynamic therapy with protoporphyrin IX. NS:
no significance; control: infected lungs; GPS: infected lungs treated
with protoporphyrin IX; GPDTI15: infected lungs treated with
protoporphyrin IX for 15 minutes; GPDT45: infected lungs treated
with protoporphyrin IX for 45 minutes.

that an appropriate sterilization method is chosen to ensure
safety and maintain the mechanical properties of the lung
scaffolds after sterilization for effective regeneration of the
organ. Sterilization is required for bioengineering organs
because there is a risk of contamination during the whole
process of creation and due to the existence of potentially
infectious organisms in the donor tissue. The organism
microbiota considered benign in a healthy individual can
become pathogenic to scaffolds when submitted to a bioreac-
tor during the repopulation procedure.

In the past few years, researchers have explored alterna-
tive methods of sterilization due to the limitations of the
conventional ones used for tissue engineering [8, 9, 24].
Siritientong et al. analyzed the effects of sterilization on scaf-
folds of polyvinyl-alcohol and freeze-dried sericin and came
to the conclusion that gamma irradiation degraded the scaf-
folds by almost 70% after 24 hours, but it was the most
appropriate method for sterilization [25]. Rainer et al.
remarked that dry heat and autoclave treatments resulted in
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an increase in crystallinity, while low-temperature UV and
hydrogen peroxide plasma preserved the structural proper-
ties [26]. Shearer et al. verified that PAA and antibiotic solu-
tions were effective in sterilizing hollow fiber and flat sheets
of poly (lactide: glycolide) but obtained unfavorable changes
in morphology [27]. The limitations found in these studies,
mentioned previously, included a lack of uniform model
organisms tested; many did not specify the source or the
identity of the contaminating bacteria or another microor-
ganism, making it difficult to compare sterilization method
scaffolds for tissue engineering. Preliminary studies have
shown that sterilization of scaffolds in tissue engineering is
as much about maintaining the properties of materials and
architecture, as about killing microbes [25-27]. Sterilization
assumed major significance in scaffolds containing proteins
or biological material, where the risk of denaturation is real
and can result in the reduction or loss of important biological
activity [8].

Finsen, Raab, and Von Tappeiner demonstrated that a
combination of light and administration of drugs led to
photochemotherapy emergence as a therapeutic tool and iso-
lation of porphyrins and discovery of phototoxic effects on
cancer cells led to the development of PDT [12, 28]. The
ECM is important for tissue organization in multicellular
organisms and is a complex network of macromolecules
secreted by the cells, residing between cells as both a barrier
and a scaffold on which tissues are built. Studies have demon-
strated that PDT alters the extracellular matrix [29]. Pazos
et al. demonstrated that ECM components are affected, even
when they are not the primary targets [30]. However, we
should also keep in mind that the action of PDT on specific
molecular pathways depends on the fluence rate and photo-
sensitizer used.

It has been reported that both ethylene oxide and irradi-
ation can interact with molecules and scaffolds and poten-
tially degrade their functions. It has recently been suggested
that peracetic acid can be a useful sterilizing chemical agent
in the tissue engineering of scaffolds [8, 31]. By contrast, in
our study, we demonstrated that there were no apparent
changes in the relevant extracellular matrix components of
elastin, laminin, and collagens I and IV. These components
remained almost unchanged in the acellular lungs of both
groups following LED application.

Sterilization methods involving high temperature must
obviously be discarded due to the denaturation of proteins
and other biomolecules under these conditions. In a study
on the impact of gamma radiation, the pulmonary valve scaf-
folds applied with a dose of 25-40 kGy exhibited great reduc-
tion in the collagen content fragmentation of the extracellular
matrix, caused by oxidative damage following irradiation.
This resulted in considerable biomechanical changes to tissue
integrity, causing structural damage of collagen fibers and
significant changes in the mechanical behavior [32]. More-
over, Uriarte et al. demonstrated that irradiation of acellular
lungs with a typical “®Co gamma sterilization dose for health
applications resulted in a significant increase in the mechan-
ical resistance of lung scaffolds [33].

Remarkably, in the present study, we observed that there
were no changes in the values of pulmonary elastance (E;)

and pulmonary resistance (R;) after irradiation by LED for
60 min with addition of photosensitizer. This was in contrast
to previous reports on gamma irradiation, which causes
degradation and fragmentation of the peptide chain and
also damages collagen fibers, resulting in changes to lung
mechanical properties [34].

PDT has been used successfully to treat different localized
infections [35, 36], and our results are a proof of concept that
PDT is also a suitable method to promote the reduction of C.
albicans. Our study provides evidence that the photosensi-
tizer PpIX does not exhibit any antifungal activity when used
alone without the application of LED. It is also well described
in the literature that the use of lasers alone, without the addi-
tion of a photosensitizer, similarly does not reduce fungal
populations. We observed that there was a reduction in the
fungal population after 45min of PDT when compared to
only 15min of PDT. It is supposed that from the moment
at which PDT acts, C. albicans disintegrates when a part of
the cell detaches, forming another cell, which may be confused
with a yeast recolonization. Teichert et al. demonstrated that
the total reduction in fungal load was dependent on the con-
centration of the photosensitizer and light parameters, using
red and methylene blue lasers in the oral mucosa of a mouse
model [37].

5. Conclusion

In summary, this is the first study evaluating the mechanical
behavior of lung scaffolds subjected to LED irradiation with a
photosensitizer, with the objective of sterilizing lung scaf-
folds. We found that irradiation doses that effectively can
reduce infection do not modify the structural and mechanical
properties of decellularized lungs. This study opens the door
to further research to confirm the suitability of PDT as a tool
for routinely sterilizing lung scaffolds in the process of lung
biofabrication.
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mechanical properties of pulmonary scaffolds submitted to
photodynamic therapy, application of photodynamic therapy
in the sterilization of pulmonary scaffolds, and use of LED in
the process of sterilization of lung scaffolds in regenerative
medicine.
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Peripheral muscle fatigue is a common experience in daily life. Every individual at some point in their life has realized the inability
to maintain muscle contraction, a phenomenon known as fatigue. Interestingly, neurological patients with peripheral sequelae such
as spastic muscle contraction are able to remain in a pattern of muscle contraction for prolonged periods. The effects of laser
therapy are already recognized in muscle contraction to delay skeletal muscle fatigue, prolong physical activity, and reduce
delayed onset muscle soreness. However, the effects of photobiomodulation on neurological patients with muscular spasticity
are still not well established. The present literature review seeks to recognize articles about the application of laser irradiation,
also known as photobiomodulation, to patients with muscle fatigue and/or spastic palsy. To perform a literature review, we used
the systematic review methodology for the literature search. The following keywords were searched: (skeletal muscle fatigue)
AND (spastic patients) AND (low-level laser therapy OR low intensity laser therapy OR low energy laser therapy OR LLLT OR
LILT OR LELT OR infrared laser OR IR laser OR diode laser), and these were used for search on the following databases:
PubMed, Embase, Web of Science, BIREME, Scopus, and SciELO. Besides that, a literature review concerning on muscle
physiology, fatigue, and LLLT was made. No language filter was applied, and altogether, 689 papers were identified. A group of
3 physiotherapists and 01 pharmaceutical scientist performed the literature review, and every exclusion was confirmed by at
least two reviewers. After inclusion and exclusion criteria, 128 studies were included in this review. Conclusion, the LLLT can
contribute to the recovery of spastic patients and muscles in fatigue. However, the real effect of laser photobiomodulation on
muscle spasticity remains to be established. Only a much reduced number of clinical trials have been performed with a small
number of participants. There is a lack of clinical trials from different research groups that could help to understand and
elucidate the effects of laser in prolonged muscle contraction in spastic palsy.

1. Introduction

Looking into the past, more specifically since the 1960s, it
was consistently seen that low-level laser therapy (LLLT)
could present positive effects on the muscle-skeletal system
and related diseases such as joint inflammation, sports inju-
ries, muscle fatigue, and lower back and neck pain among
other conditions [1]. Photobiomodulation has been covering

new areas of study, and with them, there is a range of possi-
bilities for spastic patients, to reduce or eliminate muscle
fatigue in some cases, especially in patients with traumatic
brain injury, for example [2].

Previously, photomodulation was called a “low-level laser
therapy” or LLLT, including light from light-emitting diodes
(LEDs), lasers, and other light sources with wavelengths
ranging from visible to infrared. It has also become an
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increasingly mainstream treatment for muscle fatigue, espe-
cially in the areas of physical medicine and rehabilitation,
in patients with a type of degenerative disease [3].

It is well known that there are dose responses to simulta-
neous applications of several different wavelengths in some
cases, for example, to kill cancer cells and promote signifi-
cantly faster healing in chronic and diabetic wounds and
sports injuries, reduction of pain in arthritic joints and back
and neck, reduction of inflammation by increasing the num-
ber of fibroblasts and myofibroblast, induction of the accu-
mulation of collagen, and decrease of fatigue in the muscles
in spastic patients [4]. Additionally, recent studies indicate
that photobiomodulation can also become promising in clin-
ical cases of patients suffering from myocardial infarction,
stroke, brain injuries caused by trauma, or degenerative and
spinal cord injury, with the last three triggering injuries in
motor neurons and ending up directly affecting the muscles,
causing spasms and finally fatigue and pain [5].

The wavelengths for photobiomodulation are more regu-
larly used in the 500-700 nm range for treating superficial
healing, while wavelengths between 800 and 1000 nm are
used for deeper tissues and skeletal muscle fatigue [4].

This review focuses on the efficacy of photobiomodula-
tion in muscle fatigue in spastic patients, its mechanisms of
action, and how its efficacy may be increased by using multi-
ple wavelengths. The review examines research related to the
induction of muscle fatigue signaling pathways and the elim-
ination of pain by the application of photobiomodulation
and their mechanisms of action. Photobiomodulation appli-
cation is making clear headway toward the development of
a reliable and successful set of irradiation parameters for
inducing significantly faster and more complete healing of ill-
ness related to muscles that does not respond to conventional
treatment [3]. However, further work is required to optimize
its therapeutic value to determine the integrative nature of
fatigue in spastic patients.

2. Methodology

The following bibliographic databases were searched in
MEDLINE via PubMed, Embase, Web of Science, BIREME,
Scopus, and SciELO. The search strategy was (skeletal muscle
fatigue) AND (spastic patients) AND (low-level laser therapy
OR low intensity laser therapy OR low energy laser therapy
OR LLLT OR LILT OR LELT OR infrared laser OR IR laser
OR diode laser). No language filter was applied, and alto-
gether, 689 papers were identified. A group of 3 physiothera-

pists and 01 pharmaceutical scientist performed the literature
review, and each exclusion was confirmed by at least two
reviewers. After inclusion and exclusion criteria, 128 studies
were included in this review.

Reviewers independently identified titles and abstracts
relevant to applying LLLT to patients suffering from muscle
fatigue and/or spastic. Full texts of the published articles,
unpublished articles, and unpublished data of completely fin-
ished and analyzed studies were included. The reference list
of full-text articles was also reviewed. Figure 1 illustrates the
selection process for including studies.

3. Homeostasis

In the human body, one of the most plastic and dynamic tis-
sues is the skeletal muscle. There is about 40% of the human
total body weight in humans that is made up of skeletal mus-
cle and is composed of 50-75% of all body proteins and
accounts for 30-50% of the whole-body protein turnover.
The composition of the muscle is mainly of water (75%), pro-
tein (20%), and other substances including inorganic salts,
minerals, fats, and carbohydrates (5%) [6].

The muscle mass depends on the conditional nutrition,
hormonal condition, and the balance between physical acti-
vity/exercise and illness or injury. In addition, the balance
between protein synthesis and degradation is extremely sen-
sitive to factors that deregulate the different cellular compart-
ments (structural, contractile, and regulatory); for this
reason, it has received significant scientific attention because
of their important contribution to mobility, contractility
capacity, and functioning [7].

Skeletal muscle contributes significantly to multiple
bodily functions, since mechanical function for converting
chemical energy into mechanical energy to generate force
and power, walking motion, or stand, besides allowing
participation in social and sportive settings, maintains a
possibility of functional independence. From a metabolic
point of view, several skeletal muscle functions include a
contribution to basal energy metabolism, like storage for
important substrates such as amino acids and carbohy-
drates used by other tissues such as the skin, brain, and
heart, and the production of heat for the maintenance of
core temperature, and it is responsible for the consump-
tion of the majority of oxygen and energy during physical
activity and exercise [8].

Furthermore, amino acid release from muscle contributes
to the maintenance of blood glucose levels during conditions
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of starvation, in that case, a person with a reduced muscle
mass impairs the body’s ability to respond to stress and
chronic illness [9].

The architecture of skeletal muscle is characterized by
myofibers or muscle cells and associated connective tissue.
The structure of muscle is characterized by the number and
size of individual muscle fibers, but any pathological infiltra-
tion by fat and connective tissue may alter this relationship
(10, 11].

Observing the cellular level, the muscle fibers are multi-
nucleated and postmitotic, and some part of each nucleus
within a muscle fiber controls the type of protein synthesized
in that specific region of the cell; these regions are known as
nuclear domains and have a highly regulated, but not uni-
form, size [12]. Protein expression found in the adjacent
domains of a single fiber appears to be coordinated in such
a way that the type of protein, in this case, the myosin pro-
duced, is almost the same across the length of the fiber [13].

In the human body, there are several cell storage sites
with stem cell potential; knowing this, it is important to note
that skeletal muscle has cells of this nature, which are known
as satellite cells and are located between the sarcolemma and
the basal lamina and contribute to muscle growth, repair, and
regeneration [12, 14]. When these cells are activated by myo-
genic factors, satellite cells proliferate and differentiate into
new muscle fibers and repair the local injury.

The functional unit of the muscle is divided into compat-
ibilities and is separated by a dense connective tissue called a
sarcolemma. The outermost layer that contemplates the bun-
dles of muscular fibers is called epimisio. The perimeter con-
sists of the grouping of fibers within and surrounded by
another layer of connective tissue. In addition, there is a com-
plex of several proteins associated with the sarcolemma and
are usually connected to the myofilament of actin. A single-
muscle fiber has approximate dimensions of 100 #m in diam-
eter and 1 cm in length [15].

The contractile units of skeletal muscle are composed of
grouped and organized myofilaments, called sarcomeres.
These myofilaments are actin and myosin proteins (70-80%
of the total proteins present). Myosin is the main driver of
the muscle fiber and is present in a total of eleven sarcomere
myosin genes, but only a few can be described in humans,
and at least two of these genes are expressed in cardiac mus-
cle. There are many other proteins present in the sarcomere
and sarcoplasm, which act as the coupling of the processes
of excitation and contraction, release of energy, structuring
of the cytoskeleton, and generation of strength and power
[16]. Among them, in particular, we can mention the regula-
tory proteins that form the calcium-dependent troponin
complex, which are troponins C, I, and T. Tropomyosin plays
an essential role in the activation process that leads to slip-
page and the creation of force, which is directly associated
with the actin filament [17].

In addition to the proteins mentioned above, there are
other proteins that contribute to the physiological and
mechanical properties of muscle, titin, and nebulin [18].
The titin is able to bind to the Z disk of the sarcomere and
to the myosin, to provide stability and alignment to the thick
filament, and this is only possible thanks to its large width.

Nebulin proteins, on the other hand, are integrated with
other proteins in the thin filaments that contain actin, in
which they help to maintain the sarcomere integrity [19]
and influence the cell stiffness and tension that proportion-
ally influence the formation of myofibrils and signaling local
cell . In addition, in vitro studies suggest that titin may assist
in muscle contraction and strength generation [20]. In the
sarcomere, disk Z has several proteins; among them, the
one that fixes the actin myofilament is called actinin. There
are other proteins that also connect the Z disk to the sarco-
lemma and the extracellular matrix, called desmin [20].

Sarcoplasm is composed of several cellular elements,
among them, a transverse tubular system (T tubule), the
sarcoplasmic reticulum, and a mitochondrial network;
based on each type of fiber, the amount of these elements
can be estimated. Detailing the cellular elements above, the
T tubule system is nothing more than an invagination of
the sarcolemma and its important role in driving the nerve
action potential into the cell is of utmost importance for
local homeostasis [21]. This network of tubules is in con-
tact with the exterior of the cell and ensures that the exci-
tation can spread uniformly throughout the fiber and the
change in the calcium concentration was detected by the
protein Dysferlin located in the membrane of the T tubule
system [22].

The concept that mitochondria, in isolation, provide the
necessary energy for muscle fibers, according to some studies,
is not applicable. It was seen that there is the formation of a
three-dimensional network around the cell and generates
the necessary energy for muscle action when oxygen is avail-
able [23]. In this way, some mitochondria remain close to the
sarcolemma to decrease the time of diffusion of oxygen
through the capillaries; thus, during aerobic exercise, when
the oxygen demand increases, other mitochondria, located
in the intermyofibrillar space, are recruited to supply the
new demand [24].

It is well known that several neuromuscular pathologies,
the practice of physical exercises, and even aging directly
influence the structure and function of myofilaments and
the surroundings. For example, training with resistance exer-
cises induces the production of mitochondria through the
activation of the coactivator-1la of the c-receptor, activated
by the peroxisome proliferator [25]. The number and size
of mitochondria increase with resistance training program-
s/type of aerobic exercise. On the other hand, observing mus-
cle aging, the sarcoplasmic reticulum shows a fragmented
aspect and this impairs calcium release and muscle activa-
tion, so we can understand why there is muscle weakness in
this population, specifically [26].

Due to the heterogeneity of human skeletal muscle in the
biochemical, mechanical, and metabolic phenotypes of the
individual fibers, it is possible to highlight the presence of dif-
ferent muscle fibers with different properties with each one
specifically imposed by its respective motor neuron [27].
Through this, several physiological properties of muscle
allow the plasticity capacity of the muscle according to vari-
ous metabolic and mechanical demands, such as the architec-
ture of capillary supply networks, which varies according to
the type of fiber [28].



The three basic ways of obtaining energy for muscle fiber
are the stocks of ATP and CP, anaerobic glycolysis, and oxi-
dative phosphorylation. This obtaining in the form of ATP is
of extreme importance, because according to the metabolic
pathway, the production of energy varies and this must sup-
ply the energy requirement of the muscle during the period
and the intensity of the activity or exercise [26].

Muscle contraction is related to the extension of the
development of the sarcoplasmic reticulum, so that its con-
traction speed is directly proportional to this development,
looking from another angle, or the oxidative capacity also
directly influences this speed, but it is more observed in
fatigue. The most used classifications for muscle in adults
are three types of fibers: type I (slow, oxidative, and fatigue
resistant), IIA (fast, oxidative, and intermediate metabolic
properties), and IIx (fastest, glycolytic, and fatigable) [26, 27].

In the muscle, an activity that uses the stocks of ATP and
CP assists high-intensity short-duration (few seconds) activ-
ities because the reserves in muscle fibers are just few. Look-
ing into anaerobic glycolysis, it produces ATP quickly to
sustain muscle actions for a couple of minutes but the end
products (H" and lactate) are associated with muscle fatigue
and consequently damage the muscle. Eventually, the energy
obtained by oxidative phosphorylation is carried out within
the mitochondrial network, which is able to supply the
energy demand for an intense activity or activity lasting
minutes and even hours [28-30].

Obtaining the raw material for energy production can be
done through carbohydrates and free plasma fatty acids and
muscle triglycerides, in addition to the use of amino acid
metabolism, but the percentage obtained is small compared
to the energy production total [31, 32].

4. Muscle Fatigue

Muscle fatigue is usually defined as a loss of strength or
power in response to contractile activity. These can occur
as a result of injury or physiological or pathological adapta-
tions [33].

In order to understand the nature of skeletal muscle
fatigue, we must take into account external factors such as
injuries and disuse that somehow influence the fatigue mech-
anism and the internal factors, which include cell signaling,
vascular function, neurophysiology, bioenergetics, and
molecular mechanics [34, 35].

Observing the loss of maximum strength or capacity to
generate energy during a muscle contraction, this would be
a physiological response to all muscle contractions; however,
in the shortest, this cannot occur [36].

The contractions can be sustained or repetitive, and the
intensity of these contractions can vary from submaximal
to maximum, and from a mechanical point of view, they
can be concentric, eccentric, and isometric [37, 38]. That
way, according to researchers, the magnitude of loss of force
or power in response to fatigue in the muscle can occur in a
continuous way or only for a few moments [39].

Following this line of thought, quantifying fatigue as a
single continuous contraction or a series of contractions with
submaximal tension, further studies are needed. However,
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the study of fatigue recovery proves to be valuable, in partic-
ular, for detecting and understanding low-frequency fatigue
(LFF) associated with loss of strength due to low activation
frequencies and failure of the excitation and contraction cou-
pling (ECC) of skeletal muscle [40-43].

In general, the causes of fatigue vary widely, depending
on the model studied, the experimental conditions, and the
tasks imposed on the muscle. In in vitro studies, it is typical
to manipulate the conditions to directly determine the
cause(s) of the contractile failure and fatigue is quickly
observed as the drop in strength or power of a single cell or
group studied. In situ studies also usually use this approach,
to mimic physiological conditions and compare them by pro-
ceeding in more basic ways compared to the in vitro study.

In vivo, usually, the mechanisms of muscle fatigue mag-
nitude vary according to the animal model and the task
imposed, this is called “task specificity,” and to demonstrate
these mechanisms, it is common to use approaches that can
cover and evaluate directly and indirectly the location(s) of
failure in muscle strength and power [44-47].

5. Fatigue in Cells

Studies using a material that mimics fine muscle fibers to
observe motility in vitro have provided insights into how
actin (thin filament) interacting with myosin (thick fila-
ments) is capable of generating strength, speed, and power
[48-50]. From these studies, it was possible to observe that
the main stages related to fatigue are the transition from
the state of low strength to the state of high strength of the
actin-myosin (AM) cross-bridge and the step of dissociation
of adenosine diphosphate (ADP) from the cross-bridge AM.
The first stage would be associated with the release of inor-
ganic phosphate (Pi) and hydrogen (H") ions; this stage is
being considered as limiting because the rate of force devel-
opment and the force inhibition site immediately begin to
accumulate these ions and fatigue starts during the exercise,
being of high or low intensity [45, 51]. It has been known
for years that a high rate of ATP utilization accelerates the
reaction of creatine kinase (CK) and this can be seen in the
last step, the release of ADP, in which the loaded contractions
limit the speed of the AM cross-bridge cycle and therefore
the speed of the fiber [52].

Due to the high turnover of ATP and the increase in
anaerobic metabolism, as a result of the intense contractile
activity, [H"] also increases, causing the decrease in intracel-
lular pH in fast glycolytic fibers (FG) from 7.0 to 6.2 and for
the end resulting in the decline of cellular phosphocreatine
(Pi) [45, 53]. However, other studies indicate that the
increases of Pi decrease the isometric strength and fiber stiff-
ness proportionally, indicating that the cross-bridge strength
remains constant and that the strength decline is directly
connected with the transition period from a bonding state
of the fibers and these are also affected by the concentration
of Pi and H" [52, 54-56].

Adversely, studies show that a low pH in the presence of
Ca®" decreases the strength and this may be related to the
hypothesis that a high [H'] limits the amount of high-
strength AM cross-bridges, inhibiting the direct velocity
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constant for the transition from the weak to the strong link
state of the cross-bridge AM [57-59].

The Westerblad and Allen studies demonstrated that
when the fast fibers of the mouse flexor digitorum brevis
(FDB) are stimulated in vitro, the initial decline in strength
occurs before any detectable change in intracellular [Ca®"]
[60, 61]. The hypothesis of some authors was that the early
loss of strength was mediated by increased pi, which was con-
firmed by the observation that fibers isolated from CK
knockout mice, which when stimulated, did not show an
increase in pi or loss of strength during the initial phase of
muscle contraction [62, 63].

In the stimulus phase, with the high contraction rate, it
was observed that the initial drop in strength would be medi-
ated by the combined effects of the increase in [Pi] and [H']
and that the effects of these ions on the myofilaments have
been shown to involve additives that involve a direct inhibi-
tion of strength and reduced sensitivity to Ca®* and that at
the beginning of fatigue, the amplitude of intracellular Ca**
is high, causing local sensitivity to be impaired and prevent-
ing fatigue from ceasing [62-64].

However, a subsequent decline in the amount of Ca**
that had been released by the sarcoplasmic reticulum (RS)
and was impairing local sensitivity causes muscle fatigue as
the muscle needs to recover from this uncoordinated imbal-
ance, resulting in more loss of strength during peak satura-
tion and less close to physiological temperatures compared
to muscle temperatures that did not contract [50, 65].

It is important to note that studies have shown that the
[Ca®*], necessary to elicit half the maximum strength in the
muscle of mice, was significantly increased by 30 mM pi
and that the effect was two times greater on slow fibers and
was performed at temperatures of 30°C and 15°C [66]. The
mechanism of sensitivity to Ca** is not yet fully understood;
however, at a pH of approximately 6.2, it is partially mediated
by the competitive inhibition of Ca** binding to troponin-C
[67, 68].

One factor that contributes to the certain change in the
ratio of [Ca®*] and strength is the decline in coarse filament
cooperative, which is a direct result of the reduced number
of high-strength cross-bridges [69-71]. In addition to the
high [H'], the micromolar increases in cell ADP, due to
intense contractile activity, depress the fiber speed, but the
strength increases; this is probably due to the increase in
the amount and type of cross-bridges in the high-strength
peaks, these being cross-bridges AM-ADP-Pi, and cross-
bridges AM-ADP [72, 73]. The most important role for
increases in cellular ADP in eliciting fatigue seems to be
related to the inhibition of the Ca** pump present in the sar-
coplasmic reticulum, causing direct effects on the AM cross-
bridge.

Looking at the effects of low pH in conjunction with high
pi and high [ADP], on slow fibers and fast fibers, it is not
entirely clear how it can influence fatigue [74-77]. However,
recent studies have shown that the effects of low pH and high
ADP and pi have been investigated at the molecular level
using the in vitro motility assay to assess the slip speed of
actin filaments without the regulatory proteins tropomyosin
and troponin in myosin [78, 79].

To confirm that using single-fiber studies, the high Pi had
no effect on the sliding speed, while at pH 6.4, the speed of the
actin filament showed a 36% reduction. The increase in ADP
from a low resting value of 0.02mM to a fatigue level of
0.3 mM caused an 18% drop in filament speed and with phos-
phorylation of the N-terminal region of the myosin light
chain demonstrating that the inhibition increased to 34%
[79, 80].

Thus, both high [H] and ADP seem to decrease the slid-
ing speed of the filament without load, increasing the affinity
of ADP for the myosin head, thus decreasing the rate of ADP
release. Besides that, the additional inhibition of speed caused
by phosphorylation of the N-terminal region of the myosin
regulatory light chain can be explained by the high affinity
for ADP observed in phosphorylated myosin compared to
nonphosphorylated myosin.

This suggests that, although high ADP can reduce the
maximum shortening speed without load, ADP may have lit-
tle or no effect on fiber speeds during peak power generation
at the high intensity of force. However, it is worth mention-
ing that phosphorylation in the N-terminal region of the
myosin light chain reduced the inhibitory effects of condi-
tions similar to fatigue on the decrease in speed by only
28% [81-83].

6. Excitation-Contraction Coupling Failure

The first step for excitation-contraction (ECC) coupling to
occur is the generation and propagation of the sarcolemma
(SL) action potential and the proper functioning of the neu-
romuscular junction in nonfatigued muscle cells. It is well
known that the SL membrane potential at rest is approxi-
mately —80 mv and, during activation, the peak action poten-
tial approaches +20 mv. The duration of the action potential
is short, varying from 1 to 1.5 milliseconds (ms), and the
membrane is capable of responding to stimulation frequen-
cies even greater than 150 Hz [84-87].

With the development of fatigue induced by high rates of
muscle contraction, the surface membrane potential, both at
rest and in action, demonstrates characteristic changes, as the
resting potential becomes depolarized in 10 to 20 mv and the
height of the peak of the action potential decreases propor-
tionately; however, the duration of the action potential
becomes prolonged [84, 85].

The great lack of information about how and when these
changes about the extent to which the tubular membrane T is
changed and how these changes can be mitigated during
exercise is still a challenge, but the hypothesis would be that
the changes observed in the T tube should probably be
greater compared to the changes observed in SL [86, 87].

The depolarization of the SL and T tube membranes
interferes in two processes: first, they interfere with the gen-
eration and propagation of the action potential due to
reduced activation and slower inactivation kinetics of the
voltage-dependent Na™ channels. Second, they interfere with
the inactivation of the intramembranous T tubular protein,
more specifically the voltage sensor, called the 1,4-dihydro-
pyridine receptor (DHPR), obtaining the reduction in the
peak of the action potential as a direct result of the



inactivation induced by the depolarization of the voltage-
regulated Na® channels and, now, by the reduced electro-
chemical gradient and inducing the influx of Na* in the T
system, so that the extracellular [Na*] decreases and intracel-
lular [Na*] increases [88-90].

For inactivation of the Na" channel and DHPR, depolar-
ization is necessary if the cell has an intracellular [K*] reduc-
tion and an extracellular [K'] increase. Studies have shown
that small increases in [K'] increase the subtetan strength,
while large increases reach a critical level where it causes tet-
any and an abrupt decrease in the contraction force. Besides
that, the malfunction of the Na* K" pump may result in
unregulated pH-free energy of ATPase hydrolysis by increas-
ing ADP/Pi intracellular and extracellular [91, 92].

In order for the processes to work correctly, the following
are required: maintaining the ideal rate of activation of motor
activity, diversified recruitment of motor units carried out in
the CNS and f-adrenergic stimuli, stimuli for the Na* K*
pump to function, and an increase in [Cl] to control the
influx of K* to prevent it from reaching a critical level, result-
ing in fatigue [93-95].

Checking the amount of K* used by muscle cells during
contraction and the amount of efflux released by the sarco-
lemma during action potentials, we can conclude that the
account is far from closing. Thus, studies suggest that the
depolarization observed in fatigued muscle cells is the result
of the effects of high K" contractions, both intracellular and
extracellular, and of the increase in their conductance. The
increase in K" conductance can cause the activation of K*
channels, which depend on ATP or dependent on Cat,
and the activation of these channels can directly influence
the local pH, making it more basic, creating a cascading effect
that would contribute to fatigue by cell depolarization or an
attempt to return homeostasis [96-98].

Studies suggest that the infusion of nonspecific antioxi-
dant N-acetylcysteine prolongs fatigue time and reduces the
decline in Na" K" pump activity by approximately half, but
the mechanisms of pump inactivation are not yet known;
however, data suggest it that can be related with reactive oxy-
gen species (ROS) [99].

Studies suggest that the main evidence that disturbances
in eccentric contraction (ECC) contribute to fatigue is the
low transient Ca®* amplitude and that the greatest decline
in Ca®" release tends to occur late in fatigue. From this, we
can observe that changes in the amplitude of Ca** also influ-
ence the strength, because when inducing metabolic factors
signaled by the concentration of Ca®>* in CPB, fatigue
becomes early and is characterized by an increase in ATP
turnover during the initial stage of contractile activity and
consequently by an increase in pi and H". Thus, so that there
is a release of Ca®* by SL, it has become quantitatively more
important in the process of developing fatigue independently
if the Ca®" ions act on the AM cross-bridge [97, 100].

Furthermore, there is strong evidence that Ca®" plays an
important role in cell signaling that triggers fatigue; however,
the nature and how it occurs are still unknown. Studies sug-
gest that in ECC, fatigue can be compensated by activating
the Ca®*/ATPase pumps present in the T tubes, in which they
can move the Ca** from the cytoplasm to the extracellular
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space; from that, it is expected that local factors can activate
mechanisms to correct this deregulation, such as the activa-
tion of the local [Ca**] pumps due to the modification of
the local pH, and thus inhibit the activity of ATPase. How-
ever, [Ca®"] can interfere with DHPR and thus decrease the
likelihood of ATPase inactivation, consequently changing
the threshold of the action potential in the lumen of the T
tube to increasingly positive values, making it deeply difficult
for the muscle to leave the stage of contraction for relaxation
[101-103].

Once knowing that recovery from fatigue usually occurs
within minutes to an hour, we must understand that some
studies theorize that part of the fatigue problem is actually
related to cell signaling, more precisely, in the direct inhibi-
tion of the Ca®* channel released by SL, called RyR1, because
the content of intracellular Ca®>* depends on the activity of
this channel, both for entry and removal, mainly in fast
fibers. The permeability of the channel is directly regulated
by Ca®* already released in the SR, so that the ion itself, with
the smallest fluctuation in concentration, regulates the RyR1
channel [104, 105].

Beyond that, considering that the intensity of the force is
intracellular [Ca®"] related and that in turn depends on the
release of Ca®" and the self-regulation of some channels for
removal or influx, it is important to note that the decrease
in [Ca®'], even if is it physiological, tends to prolong the
relaxation period, the opposite being also possible, and the
increase in [Ca®"] tends to prolong the contractile period of
the fibers, even when the reduction of the Ca** of the SR dur-
ing the contractile activity remains due to the binding of
increased Ca®" intracellular fast fiber proteins and the SR
pump, thus consequently removing more slowly. In sum-
mary, the cell signaling that controls the period and the place
where Ca®" must be maintained during the contraction time
and the relaxation time after tetanus contraction in the mus-
cle are essential to understand muscle fatigue [106, 107].

Comparatively, the mechanism for the development of
muscle fatigue also depends on the amount of ATP recruited
by the muscle, from which it will then be degraded into
ADP + pi, as well as the extent of phosphocreatine depletion.
Studies suggest that muscle fibers have the ability to sustain
ADP decline without opening Ca®" channels and flooding
the muscle with these ions, so that action potentials with
0.5mM cell decline did not activate Ca>" release. However,
when injected with Mg>* ion in the declining action poten-
tial, an inhibition of Ca®* channels was observed, due to the
competition of intracellular Mg** by ATP, resulting in the
fall of free ATP, which was possible to be released after
intense exercise [108, 109].

7. Fatigue in Organs

Fatigue occurs in whole muscles when there is a loss of peak
strength, speed, and power, in which the time course of
change in function depends on the intensity of activation
and the composition of the type of muscle fiber [92, 109].
The human body has some muscles made up of slow muscle
fibers, so they are called slow muscles, such as the sole of the
calf. These fibers are composed mainly of slow type I or slow
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oxidative fibers, that is, they generate ATP mainly from oxi-
dative phosphorylation and are kept tonically active and are
extremely resistant to fatigue. On the other hand, muscles
made up of fast fibers usually have greater capacity to obtain
ATP from glycolysis and other energy sources, are not kept
tonically active, and are not resistant to fatigue [79, 96].

Going deeper into the types of fibers present in the
human body. There are two types of fast fibers: Ila or fast-
oxidizing glycolytic fibers and IIx or glycolytic fibers. In addi-
tion to the hybrid fast fibers that contain myosin are ITa and
IIx. The hybrid fiber IIx has the highest maximum speed and
glycolytic capacity, while the hybrid fiber ITa has properties
between fast IIx and slow type I fibers. Additionally, there
is a third fast type IIb fiber, which is the fastest of all the
fibers, but is expressed, in extremely inactive muscles [108,
110].

Studies have shown that understanding the isometric
contraction properties before and after fatigue has helped to
identify cell fatigue sites. For example, postfatigue muscle
contractions show reduced muscle tension and prolonged
contraction and relaxation times. The duration of the con-
traction depends on the detachment rate of the AM cross-
bridge and the duration of the transient intracellular Ca*";
therefore, the prolongation of fatigue-induced contraction
is an indication that the Ca®>*/ATPase reuptake by the SR
may have been inhibited; note as well that the duration of
relaxation after a peak of contraction in tetany is limited by
the activity of the Ca**/ATPase/SR pump [50, 105].

According to studies that analyzed the initial phase of
relaxation of a muscle in tetany, the lengths of the sarcomere
remain constant and it is believed that the relaxation rate
depends directly on the detachment rate of the AM cross-
bridge, so that this phase showed a longer fatigue time com-
pared to the second relaxation phase and should probably be
limited by the activity of the Ca**/ATPase/SR pump [23].

Another point to be considered would be that the devel-
opment of fatigue would be a force-frequency relationship.
If the strength continuously decreases and relatively less fre-
quently compared to the high ones, a solution would be that
the transient Ca** induces in the prolongation of fatigue with
low injections, however, continuous so that the muscular
strength in fatigued muscles also decreases [78].

Along with the slowing of relaxation, a-motoneuron fir-
ing rates decline with fatigue in vivo. This response is consis-
tent with studies that observe that the optimal stimulation
frequency for peak force showed a decline in muscle with
fatigue [39].

Some studies show that the aim should be the muscle
contractile process and should include disturbances in
cross-bridge AM interactions caused by increases in pH
and Pi and alterations in SR function or in the Ca®*/ATPase
pump, besides the changes that can occur in cross-bridge
AM. Therefore, the force, velocity, and power all are reduced.
In addition, the hydrolysis of ATP produces an increase in
free Mg®" and inhibition of the RyR1 and Ca®" release [106].

It is well known that in cases of prolonged exercise,
fatigue is inevitable, as this is correlated with muscle glycogen
depletion and hypoglycemia. Currently, studies are needed to
explain this mandatory carbohydrate oxidation; it is hypoth-

esized that the decrease in muscle glycogen and the increased
dependence on fat oxidation end up limiting the ability of
mitochondria to provide important components for oxida-
tive phosphorylation such as NADH, before the muscle suf-
fers; in addition, it was also observed that glycogen has a
greater affinity with DHPR and RyR1, thus making the alter-
natives to meet the need for the muscle obsolete [102, 111].

A reduced uptake of SR Ca®" without alteration in
ATPase activity suggests a decoupling of the transport or
leaking vesicle, through which Ca®" escapes into the intracel-
lular medium and changes the concentration and local pH.
Another organelle that can be damaged due to prolonged
physical exercise would be the mitochondria, in which stud-
ies indicate that it may present some edema, but there is no
evidence that it can impair its function; however, it was
observed that the fibers showed some wear after prolonged
exercise [105, 109].

The oxidative phosphorylation that occurs in the mito-
chondria produces ATP and consumes O,; this process is
also capable of generating ROS, such as hydrogen peroxide
(H,0,) and superoxide anion (O,"). The rate of production
of ROS increases according to the intensity of work and the
rate of respiration in skeletal muscle, and it is commonly rec-
ognized that ROS play a role in muscle fatigue by the oxida-
tion of critical cellular proteins, such as the Na* K pump,
myofilaments, DHPR, and RyR1. The oxidation of ROS at
critical RyR1 cysteine residues and/or myofibril serine groups
can assist in the development of low-frequency fatigue and
inhibit the release of Ca** from SR and the sensitivity of
Ca* in myofibrils [91, 103, 112].

It is believed that there is a mechanism that involves a
structural alteration of the Ca** SR release channel and/or
associated proteins, since the amplitude of the Ca®* transient
is decreased for all stimulus frequencies, so that the concen-
tration ratio of Ca®" and strength is increasingly observed,
and it can be concluded that Ca®" mediators probably involve
calmodulin (CaM), calcium-activated proteases, or ROS [64,
89, 104].

Ryrl is part of a multiprotein complex that includes pro-
teins involved in phosphorylation/dephosphorylation, linked
to different types of cell signaling, such as cAMP-dependent
protein kinase (PKA), Ca-Calmodulin-dependent protein
kinase (CaMKII), phosphodiesterase-4-D-3 (PDE4D3), pro-
tein phosphatase 1 (PP1), the Ca** binding protein CaM, and
modulation of Ca®" activation of the channel [23, 105, 113].

It is well established that CaM plays a dual role in the reg-
ulation of the Ca** in SR release channels. CaM binding acti-
vates or inhibits the opening of the Ca** channel in the
cytoplasm whose concentration is low and high. In a nonfa-
tigued muscle fiber, this process probably contributes to the
cyclic activation and inactivation of the release channel.
There is no evidence linking Ca®" with CaM to an altered
RyR1 function. However, there is a possibility that the ele-
vated cytoplasmic Ca** associated with fatigue leads to an
altered CaM binding, so that the channel becomes more dif-
ficult to activate. The increase in cytoplasmic Ca** can lead to
prolonged elevation of CaMKII and cause excessive phos-
phorylation of DHPR and/or RyR1. Looking from another
point, prolonged [-adrenergic activity with exercise can also



lead to an increase in PKA activity and result in hyperpho-
sphorylation of RyR1. In addition, the inhibition of the PP1
and/or PDE4D3 protein can also lead to excess phosphoryla-
tion of RyR1, which can directly reduce the probability of its
opening or mediate the dissociation of the stabilizing protein
from the FKBP12 channel [7, 48, 106].

The exact mechanisms and relative importance of RyR1
and the Ca®"/ATPase/SR pump are not completely under-
stood and represent an important area for future research
[78, 102, 107].

8. Photobiomodulation

Low-level laser therapy (LLLT) or laser therapy has been
used for more than 40 years. The idea came up in 1960 after
the invention of the laser, making it a widespread treatment
with a variety of clinical applications. Scholars of the time
decided to use different tools and models to be used accord-
ing to their functions, the expressions like “photobioactiva-
tion” and “biostimulation” are often related to the
stimulation effect that the LLT was used for. However, a
few years later, it was possible to verify that the LLT also
has an inhibitory effect; from that, it was established to coin
the term “biomodulation” [108, 110].

Therapeutic treatments are based on three principles:
first, minimize inflammation, edema, and chronic disorders
of the joints, brain, skin, etc; second, promote wound healing
in superficial and deep tissues, etc; and third, treating neuro-
logical disorders and pain [108, 111].

Recent studies indicate that the most used wavelengths
for photobiomodulation therapy (PBM) are infrared (IR)
and 700nm to near infrared (NIR), in which they have
shown more beneficial impacts than light-red in many med-
ical conditions [109, 111].

In general, the laser therapy involves portions of the elec-
tromagnetic spectrum (390-1600nm and 1013-1015Hz),
which is red until NIR, and they are absorbed according to
the specific application for each biological tissue and the
appropriate wavelengths [4, 112].

Unlike high-power “hard” lasers, LLLT provides low
energy, just enough to induce a response in body tissue. In
addition, it has a wavelength-dependent shape capable of
altering cell function in the absence of significant heating.
Thus, LLLT is also called “soft” laser therapy or cold laser,
as it has low energy without thermal effects [114, 115].

Studies show that the wide range of laser therapy
includes effects at the molecular, cellular, and tissue levels
and the ways in which LLLT works can vary according to
different application factors [116]. For the LLLT, to pro-
duce a photobiological effect, it is necessary for the photon
absorption of the laser radiation to occur; the photons are
captured by the initial photoreceptor molecules, which can
be endogenous or exogenous chromophores. The energy
absorbed from a photon can be transferred to another
molecule, which can then cause a chemical reaction with-
out changing the temperature in the surrounding tissue
and consequently triggers local biochemical reactions with-
out any discomfort [109, 117].
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Several studies have suggested that mitochondria are the
cellular component most sensitive to visible light and NIR;
this stimulus results in increased ATP production, increased
deoxyribonucleic acid (DNA) synthesis, ROS modulation,
and nitric oxygen species (NOS) and in the induction of tran-
scription factors. In addition, PBM at red and NIR wave-
lengths stimulates an increase in intracellular ionic Ca®*.
However, recent studies emphasize that blue (420 nm) and
green (540 nm) lights are more effective in increasing intra-
cellular Ca**. Researchers also suggest the use of blue or
green light for better interaction with light-dependent ion
channels, which allows light to control electrical excitability,
intracellular acidity, and calcium influx, among other pro-
cesses. The most likely ion channel is the rhodopsin of the
light-gated channel, because the spectrum of action of the
rhodopsin family exhibits peaks in the blue-green spectral
region. However, the mechanism of laser-tissue interaction
has not yet been fully described [118-120].

At the cellular and molecular levels, there are still open
arguments and responses about the effectiveness of lasers in
producing the desired responses [121]. Photobiomodulation
is a form of phototherapy, which is designed to apply light
with specific wavelengths from red to NIR with output pow-
ers of up to 500 mW. One of the great advantages of LLLT is
the use of photon energy at low levels to alter biological activ-
ity without thermal reactions, since there is little increase in
the temperature of the irradiated tissue, in addition to being
nontoxic and nonallergic, and due to the ease of application
that its study has been spreading increasingly [122].

Studies indicate that clinical treatment with LLLT in var-
ious intensities has a stimulating effect on cellular processes
[123]. Recently, it has been reported that at low levels of
red or infrared light, LLLT can prevent cell apoptosis; stimu-
late mitochondrial activity; increase in cell recruitment, pro-
liferation, and renewal; and modulate cell metabolites. In
addition, it has also been suggested that LLLT may promote
changes in the cell’s redox state, playing an important role
in ion homeostasis and consequently in cellular activity and
induce photobiostimulation processes. Besides that, preexpo-
sure of PBM has a protective effect against many external
agents, such as hydrogen peroxide (H,0,) and UV radiation
[124, 125].

9. Discussion

Studies suggested that the implementation of low-level laser
therapy (LLLT) may cause biomodulatory, biochemical, bio-
electrical, and bioenergetic effects. That is why we can use it
in the repair of fatigued muscles, muscular disorders, and
improved muscle performance in specific muscles already
treated with LLLT. According to [126], the experimental
study with 15 volunteers including female and male stroke
patients who presented with poststroke spasticity, the LLLT
(diode laser, 100 mW, 808 nm, beam spot area 0.0314 cm?,
127.39J/cm®/point, 40's) was applied mainly in areas where
spasticity was present like the rectus femoris muscle and to
the vastus medialis muscle. After LLLT, intervention was
observed to contribute to the increase in the recruitment of
muscle fibers, reduction in the scale for pain intensity
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because of its anti-inflammatory effect in stroke patients with
spasticity, time delay to the fatigue onset, improvement of
muscle performance, and increase in peak torque. The study
also observed that LLLT provided major breakthroughs in
the treatment of muscular disorders and prevention of mus-
cle fatigue.

The literature shows that positive results were found with
a single application of LLLT on tissue regeneration and
decreased neurological injury but there are not enough infor-
mation about laser therapy related to spastic muscle and it
shows increased resistance to passive stretching that can be
explained by changes in muscle tissue properties and early
onset of muscle fatigue. In addition, the authors found that
the application of laser photobiomodulation in spastic mus-
cle prior to isometric exercise contributes to the decrease in
blood lactate concentration after exercise possibly because
laser radiation increases microcirculation, increases metabo-
lite removal, and prevents local ischemia. Besides, it seems
that the vascular effects of PBM may be due to the nitric
oxide release, leading to smooth muscle relaxation and
increased peripheral microcirculation. Considering the bio-
energetic effects, the LLLT application is related to mitochon-
drial function and light interacts with the mitochondria and
promotes cellular changes that also may contribute to delay
muscle fatigue [127].

Impairment of basic motor functions, such as muscle
weakness in limbs affected by spasticity, leads to peripheral
fatigue and impaired functionality. According to [128], the
clinical use of PBM has provided major advances in the treat-
ment of muscular disorders and prevention of muscle fatigue.
Their study were structured with 10 sessions of PBMT (laser
100 mW, 808 nm, 159.24 ]/cmZ/point, 5]/point); PBM active
or placebo was associated with exoskeleton-assisted func-
tional treatment. A double-blind, placebo-controlled sequen-
tial clinical trial was conducted with 12 healthy volunteers
and 15 poststroke patients who presented upper limb spastic-
ity. Ultimately, it suggests that the application of PBM may
contribute to an increased range of elbow motion and muscle
fiber recruitment, increases in muscle strength, and, hence,
increases in signal conduction on spastic muscle fibers in
spastic patients.

10. Conclusion

It could be concluded that LLLT may contribute to an
increased range of muscle motion and fiber recruitment
and increased strength to increase signal conduction on
spastic muscle fibers in spastic patients. However, further
studies are needed to understand how fatigued fibers
behave in these patients, since clinical studies used differ-
ent laser wavelengths and numerous illumination parame-
ters, which influence the determination of different
biological parameters.

In addition, the literature is not explicit about the appli-
cation of PBM in spastic patients but that this possibility
could reduce pain and fatigue regarding biochemical and
neuromotor mechanisms that may represent a new therapeu-
tic use for neurological patients.
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To assess the efficacy of photodynamic therapy (PDT) for oral squamous cell carcinoma (OSCC), literature on this topic from
Embase, PubMed, and Web of Science were obtained and analyzed. The response and recurrence rates with 95% confidence
intervals (CI) were calculated using the DerSimonia-Laird method. The pooled complete response (CR) rate from the included
studies was 0.799 (95% CI: 0.708-0.867), while the overall response (OR) rate was 0.967 (95% CI: 0.902-0.989). The recurrence
rate (RR) was 0.158 (95% CI: 0.090-0.264). A subgroup analysis of lesion site, photosensitizer, laser type, radiant exposure, and
power density revealed no statistically significant differences. In general, PDT is effective for the treatment of early OSCC.
Investigations on the influence of PDT on the survival of OSCC patients, optimization of the treatment regimen, and evaluation

of response after treatment are still needed.

1. Introduction

Oral squamous cell carcinoma (OSCC) is the main type of oral
cancer and accounts for more than 90% of all malignant
tumors in the oral cavity. At present, its main treatment is
surgical treatment, supported by radiotherapy and chemo-
therapy; however, the efficacy is still unsatisfactory, and
adverse reactions are quite common owing to the low selectiv-
ity of these treatment options [1-3]. Photodynamic therapy
(PDT) is a minimally invasive treatment with high efficacy
and selectivity, and it has a low risk of systemic side effects
and deformities [4]. The basic elements of PDT are oxygen,
photosensitizer, and visible light at specific wavelengths [5].
Photosensitizers are often given locally or intravenously,
which subsequently are preferentially concentrated in over-
proliferative cells with membrane structural defects, such as
cancer cells. In the presence of oxygen, a light source of an
appropriate wavelength is applied to the target tissue to
activate the excited state of the photosensitizer and produce
oxygen reactive species with cytotoxic activities [6]. At present,

one of the most important clinical applications of PDT is
as second-line therapy for primary cancers or recurrent
early and superficial cancers of the oral cavity, pharynx,
and larynx [7].

In 2015, Cerrati et al. [8] conducted a meta-analysis on
the efficacy between PDT and surgical treatment, which
included studies published before 2010. In the last 10 years,
more studies on this subject have been published. Therefore,
to gain a better understanding of the outcome of PDT in the
treatment of OSCC, we conducted this meta-analysis to
update the cure rate and RR of PDT for OSCC treatment
and to explore their relationship with lesion site, photosensi-
tizer, laser type, radiant exposure, and power density and
other related factors.

2. Materials and Methods

A systematic review and meta-analysis were performed
according to the PRISMA statement [9]. The review protocol
was registered on PROSPERO (CRD42020190166).
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2.1. Study Identification and Selection. PubMed, Embase, and
Web of Science databases were systematically searched until
August 1, 2019, to identify all relevant studies using different
combinations of the following keywords: “photodynamic ther-
apy” or “photodynamic chemotherapy” and “oral cancer,”
“oral squamous cell carcinoma,” “oral neoplasms,” “head
and neck tumors,” and “head and neck squamous cell
carcinoma.”

Studies enrolled in the meta-analysis met the following
criteria: (A) original study; (B) clinical study; (C) published
in English; (D) articles meeting the standard of PICO, in
short, all patients were diagnosed with OSCC through clini-
cal manifestations and histological examination (P); the
lesions were treated by PDT (I); comparison of lesions of
patients before and after treatment (C), response was used
as the primary outcome, and recurrence was used as a sec-
ondary outcome (O).

The exclusion criteria were as follows: (A) reviews,
conference summaries, case reports, and commentaries; (B)
animal experiments; (C) efficacy evaluation criteria were
inconsistent; (D) publications of nonoriginal studies or based
on the same cohort; (E) studies in which the specific sites of
the lesion were not recorded.

2.2. Data Extraction. Two investigators (J. Lin and G.C. Ni)
independently assessed the titles and abstracts initially to
determine whether they met the inclusion criteria and then
read the full text of the study. The following information
was collected from all studies: first author’s name, year of
publication, mean age of patients, sample size, lesion loca-
tions, female-to-male ratio, light source, type and application
method of photosensitizer, laser parameters (wavelength,
radiant exposure, and power density), exposure time, num-
ber of sessions, follow-up time, adverse reactions, and recur-
rence status. If two reviewers disagreed on whether a study
met the inclusion and exclusion criteria, a third reviewer
would join the discussion and resolve discrepancies.

2.3. Statistical Analysis. All statistical analyses were per-
formed using the Meta-Analyst [10] and STATA statistical
software 15.1. The response rate with 95% confidence inter-
vals (CI) for PDT in the treatment of OSCC was calculated.

Heterogeneity of meta-analysis (Pand Q test): the hetero-
geneity of studies was assessed using I” and Q tests; if the
heterogeneity was statistically significant (I* >50% or P value
of Q test was <0.05), then a random effect model was used for
the data analysis.

Pooled estimates calculation: for discrete variables, the
proportion was calculated, and logit transformation was car-
ried out. The inverse variance method was used in the fixed
effect model, while the DerSimonia-Laird method was used
in the random effect model.

Publication bias: a funnel chart was drawn to evaluate
publication bias; publication bias was considered when the
funnel chart was asymmetrical or the P value of Egger’s test
was <0.05.

Quality assessment:. nonrandomized studies were
assessed by using the Downs-Black Checklist with 26 items
[11]. A quality assessment was independently performed by
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two authors (J. Lin and G.C. Ni), and a full discussion was
undertaken when conflicts existed. The corresponding
author (Prof. Dan) made the final decision.

Sensitivity analysis: subgroup analyses were performed,
and the influence of a single study on the overall result was
analyzed by omitting them one by one.

3. Results

3.1. Search Results and Study Selection. Figure 1 shows the
selection process; 69 articles were included through a prees-
tablished literature retrieval strategy. First, 10 articles were
excluded because of repetition. The titles and abstracts were
screened, and 29 articles of reviews, case reports, animal
experiments, or basic experiments were excluded. In the sub-
sequent full-text screening, 9 articles were excluded because
of inconsistencies in the efficacy evaluation criteria. The
remaining 21 articles were used for data extraction. Two
studies [12, 13] were excluded because squamous cell carci-
noma and dysplasia were not distinguished. One study [14]
was excluded because it was based on the same cohort as
another study [15]. Finally, a total of 18 studies [15-32] with
900 OSCC patients were included in the meta-analysis. The
basic characteristics of the included studies are listed in
Table 1.

3.2. Quality Assessment of Included Studies. The results of the
Downs-Black Checklist are listed in Table 2. The majority of
the non-RCT studies showed high quality in five fields: study
quality, external validity, study bias, confounding, and power
of study.

3.3. Meta-Analysis Results

3.3.1. Complete Response Rate of OSCC to PDT. A total of 18
articles involving 900 lesions were included in this study.
Detailed information of the studies is provided in Table 1.
The response rate with 95% CIs was used to evaluate the
lesion complete response (CR) after PDT. The P value of
the Q test was <0.001, I” was 80.03%, a random effect model
was recommended, and the DerSimonia-Laird method was
used. The pooled CR was 0.799 (95% CI:0.708-0.867), indi-
cating that 79.9% of the lesions achieved a CR (Figure 2).

The funnel plot (Supplementary Figure 1A) and Egger’s
test indicated no publication bias (P=0.345, 95% CI=-
2.932-1.091; P > 0.05).

Moreover, a sensitivity analysis (Supplementary
Figure 2A) showed that the results were robust.

3.3.2. Overall Response of OSCC to PDT. Seven articles
involving 507 cases were included in the analysis. The OR
result is shown in Figure 3, where the P value of the Q test
was 0.035 and I*>=55.69%. A random effects model was
adopted, and the pooled OR was 0.967 (95% CI:0.902—
0.989), indicating that 96.7% of the lesions achieved an over-
all response (OR).

The funnel plot (Supplementary Figure 1B) and Egger’s
test indicated no publication bias (P=0.813, 95% Cl=-
17.969-17.131; P > 0.05).
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F1GUre 1: Flow diagram of literature search and study selection process.

Moreover, a sensitivity analysis (Supplementary Figure 2B)
showed that the results were robust.

3.3.3. Impact of PDT on the Recurrence Rate of OSCC. Nine
articles reported the RR, involving 376 cases. The RR results
are shown in Figure 4. Heterogeneity among studies was sig-
nificant (I> = 67.32%, P of Q test=0.002), and the random
effect model and DerSimonia-Laird method were used. The
pooled RR was 0.158 (95% CI:0.090-0.264), indicating that
15.8% of the lesions relapsed.

A funnel plot (Supplementary Figure 1C) and Egger’s test
indicated no publication bias (P =0.621, 95% CI=-4.049 -
2.627; P> 0.05).

Moreover, a sensitivity analysis (Supplementary Figure 2C)
showed that the results were robust.

3.4. Subgroup Analysis

3.4.1. Lesion Sites. Eight studies were included in the sub-
group analysis of the influence of lesion location on the CR

of OSCC. They were divided into two groups: the lips and/or
buccal mucosa and/or tongue and/or floor of the mouth
(BM/L/T/EM) group and gingiva and/or palate (G/P) group.
There was no statistically significant difference between the
groups (Figure 5).

3.4.2. Photosensitizers. Eighteen studies were included in the
subgroup analysis of the influence of the photosensitizer
types on the CR of OSCC, including five types of photosensi-
tizers: m-Tetra(hydroxyphenyl) chlorin (m-THPC), chlorin-
based compound, 3-(1’-hexyloxyethyl) pyropheophorbide
(HPPH), hematoporphyrin derivative (HPD), talaporfin
sodium, and porfimer sodium. They were administered
intravenously. The results are shown in Figure 6(a). The
curative effects were all at the average level, and the differ-
ences between the different types of photosensitizers were
not statistically significant.

Seven studies were included in the subgroup analysis of
the influence of photosensitizer type on the OR of OSCC,
including three types of photosensitizers. The results are
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TABLE 2: Results of bias risk assessment for each included non-RCT (score).

Included studies Reporting External validity Bias Confounding Power Overall score
Tkeda H 2018 7 2 3 2 5 19
Toratani S 2016 8 1 3 2 5 19
Rigual N 2013 7 1 3 2 5 18
Karakullukcu B2013 8 1 2 2 5 18
Tkeda H 2013 9 2 3 2 5 21
deVisscher S A2013 8 1 4 3 5 21
Karakullukcu B 2011 8 3 4 2 5 22
Jerjes W2011 9 2 4 2 5 22
Vanessa G 52010 6 1 3 2 5 17
KAI Johannes2009 7 1 4 2 5 19
Merrill A. Biel2010 8 1 4 2 5 20
Rigual N R2009 9 1 3 2 5 20
Hopper C2004 8 1 4 2 5 20
Copper M P2003 7 1 4 2 5 19
Kubler A C2001 8 1 4 2 5 20
Kathleen FM 1997 7 1 3 2 5 18
Yoshida T1996 9 1 4 2 5 21
Grant W E1993 8 1 4 2 5 20
Studies Estimate (95%CI) Ev/Trt }
|
Ikeda H 2018 0.750 (0.377, 0.937) 6/8 ;
Toratani S 2016 0.882 (0.725, 0.955) 30/34 —:—.—
Rigual N 2013 0.800 (0.572, 0.923) 16/20 =
Karakullukcu B 2013 0.891 (0.778, 0.950) 49/55 —:—I—
Ikeda H 2013 0.944 (0.693, 0.992) 17/18 i -
deVisscher S A 2013 0.814 (0.745, 0.868) 127/156 +
Karakullukcu B 2011 0.683 (0.596, 0.758) 86/126 — !
Jerjes W 2011 0.316 (0.189, 0.478) 12/38 = !
Merrill A. Biel 2010 0.997 (0.960, 1.000) 190/190 ! —H
Vanessa Gayl 2010 0.846 (0.655, 0.941) 22/26 —a
KAI Johannes 2009 0.500 (0.200, 0.800) 4/8 !
Rigual N R 2009 0.909 (0.561, 0.987) 10/11 : -
Hopper C 2004 0.851 (0.773, 0.905) 97/114 ———
Copper M P 2003 0.846 (0.655, 0.941) 22/26 —=
Kubler A C 2001 0.960 (0.765, 0.994) 24/25 —
Kathleen F M 1997 0.560 (0.366, 0.737) 14/25 = !
Yoshida T 1996 0.333 (0.084, 0.732) 2/6 !
Grant W E 1993 0.929 (0.630, 0.990) 13/14 ; =
|
|
Overall (I* = 80.03%, P< 0.001)  0.799 (0.708, 0.867) 741/900 pp——
|
T T T T ‘ 1
0.08 0.31 0.54 0.77 1

Logit proportion

F1GURE 2: Forest plots of proportions of CR after PDT.

shown in Figure 6(b). There was no statistically significant
difference between the different types of photosensitizers.
Nine studies were included in the subgroup analysis of

the influence of photosensitizer types on the RR of OSCC,
and the results are shown in Figure 6(c). The differences
between the different types of photosensitizers were not sta-
tistically significant.

3.4.3. Laser Types. Eleven studies were included in the sub-
group analysis of the influence of laser type on the CR of
OSCC. They were divided into two groups: diode laser and
dye laser. As shown in Figure 7(a), there was no significant
statistical difference between the different laser types.

Five studies were included in the subgroup analysis of the
influence of laser type on the OR of OSCC. The results are
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F1GURE 5: Forest plot of subgroup analysis of complete rate in cases at different lesion sites.
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FIGURE 3: Forest plots of OR rate after PDT.
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FIGURE 4: Forest plots of proportions of RR after PDT.
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FIGURE 6: Forest plot of subgroup analysis of (a) CR, (b) OR, and (c) RR in cases using different types of photosensitizers.

shown in Figure 7(b); there was no significant statistical dif-
ference between the different laser types.

Five studies were included in the subgroup analysis of the
influence of laser type on the RR of OSCC. The results are
shown in Figure 7(c), and the difference between the different
laser types was not statistically significant.

3.4.4. Radiant Exposure. Twelve studies were included in the
subgroup analysis of the influence of radiant exposure on the
CR of OSCC. They were divided into three groups: 0-50
joules per square centimeters (J/cm?®), 50-100]J/cm? and
100-200 J/cm?. The results are shown in Figure 8(a); there
was no significant statistical difference between the different
groups.

Five studies were included in the subgroup analysis of the
influence of radiant exposure on the OR of OSCC. The
results are shown in Figure 8(b), and there was no statistically
significant difference between the groups.

Seven studies were included in the subgroup analysis of
the influence of radiant exposure on the RR of OSCC. The
results are shown in Figure 8(c), and there was no statistically
significant difference between the groups.

3.4.5. Power Density. Thirteen studies were included in the
subgroup analysis of the influence of power density on the CR
of OSCC. They were divided into three groups: 100-150 milli-
watt per square centimeters (mW/cm?), 150-200 mW/cm?,
and >200 mW/cm? The results are shown in Figure 9(a); there
was no statistically significant difference between the groups.

Five studies were included in the subgroup analysis of the
influence of power density on the OR of OSCC. The results
are shown in Figure 9(b); there was no statistically significant
difference between the groups.

Six studies were included in the subgroup analysis of the
influence of power density on the RR of OSCC. The results
are shown in Figure 9(c), and there was no statistically signif-
icant difference between the groups.

3.5. Other Factors in PDT Process in all Studies (Table 1). In
all studies included, wavelengths of 630-665nm were used.
Most of the patients had no obvious discomfort or only mild
discomfort (local pain and inflammatory edema); some
patients had scar formation, itching, and weight loss. A small
number of patients had alveolar bone sunburns and dead
bone formation.

4. Discussion

OSCC is a common type of cancer in the head and neck
region [33]. The annual incidence rate is 3.90/100,000, and
the mortality rate is 1.94/100,000 [34]. Owing to the high
mortality rate and potential damage to the appearance and
function of the oral and maxillofacial region caused by the
cancer itself as well as the treatment, OSCC has a very nega-
tive influence on the physical and mental health of patients
[35]. Currently, surgery is still the first-line treatment for
OSCC [36] and is supported by radiotherapy and chemother-
apy. The advantage of surgery is that the lesion can be
removed completely, and neck dissection can be performed
at the same time; however, delayed wound healing is com-
monly seen, and scar formation is almost inevitable. When
the lesion is large or located at a special anatomic site (such
as the angle of the mouth, frenum linguae, or pterygoman-
dibular fold), surgery often results in impairment of the
mouth opening, mastication, language, and appearance. If
recurrence occurs, repeated surgery will further exacerbate
the situation [8].

PDT has been used for managing many malignant
tumors including OSCC. Compared with surgical treatment,
it is highly selective, minimally invasive, and easily accepted
by patients, with mild adverse reactions and no cumulative
toxicity [37]. Unlike radiotherapy and surgery, treatment
can be repeated at the same site as needed [5]. According to
a previous meta-analysis, PDT can achieve a response rate
similar to that of surgical treatment. In that study,
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FIGURE 7: Forest plot of subgroup analysis of (a) CR, (b) OR, and (c) RR in cases using different laser types.

leukoplakia and dysplasia were also included in the
calculation of oral cancer, which might have affected the
final results.

In this study, only patients diagnosed with OSCC were
included. The standards for calculating response rates were
set. OR means tumor size reduction of 50% or more after
PDT; CR refers to no evidence of tumor both clinically or
pathologically. According to these standards, the CR of

OSCC treated with PDT was 79.9%. The OR rate, which
was the sum of the CR and partial response, was 96.7%. These
results indicated that the efficiency, especially the short-term
efficiency of PDT in the treatment of early OSCC, was high.
At the same time, PDT was highly selective with mild adverse
reactions, which made it preferable to surgery when the pro-
tection of appearance and function of the target site was
needed. However, it should also be noted that PDT had little
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effect on metastatic lesions; therefore, patients with OSCC
should be carefully selected (patients at the TINOMO0/T2NOMO
stage in most cases) before PDT treatment. Optional treatment
plans should be suggested when a CR could not be achieved. In
the current study, the pooled RR of OSCC after PDT was
15.8%, indicating that even when CR was achieved, frequent
follow-up should be applied to monitor recurrence.

To determine whether the effect of PDT was affected by
different factors, several subgroup analyses were performed,
including sites of the lesion, photosensitizers, light sources,
radiant exposure, and power density.

As for the sites of lesions, the effect of PDT on OSCC
lesions on lining mucosa and masticatory mucosa was com-
pared. The lining mucosa is different from the masticatory
mucosa in structure; the latter bears greater masticatory forces
and has a keratinized layer that is thicker than the former. In
the lining mucosa, less keratin, less fiber, and more vascular
connective tissue is formed, while the masticatory mucosa con-
tains connective tissue components with higher density and
fewer blood vessels [38]. The subgroup analysis showed that
the CR rate of lesions on the lining mucosa was slightly higher
than that of the masticatory mucosa, probably owing to the
higher infiltration of photosensitizers in lesions on the lining
mucosa; however, there was no significant statistical difference.

The ideal photosensitizer should be easy to prepare, stable
in storage, highly selective to tumor lesions, and have a signif-
icant absorbance band at longer wavelengths [39]. Different
photosensitizers have different properties and characteristics.
Porfimer sodium is the first-generation photosensitizer, and
its depth of action is limited to 5mm. For thicker tumors,
temoporfin, which is a second-generation photosensitizer,
can achieve a CR rate of up to 93% [40]. The therapeutic effect
of temoporfin is similar to that of porfimer sodium, but the
former has better selectivity for early cancer [41]. HPD is the
first photosensitizer with water solubility, sufficient affinity
for tumors, and low toxicity to normal tissues [39]. However,
its metabolism in the body is slow, and patients need to be pro-
tected from bright light for weeks after intravenous adminis-
tration of HPD [42]. HPPH, a compound that strongly
absorbs light at 665 nm, has a higher penetration in tumor tis-
sue and less skin photosensitivity [43]. Talaporfin sodium is a
second-generation photosensitizer that can be easily elimi-
nated from the body [16]. In the current meta-analysis, there
was no significant difference in the response rate among
different photosensitizers. Clinicians may consider the
availability, incidence, and severity of adverse reactions, cost-
performance ratio, and local medical insurance policy when
choosing an appropriate photosensitizer.

Different lasers are used for different wavelengths,
including diode lasers (630-1100nm) and dye lasers (390-
1000 nm) [44]. Near-infrared lasers with longer wavelengths
have deeper penetration, minimal thermal effects, and spatial
selectivity than visible lasers, which may be important in the
treatment of brain cancer. The properties of the photosensi-
tizer, tissue properties, and matching absorption wavelength
should be considered when choosing laser types [44, 45].

In a typical clinical PDT scheme, a radiant exposure of
the laser of approximately 50-100]J/cm” is typically used.
There was no significant difference in the subgroup analysis
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of the radiant exposure, which might be associated with the
fact that the combination of photosensitizer and light was
an effective method to destroy tissue based on chemical dam-
age caused by photosensitive reaction rather than heating
[45]. Because PDT consumes oxygen, it is important to use
an appropriate power density. High power density can accel-
erate the consumption of oxygen molecules; if oxygen cannot
be transferred to the treatment area in time, the PDT effi-
ciency can be reduced. In general, it should be maintained
between 150 and 200 mW/cm” to avoid hypoxia in tissues
[46, 47]. Adverse reactions are inevitable, but their incidence
can be reduced by adjusting the light dose, interval time
between photosensitizer administration and irradiation, irra-
diation area, administration method, etc. [48].

The current study still has several limitations. Most
studies included did not count the survival time of the
patients. In future studies of OSCC treated with PDT, atten-
tion should be paid to the follow-up of patients’ survival time
to provide more powerful evidence for the efficacy of PDT in
the treatment of OSCC. Almost all studies included in this
meta-analysis were retrospective studies, and there was no
control group. The number of treatments and reexamination
times of PDT in each study were different, and the results
might be inconsistent. Through subgroup analysis, we found
that there was no statistically significant difference among the
different sites, photosensitizers, and therapy parameters, but
this did not mean that the above factors had no influence
on efficacy. A possible reason is that these factors are not con-
sistent in different studies, and different factors may interfere
with each other. Therefore, it may be necessary to further
explore the effects of different factors on the efficacy of
PDT through randomized controlled trials to optimize the
treatment regimen of PDT for OSCC.

5. Conclusions

Although surgical treatment is still the first choice for the
treatment of OSCC, PDT for OSCC has great potential as
an adjuvant therapy. Investigations on the influence of PDT
on the survival of OSCC patients, optimization of the treat-
ment regimen, and evaluation of response after treatment
are still needed.
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