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Abstract: This work studied the effect of photobiomodulation (PBM) therapy on the healing of
experimental complicated wounds, using histological examination as the gold standard to assess the
treatment's usefulness and determine the effectiveness of selected parameters to minimize side effects.
This study simulated chronic wounds in 48 rats. The animal's wounds in the experimental group were
exposed to PBM. The semi-quantitative method evaluated the histological processes and structures,
including the re-epithelialization stage, polymorphonuclear leukocytes (PMNLs), fibroblasts, new
vessels, and new collagen. In the early stages of wound healing, the animals in the experimental group
had less inflammation. The PMNL count was 1.50 times lower after 3 days and 1.70 times lower after
7 days compared to the control group. After 3 days, the number of fibroblasts was 1.83 times higher,
the number of newly formed vessels was 1.24 times higher, and the number of collagen fibers was 1.75
times higher than in the control group. After 7 days, collagen levels were 1.29 times higher than in the
control group. The timing of re-epithelialization and healing rates at 14 and 28 days were not
significantly different between groups. Using PBM with these parameters can reduce inflammatory
reactions, accelerate granulation tissue growth, and improve healing rates in the early stages of wound
healing.
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1. Introduction

It is known that wound healing is a complex process involving many biological
pathways and mechanisms. It is classified into different phases, including the
hemostasis/inflammation stage, proliferation, and remodeling [1]. Healing of skin tissue is
delayed when wounds do not go through this organized process, which can lead to chronic
wounds [2]. During the formation of a chronic wound, disruptions in the relationship between
endocrine and immune factors, as well as changes in metabolism, occur [3,4]. At the same time,
in the case of extensive trauma, disruptions in regulatory mechanisms at the cellular level play
a key role [5].
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Due to the high prevalence of chronic wounds [6], the need for a multidisciplinary
approach to assessing wound condition [7], the economic burden of treatment costs [8], etc.,
the development and improvement of innovative methods for healing skin wounds are relevant
to medicine. For the treatment of wounds, for example, nanotherapy [9], extracts of xenogeneic
origin [10], and physical methods of influencing the wound process [11] are used. Thus, the
use of photobiomodulation (PBM) therapy is a promising strategy for both wound healing [12]
and the treatment of many diseases, including neuroinfections [13], as well as for reducing
acute and chronic pain [14].

A widely recognized mechanism underlying PBM is the effect of photons on
cytochrome c¢ oxidase [15]. Hypotheses related to the effects of light on ion channels and the
cytoskeleton, biophoton production, and the properties of light and biological molecules exist
[16]. The effects associated with PBM are considered at the molecular, cellular, and systemic
levels [17].

Animal models are often used to study the complex mechanisms underlying wound
healing. Rodent models allow the reproduction of key aspects of wound healing in humans and
provide a platform to investigate various aspects of tissue repair, including cellular responses,
molecular signaling, and dynamics of extracellular matrix remodeling. However, it should be
considered that rodent wounds heal mainly by contraction, whereas in humans, re-
epithelialization prevails. The wound-healing process in rodents is faster than in humans [18].

The use of rats in wound-healing models is more successful because larger wounds can
be reproduced.

The first works on applying low-intensity laser radiation in wound healing were
presented by Endre Mester. He published an article on the effects of low-level lasers on
improving non-healing or slow-healing wounds [19]. Since then, large papers have been
published on the effect of PBM on wound defects with different radiation parameters applied
to both humans and animals, as well as in vitro. However, the mechanisms underlying PBM
remain to be elucidated.

This work's purpose was to study the effect of PBM therapy on the healing of
experimental complicated wounds using histological examination (a reliable method, as the
results can be recorded photographically for evaluation by different experts).

2. Materials and Methods

2.1. Experimental design.

48 white rats at the age of 10 months, weighing 200-220 g, were used in the
experimental studies. After a one-week adaptation period, the animals were randomized into
two groups: control (Con) and experimental (Exp) [20]. Complicated wounds were simulated
for rats of both groups after depilation, reproducing the conditions of impaired microcirculation
and hypoxia. Wounds were induced into a 2 cm diameter circle in the proximal dorsum of the
rat. Then, a perpendicular loop-shaped fasciocutaneous suture was placed along the wound
edges. The superficial fascia of the wound bottom was excised with perpendicular cuts, forming
5 x 5 mm cells. The resulting cells were sutured with U-shaped sutures [21]. Surgical
procedures were performed using anesthesia — intramuscular injection of Zoletil (tiletamine
hydrochloride and zolazepam hydrochloride) (Virbac, France) at a concentration of 10 mg/kg
body weight.
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The wounds of animals in the experimental group were exposed to PBM. For this
purpose, a laser device Lika-therapist M (Ukraine) with a wavelength of 660 nm, a power of
10 mW, an energy density of 0.5 J/cm?, and an exposure time of 157 s was used. The impact
on the wound defect was carried out through continuous-wave operation once a day for five
consecutive days, starting 24 hours after modeling the wound. A distant method was used to
illuminate the entire area of the wound. The control group rats were subjected to the same
manipulations as the experimental group, but with the laser off (sham irradiation). The wounds
remained open throughout the experiment.

2.2. Histological evaluation.

The animals were euthanized on days 3, 7, 14, and 28 of the experiment. A section of
the wound was cut out for histological examination, including all its sections (central, main,
and edge). The material was embedded in paraffin and stained with hematoxylin-eosin and Van
Gieson's picrofuchsin. The preparations were analyzed and photographed using a PrimoStar
microscope (Zeiss, Germany) with a digital camera.

The semi-quantitative method evaluated re-epithelialization stage, polymorphonuclear
leukocytes (PMNL), fibroblasts, new vessels, and new collagen, according to the scale: 0, 1, 2,
3,4 (Table 1) [22].

Table 1. Evaluation of histological parameters of healing wounds by the semi-quantitative method.

Reepithelization

Polymorphonuclear

Scale Fibroblasts New vessels Collagen
stage leukocytes
0 thickening of cut absent absent absent absent-_granulatlon
edges tissue
1 migration of cells mild-surrounding mild-surrounding | mild-surrounding minimal-granulation
(<50%) tissue tissue tissue tissue
2 migration of cells mild-granulation mild-granulation mild-granulation mild-aranulation tissue
(=50%) tissue tissue tissue 9
3 bridging the moderate- moderate- moderate- moderate-granulation
excision granulation tissue granulation tissue | granulation tissue tissue
S marked-granulation marked- marked- marked-granulation
4 keratinization . S S .
tissue granulation tissue | granulation tissue tissue

2.3. Planimetry.

The measurement of the wound area was carried out in the control and experimental
groups using digital planimetry. The wound area was measured from photographs using ImageJ
image analysis software (NIH, USA) [23]. The relative wound area (S) was calculated
according to the formula:

S(%) = 3= x 100 (1)
Where So is the wound area after it has been inflicted, St is the surface area of the wound
at a given healing period.

2.4. Statistical analysis.

The statistical analysis was performed by the one-way ANOVA using the Statistica
software 12.0 (StatSoft, USA). To determine differences between groups, the Kruskal-Wallis
rank-sum test was used, with post hoc comparisons performed using the Mann—Whitney U-
test. Results were considered statistically significant at P < 0.05. Data were expressed as the
means * standard error of the mean (SE). Histogram plotting was performed in GraphPad
Prism 7 (GraphPad Software, USA).
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3. Results and Discussion

Figure 1 presents the change in the relative area of the wound surface in the control and
experimental groups.
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Figure 1. Change in the relative area of the wound surface in the control (Con) and experimental (Exp) groups
of animals. The error bars represent the standard error of the arithmetic mean for each indicator (n = 6).

3.1. Three days after surgery.

After 3 days, thickening of the epidermis along the wound edges was observed in most
animals in both groups, due to cell proliferation in the basal epidermal layer. In some animals,
there were signs of slight migration of keratinocytes from the wound edges to the center,
without significant differences between groups.

The inflammatory reaction was significantly more pronounced in the control group of
animals. PMNLs were observed in large quantities in the wound bed, as well as in areas of
young granulation tissue in the form of diffuse and focal infiltration, forming a wide enough
demarcation line between the scab and living tissues. In the experimental group of rats, the
number of PMNL in all wound areas was significantly lower, 1.50 times (p < 0.05).
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Figure 2. Wound area after 3 days in animals: (a) control group — against the background of fibrin threads,
inflammatory elements, a few fibroblasts, and single capillaries (arrow); (b) experimental group — young
granulation tissue with a large number of fibroblasts, capillaries (arrows), thin, chaotic collagen fibers.

Hematoxylin and eosin; scale bar 50 um.

GE % 2

The wound cavity in the control group was predominantly filled with fibrin fibers;
isolated areas with signs of fibroblast proliferation and neoangiogenesis were noted. In animals
https://nanobioletters.com/ 4 0f 12
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of the experimental group, wound defects were filled with young granulation tissue. The semi-
quantitative analysis also confirmed the great activity of reparative processes in rats receiving
PBM therapy. In the experimental group, the number of fibroblasts was 1.83 times higher, the
number of newly formed vessels was 1.24 times higher, and the number of collagen fibers was
1.75 times higher compared to the control group (p < 0.05) (Figures 2, 3).

3 days
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Figure 3. Results of semi-quantitative histological analysis of wounds in rats of the control (Con) and
experimental (Exp) groups after 3 days: stage of re-epithelialization (REEP), number of polymorphonuclear
leukocytes (PMNL), fibroblasts (FB), vessels (VES), collagen (COL); (*p < 0.05). The error bars represent the
standard error of the arithmetic mean for each indicator (n = 6).

3.2. Seven days after the surgery.

At this time, in wound samples from both groups of rats, signs of continued re-
epithelialization and granulation tissue growth were noted. The organization of the
extracellular matrix was more pronounced in the experimental group: the packing of collagen
fibers was denser, their orientation parallel to the wound surface, and their number was greater,
1.29 times that of the control group (p < 0.05). The amount of PMNL, as in the previous period,
was significantly higher in the control group, 1.7 times (p < 0.05) (Figures 4, 5).

v

Figure 4. Wound areas after 7 days in animals: (a) control group — young granulation tissue with significant
diffuse and focal (black arrows) inflammatory infiltration, fibroblasts, and capillaries (white arrows); (b)
experimental group — granulation tissue with fibroblasts, capillaries (white arrows), and parallel bundles of
collagen fibers. Hematoxylin and eosin; scale bar 50 pm.
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Figure 5. Results of semi-quantitative histological analysis of wounds in rats of the control (Con) and
experimental (Exp) groups after 7 days: stage of re-epithelialization (REEP), number of polymorphonuclear
leukocytes (PMNL), fibroblasts (FB), vessels (VES), collagen (COL); (*p < 0.05). The error bars represent the
standard error of the arithmetic mean for each indicator (n = 6).

3.3. Fourteen days after the surgery.

After 14 days, wound closure continued in both groups. In most animals, under a small
scab, the central area of the wound remained uncovered. Wound samples from all animals
showed signs of a remodeling phase during healing. Specifically, a decrease in the number of
PMN:s, fibroblasts, and vessels, as well as an increase in collagen in granulation tissue, with no
significant differences between grou 6, 7).
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Figure 6. Wound areas after 14 days in animals of (a) the control; (b) experimental groups — maturing
granulation tissue with bundles of collagen fibers and newly formed vessels (white arrows). Hematoxylin and
eosin; scale bar 50 pm.
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Figure 7. Results of semi-quantitative histological analysis of wounds in rats of the control (Con) and
experimental (Exp) groups after 14 days: stage of re-epithelialization (REEP), number of polymorphonuclear
leukocytes (PMNL), fibroblasts (FB), vessels (VES), collagen (COL); (*p < 0.05). The error bars represent the
standard error of the arithmetic mean for each indicator (n = 6).
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3.4. Twenty-eight days after the surgery.

At the end of the experiment, all animals' wounds were completely epithelialized.
Analysis of histological examination parameters revealed no significant differences between
the control and experimental groups. In the wound samples of all animals, signs of completion
of reparative processes in the marginal sections of the wounds and continuation of the
remodeling phase in the central sections were observed. Here, newly formed vessels,
fibroblasts, and inflammatory elements were preserved in small quantities (Figures 8, 9).

s 4 75
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Figure 8. Areas of the central part of the wounds after 28 days in animals of (a) the control; (b) experimental
groups - maturing granulation tissue with bundles of collagen fibers and single newly formed vessels (white

arrows). Hematoxylin and eosin; scale bar 50 um.
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Figure 9. Results of semi-quantitative histological analysis of wounds in rats of the control (Con) and
experimental (Exp) groups after 28 days: stage of re-epithelialization (REEP), number of polymorphonuclear
leukocytes (PMNL), fibroblasts (FB), vessels (VES), collagen (COL); (*p < 0.05). The error bars represent the
standard error of the arithmetic mean for each indicator (n = 6).

PBM therapy accelerates tissue regeneration. However, important parameters
influencing treatment outcomes include the frequency of PBM therapy, the dose, and the
method of energy delivery [24]. Therefore, an understanding of the applicability of the biphasic
dose-response curve (Arndt-Schultz curve) to PBM parameters is necessary. There is an
optimal “dose” value, most often determined by energy density (J/cm?) [25]. In our work, the
parameters of PBM therapy were selected based on the positive results of studies presented in
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the literature [26—29]. We also considered that the optimal therapeutic dose for laser therapy in
an open wound is 0.5-1 J/cm? [30]. In our previous work, to improve wound healing, we used
a wavelength of 660 nm, an energy density of 1 J/cm?, and powers of 10 mW and 50 mw [31].
In the current study, an energy density of 0.5 J/cm? at a power of 10 mW was chosen to optimize
the healing process.

The positive effect of PBM therapy in our study was noted mainly at the initial stages
of wound healing, after 3 and 7 days. In the animals of the experimental group, the
inflammatory reaction was less pronounced. This probably indicates earlier clearing of wound
fluid containing tissue detritus and lytic enzymes of dead neutrophils. In turn, this promotes
faster restoration of the structural integrity of tissues. Early fibroblast proliferation ensures
collagen deposition, which forms the basis of the extracellular matrix. Signs of active capillary
growth in the early stages contribute to trophic and oxygenation restoration of the injured area,
which is especially important for chronic wounds. The positive effects of PBM have also been
demonstrated in the literature. Thus, using laser irradiation 5 times every other day (compared
to a single application) reduced inflammation and improved granulation tissue maturation and
collagen deposition in a mouse wound-healing model. At the same time, an improvement in
angiogenesis was shown on the 5th day of the experiment [32]. Other authors have shown that
laser irradiation (635 nm at energy densities of 1 J/cm? and 3 J/cm?) accelerates wound healing,
especially in the early stages [33]. It was also demonstrated that the amount of collagen was
high in the irradiation group on day 8 of PBM therapy for wound healing [34]. These data are
similar to the results obtained in our work.

However, the PBM therapy regimen we studied appears to have a short-term effect, as
positive differences at later stages of the reparative process were not observed compared with
the control group. According to the literature, the increase in total collagen after irradiation
with a 2 J/cm2 laser at 632 nm was statistically significant at 10 and 15 days after wounding
compared with non-irradiated wounds [35]. Previously, we reported improved collagen
structure in a group of animals after PBM therapy at the remodeling stage [36]. Another study
showed that the number of blood vessels at day 28 was significantly increased in wounds
treated with red light [37]. This is contrary to the data of the present study. The studies
presented used different parameters of PBM therapy, making it difficult to compare the results.
It should also be noted that experimental models studying the effects of PBM on chronic wound
healing are presented mainly on diabetic rats. Most of the works contain information on using
PBM in acute wounds.

Assessing the rate of wound closure, it should be noted that wound healing was
significant until the 7th day of the experiment; further, no differences in wound contraction
area were observed after PBM therapy. Similar results were obtained in a study in which, after
using a laser (635 nm) to heal diabetic wounds in rats, a high percentage of wound closure after
injury was obtained on the 6th day [38]. Our previous study showed decreased wound-healing
time with PBM therapy (660 nm) up to day 7 of the experiment [39]. In a survey by Barbosa
et al., when using PBM (658 nm) for wound healing, no difference in wound area was found
on day 14 of the experiment [40]. Given the variety of experimental models and therapeutic
parameters, the need to develop effective wound treatment protocols is urgent. Randomized
trials are needed to optimize wound treatment and patient safety [41].
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4. Conclusions

Our study demonstrated that using PBM therapy with these parameters can reduce
inflammatory reactions and enhance granulation tissue growth and healing rates in the early
stages of wound healing. Further research is needed to optimize dosimetry when using PBM
therapy.

Difficulties in comparing PBM-treated studies stem from differences in PBM
parameters, treatment protocols, and the biological target tissues. Despite the valuable results
obtained experimentally, differences between animal and human species in physiologic and/or
pathophysiologic aspects should be considered when planning clinical trials.
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