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Abstract
Introduction: Bone healing depends on inflammation control and tissue repair time. Low-level 
laser therapy (LLLT) has been investigated to accelerate this process. Methylene blue (MB), together 
with LLLT, has been investigated for its antioxidant and anti-inflammatory potential; however, the 
effects of photosensitizers (photodynamic therapy, PDT) are controversial. This study aimed to verify 
whether the combination of MB and LLLT changes the course of the consolidation of experimental 
bone defects. 
Methods: Sixteen Wistar rats underwent femoral bone defects. In the control group (n = 4), LLLT 
simulations were performed without MB. The MB group (n = 4) received MB and simulation of LLLT. 
The LLLT group (n = 4) was exposed to LLLT. The PDT + LLLT group (n = 4) received MB and LLLT. At 
the end of 7 or 14 days, the animals were euthanized, and samples were collected. 
Results: PDT and LLLT induced osteogenic formation with cellularity (after seven days) and union of 
bony edges (14 days). On the seventh day, LLLT combined with PDT induced an increase (P < 0.05) 
of 484% in the area of bone neoformation compared to the control. On the fourteenth day, LLLT 
combined with PDT or alone increased (P < 0.05) the area of bone neoformation by 214% and 
240% respectively, compared to the control group. The PDT/LLLT combination was associated with 
increased radiopacity (P < 0.038). 
Conclusion: The combined use of MB with LLLT initiated during the transoperative phase may 
stimulate the bone repair process in rats.
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Introduction
Orthopedic surgery has been a common procedure in 
humans and animals to repair the bone discontinuities 
that occur as a result of fractures caused by high energy 
impacts, metabolic disorders, gaps resulting from 
osteotomies, neoplasms, infections, and “union delayed” 
and “non-union” resulting from complications in the 
bone healing process.1 In humans, trauma costs in the 
United States have been estimated at about $56 billion 
per year, of which 37% are related to the treatment of 7.9 
million fractures. Of these, 5%–10% experience delayed 
healing, and 1% (~100 000) progressed to “non-union”.2 
In animals, it is estimated that the largest number of vet 
visits is related to orthopedic surgery.3

The success of the bone healing process for fractures 
depends, among other aspects, on the correct reduction 
and stabilization of bone fragments, control of the 
inflammatory response, and tissue repair time. To 
accelerate this process, local filling with biological and/

or synthetic materials, such as calcium aluminate cement, 
hydroxyapatite, bioactive glass autogenous bone grafts, 
platelet-rich plasma, autologous stem cells, and methylene 
blue (MB) deposits,4 has been used.5 Additionally, 
transcutaneous stimulation with low-intensity pulsed 
ultrasound,6,7 extracorporeal therapy with shock waves,8 
and low-level laser therapy (LLLT)9 have been widely 
investigated.

In vivo experimental models have shown that 
LLLT stimulates angiogenesis, increases the number 
of osteoblasts,10 induces better organization of the 
bone matrix,11 increases bone density,12 and promotes 
greater expression of collagen,13 greater proliferation of 
fibroblasts, and activation of osteogenic factors such as 
TGF-β, FGF2, OPG/RANK, and osteocalcin.14

However, the use of laser therapy associated with 
a low-toxicity photosensitizer, called photodynamic 
therapy (PDT), has been controversial. On the one hand, 
PDT has reported effects including antimicrobials,15 
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antineoplastics,16 and regulation of bone loss and bone 
metabolism.17 On the other hand, there is evidence 
that PDT causes stress and oxidative damage18 and 
inflammation.19,20

MB (3,7-bis (dimethylamino)-phenothiazin-5-
ium chloride), a cyclic aromatic chemical component 
(C16H18N3SCl1), which is a diaminophenothiazine 
with low oxide reduction potential, has frequently been 
used in biological applications.21,22 It has low toxicity and 
is highly permeable, as it is soluble in water and organic 
solvents, reaching compartments such as mitochondria, 
lysosomes, and nuclei.22 MB is an antioxidant23 and 
anti-inflammatory, and it has been used in several 
clinical fields for the treatment of acute and chronic 
methemoglobinemia, carbon monoxide poisoning, 
urinary tract infection, septic shock, cardiopulmonary 
bypass,24 and Alzheimer’s disease.25 We hypothesize that 
MB may be used as a photosensitizer associated with 
LLLT because it has the property of absorbing light in the 
wavelength range of 620–660 nm, and at the same time it 
is able to penetrate deeply into the tissues.26

The objective of this study was to verify whether the 
association between methylene blue and LLLT modifies 
the course of the process of consolidation of experimental 
bone defects in the femur of Wistar rats.

Materials and Methods
Animals and Experimental Groups
Sixteen (N = 16) male Wistar rats (Rattus norvegicus), aged 
90 days and weighing between 250 and 300 g, were used. 
They were kept individually in mini insulators lined with 
shavings, arranged on ventilated shelves at a controlled 
temperature of 22 ± 2°C, under a 12 h controlled light/
dark cycle, in the Vivarium of the Reproduction Biology 
Center (CBR) of the Federal University of Juiz de Fora 
(UFJF), with feed (pelleted in trough) and water (baby 
bottle) ad libitum. Two bone defects were created in 
the right femur of each animal, one proximal and the 
other distal, which were used for the application of the 
protocols, totaling 32 bone defects.

In the first part of the study (Figure 1A), eight animals 
underwent surgery to expose the femurs, followed by 
the creation of 16 proximal (n = 8) and distal (n = 8) 
bone defects. In four proximal bone defects (n = 4), only 
a simulation of laser exposure was performed, without 
methylene blue (control group, GI). MB was added to 
four distal bone defects (n = 4), and a simulation of laser 
exposure in the postoperative period (methylene blue 
group - GII) was performed. Postoperative laser exposure 
was performed in four proximal bone defects (Group 
LLLT-GIII) and the remaining four distal bone defects 

Figure 1. Experimental Timeline of Bone Defects Challenged With Laser and Methylene Blue on Wistar Rat. Control (GI) - Proximal bone defects (n = 4) 
exposed to only a simulation of laser exposure, without methylene blue. Methylene blue (GII) - Distal bone defects (n = 4) challenged with methylene blue (10 
µL to 0.01%) and simulation of laser exposure in the postoperative period. LLLT (GIII) - Proximal bone defects exposed to the laser in the postoperative period. 
PDT + LLLT (GIV) - Distal bone defects (n = 4) challenged with methylene blue (10 µL to 0.01%), with transoperative laser exposure (PDT), and exposed to 
postoperative laser therapy. PDT + LLLT (GIV) - Distal bone defects (n = 4) challenged with methylene blue (10 µL to 0.01%), with transoperative laser exposure 
(PDT), and exposed to postoperative laser therapy. PDT = emission of red (arsenic and gallium) laser, only one point (90 s), pulsatile, λ = 660 nm, 40 mW and 
total dose of 2.3 J/cm2. LLLT = emission of red (arsenic and gallium) laser, five points, pulsatile, 90 s/point, λ = 660 nm, 40 mW
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(n = 4) were treated with methylene blue, transoperative 
laser exposure at the edges of the bone defects (PDT), and 
laser therapy in the postoperative period (PDT + LLLT 
group). At the end of seven days, the animals were 
euthanized, and the samples were collected for analysis. 
In the second part of the study (Figure 1B), the same 
procedures described above were performed on the other 
eight animals; however, euthanasia was performed 14 
days after the procedures.

Surgical Procedure, Bone Defects and Deposition of 
Methylene Blue 
The animals were anesthetized by intraperitoneal 
injection of ketamine (100 mg/kg), 2% xylazine (10 mg/
kg), and fentanyl (0.03 mg/kg). The skin was shaved and 
disinfected with alcohol 70, and femoral exposure took 
place from a side view through a longitudinal incision and 
folding of the femoral quadriceps. Two circular femoral 
bone defects (200 000 µm2 each) were made on the side of 
the right femur, one proximal (at 20 mm from the distal 
femoral end) and the other distal (at 10 mm from the 
distal femoral end), with a micromotor (Giramatic micro 
grinder, 3.6 V, 1200 W, 10 000 RPM - Conthey Comércio 
e Indústria Ltda São Paulo - S, model D1-13233) and a 
2-mm dental drill (Figure 2A). The samples that received 
MB were soaked with 10 µL of a 0.01% methylene blue 
solution (CHIMIOLUX® Methylene Blue, DMC Import 
and Export of Equipment LTDA, São Carlos - SP), 
followed by single transoperative irradiation (Figure 2B). 
The PDT was carried out with point red light emission 
using gallium arsenide semiconductors through an optical 
fiber, at five points (20 mm2) along the femur, at a distance 
of 0.5 mm, for 90 seconds/point (4 mm2), at an angle of 
90° in relation to the femur, at a 660-nm wavelength, with 
a peak power of 40 mW, and a total dose of 2.3 J/cm2 (MM 
OPTICS LTDA of São Carlos - SP / TWIN LASER®). The 
femoral quadriceps muscles and subcutaneous tissue 
were then sutured in a simple continuous pattern with 
an absorbable multifilament thread (Polyglactin 910 4-0), 
and the skin was sutured in a separate simple pattern 
with a non-absorbable monofilament thread (Nylon 4-0). 

After surgery, all animals received two daily doses (every 
12 hours subcutaneously) of tramadol hydrochloride (5 
mg/kg) for four consecutive days. The surgical wound was 
cleaned daily with saline solution to prevent secondary 
infection. All surgical procedures were performed by a 
single professional who had technical training and who 
was qualified under Brazilian law.

LLLT Protocol
After the surgery, LLLT was performed transcutaneously 
on alternate days after 48 hours of the surgery 
(Figure 1), using the same treatment parameters as for 
the transoperative irradiation.

Radiographic Evaluation
Femoral radiographs (X-ray SPECTRO 70X Eletronic 
Class I - Type B - Common, with intermittent operation/
DABI ATLANTE Indústrias Médico Odontológicas Ltda, 
São Paulo, SP, Brazil) were performed in craniocaudal 
and mid-lateral views on the same day as the surgical 
procedure after making the bone defects and on the 
seventh or 14th postoperative day prior to the moment of 
euthanasia under the effect of anesthetic. The radiographs 
were obtained using occlusal dental films (DENTUS 
E-Speed Intra-Oral X-Ray Film 3x4 × Size 2/150 1 AGFA) 
and were manually developed with an EXSIL MX fixative 
(Silpachem Indústria e Comércio de Produtos Químicos 
Ltda.). An aluminum bar containing eight steps (each 0.5 
mm high by 0.6 mm wide, following Nascimento et al27 
and Ribeiro et al28) was used as a graduation parameter. 
The parameters of radiodensity were defined from 
the first four steps of the bar, numbered as follows: (1) 
absent; (2) mild/discrete; (3) moderate, and (4) advanced. 
The focal distance was standardized at 40 cm and the 
incidence of the x-ray beam was 70 kVp, 8 mA and 1 
second. The images were analyzed, using a negatoscope 
with the aid of a magnifying glass.

Euthanasia and Sample Preparations
The animals were euthanized on the seventh (n = 8) 
or 14th day (n = 8) after surgery through anesthetic 
overdose with ketamine hydrochloride 10% (200 mg/kg) 
and xylazine hydrochloride 2% (20 mg/kg), followed by 
exsanguination and diaphragmatic rupture. The right 
femurs were disinserted, disarticulated, collected, fixed in 
formalin (10%), diaphanized, and embedded in paraffin. 
The tissues were sectioned at 5 µm and stained with 
hematoxylin and eosin (H&E).

Histomorphometric and Histological Analysis
Histological tissue analysis was performed using 
optical microscopy (AxioStar Zeiss AxioCam CHF5, 
Hallbergmoos, Germany) coupled to a camera (AxioCam 
Vision). A descriptive histological analysis was carried out 
to identify the following: the presence of inflammation; 

Figure 2. (A) Proximal and distal bone defects induced by a micromotor 
in femurs of rats (side view). (B) Photodynamic Therapy (PDT) on bone 
lesions soaked with methylene blue (10 µL to 0.01%) during the operation. 
PDT = emission of red (arsenic and gallium) laser, only one point (90 s), 
pulsatile, λ = 660 nm, 40 mW and total dose of 2.3 J/cm2



de Oliveira et al

Journal of Lasers in Medical Sciences  Volume 13, 20224

presence, maturation, and organization of the 
granulation tissue; presence, maturation, and cellularity 
of the osteogenic membrane; osteoid deposition activity; 
presence of trabecular bone; presence of bone with the 
onset of lamellar formation; presence of mature bone 
with Haversian systems. Morphometric analyses were 
performed in 14 consecutive histological fields on the 
edges of the bone defects. Histological sections were 
scanned at 400x magnification for semiautomatic 
quantification of areas of bone neoformation, using the 
software Zen 2.3 Blue Edition (Zeiss, Germany, 2012). 
To determine the areas of bone neoformation, each 
histological slide was manually delimited, and the areas in 
µm2 were measured from 10 photomicrographs/groups.

Statistical Analysis
Qualitative analysis of the radiodensity of radiographic 
images was performed, considering the values that 
showed progressive radiodensity (parameters categorized 
as 2, 3, and 4) as ‘radiopaque’ and those that did not 
(categorized parameter 1) as ‘radiolucent’. The Chi-
square test was used to verify a possible association 
between the frequency distribution of the presence or 
absence of radiopacity or radiolucency and the presence 
or absence of methylene blue associated with LLLT. The 
normality of the parametric data was verified using the 
D’Agostino & Pearson omnibus test. Data are expressed 
as the simple arithmetic mean ± standard deviation from 
the mean. The arithmetic means were compared using 
the Mann-Whitney U test (GraphPad Prism version 5.0, 
GraphPad Software, San Diego, CA, USA). To interpret 
and discuss the data and refute or support the hypothesis 
of the study, a 95% compatibility interval was considered, 
and the probability value was accepted when P < 0.05.

Results
Histopathological analysis of all groups revealed the 
presence of new bone formation with varying degrees 
of maturity and quality (Figure 3). The samples from 
the control group showed an inflamed lesion area seven 
days after surgery, with a mixed inflammatory exudate. 
25% of the samples exhibited a discrete area of osteogenic 
membrane on only one of the edges with the beginning 
of formation of ossification centers. On the 14th day, the 
presence of inflammatory infiltrate interspersed with 
granulation tissue was also observed.

In the histological sections of the groups of the samples 
that received only MB, regions of bone formation were 
observed between the edges of the lesion, both seven and 
14 days after surgery. However, on the seventh day, the 
presence of inflammatory infiltrate and granulation tissue 
was observed in different proportions to those observed 
on the seventh day of the control group. In 14 days, the 
bone was organized in lamellae and a reorganization of the 
bone marrow underlying the bone defect was observed.

Irradiation with the laser not combined with methylene 
blue induced a filling by immature bone tissue in depth 
on the seventh day and an external surface covered by 
mature periosteum. On the 14th day, LLLT induced 
complete closure of the defect by lamellar bone.

The combination of PDT and LLLT induced the 
formation of an osteogenic membrane with intense 
cellularity with already mature areas of trabecular 
bone, especially on the lateral edges of the lesion on the 
seventh day. On the 14th day, the wound was closed with 
a complete union of the edges but still with immature, 
trabecular bone.

Morphometric analyses showed that on the seventh 
day after surgery, LLLT combined with PDT induced an 
increase (P < 0.05) of 484% in the area of bone neoformation 
(GIV: 20.30 ± 6.574 µm2 × 10-3) when compared to the 
control group (GI: 4.192 ± 4.366 µm2 × 10-3). The LLLT 

Figure 3. Bone Defects Stained in Hematoxylin and Eosin (5 µm Thick) 
From Femur Challenged With Laser and Methylene Blue. A: bone defects 
in the control group at seven days; B: bone defects in the control group at 
fourteen days; C: bone defects of the methylene blue group at seven days; 
D: bone defects of the methylene blue group at fourteen days; E: bone 
defects in the LLLT group at seven days; F: bone defects in the LLLT group 
at fourteen days; G: bone defects in the LLLT + PDT group at seven days; H: 
bone defects in the LLLT + PDT group at fourteen days. INF, inflammatory 
infiltrate; MO, bone marrow; GRAN, granulation tissue; P, periosteum; 
OT, trabecular bone; OL, lamellar bone
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(GIII: 11.74 ± 4.088 µm2 × 10-3) or methylene blue (GII: 
8.024 ± 9.580 µm2 × 10-3) alone induced increases of 280% 
and 191% respectively, although these results go beyond 
the range of compatibility admitted in the present study. 
On the fourteenth day after surgery, combined LLLT and 
PDT (GIV: 33.71 ± 5.665 µm2 × 10-3) or LLLT alone (GIII: 
37.83 ± 9.448 µm2 × 10-3) increased (p < 0.05) the area 
of bone neoformation by 214% and 240% respectively 
when compared to the control group (IG: 15.74 ± 7.782 
µm2 × 10-3). Mb (GII: 18.93 ± 10.51 µm2 × 10-3) alone 
induced an increase of 120%, although these results go 
beyond the range of compatibility admitted in the present 
study (Figure 4).

From the radiographic point of view, none of the bone 
defects had been completely consolidated (Figure 5), with 
all showing some aspect of translucency. The frequency 
distribution of the number of bone defects that were 
exposed to LLLT, combined with PDT or not, according 
to the radiographic aspect is shown in Table 1. We show 
that the PDT/LLLT combination was associated with 
increased radiopacity (P < 0.038).

Discussion
This study demonstrated that the LLLT associated with 
PDT, still in the transoperative phase, resulted in a greater 
presence of bone neoformation micro-areas after seven 
days of bone defect induction, while still in the presence 
of inflammatory cells. After 14 days, both LLLT/PDT and 
LLLT alone were associated with proportional elevations 

of the newly formed bone micro-areas.
The biological effects induced by laser photomodulatory 

stimuli have been investigated since the 1960s.29 It has 
been shown that the laser promotes upregulation of 
transcription factors linked to cell proliferation cycles, 
such as MAPK11, second messengers with Ca + + , 
endothelial and vascular growth factor, apoptosis, 
respiratory chain, collagen synthesis, and increase in the 
number and size of mitochondria.30 Anti-inflammation,31 
immunomodulation,32 and action on oxide-reduction 
balance have also been reported.33

Yamada demonstrated that LLLT was able to induce 
proliferation and differentiation of osteoblastic cells 
in vitro.34 The consideration of this type of evidence 
and the recurrent investigation of the effects of lasers 
on experimental bone healing11,35 led us to test the 
hypothesis that LLLT could have an effect enhanced by 
the biomodulatory properties of methylene blue.

In the present study, we did not test the potential 
antioxidant effects of MB. However, it has already been 
demonstrated that MB is capable of suppressing the 
production of superoxide anion acting as an alternative 
receptor of electrons from xanthine oxidase and NADPH-
oxidase32 and that MB is able to facilitate the transport of 
electrons in the mitochondria, reducing the production 
of mitochondrial superoxide.24 There is evidence that the 
control of oxidative stress by MB results in an increase in 
collagen.33 The limitation of the experimental design of 
the present study did not allow us to determine whether 
the antioxidant effect of MB influenced the results. If this 
occurred, we believe that combined with LLLT, MB may 
have favored an early osteogenic response (especially 
coinciding with the seventh experimental day). Bone 
lesions would therefore be under less attack by free 
radicals and oxidative stress. New studies may help to 
clarify these speculations.

The MB/LLLT combination on the seventh 
postoperative day revealed the mature areas of osteogenic 
membrane, especially at the edges of the lesion, at the 
same time that there was still preservation of cellularity 
with a mixed pattern in the foci of inflammation. There is 
therefore some evidence that MB has anti-inflammatory 
properties, with a potential effect on reducing caspase-1 
activity.24 On the other hand, the presence of granulation 
tissue at this stage was also observed in the bone defects 
of the tibia of Wistar rats treated with low-power laser.36

We were unable to explain these findings with the 
resources used in the present study. Interestingly, a recent 
study showed, in an experimental model, that the high 
presence of cellularity on the seventh day after injury 
to the marrow of rats may not necessarily be associated 
with a negative effect. In this case, the low-power laser 
facilitated the activation of microgliocytes/macrophage 
polarization still present in the inflammatory process, 
accompanied by an increase in IL4 and IL13, an increase in 

Figure 4. Effects of Laser and Photodynamic Therapy on Bone Neoformation 
Microareas in Bone Defects in Rat. Control (GI) - Proximal bone defects 
(n = 4) exposed to only a simulation of laser exposure, without methylene 
blue. Methylene blue (GII) - Distal bone defects (n = 4) challenged with 
methylene blue (10 µL to 0.01%) and simulation of laser exposure in the 
postoperative period. LLLT (GIII) - Proximal bone defects exposed to the 
laser in the postoperative period. PDT + LLLT (GIV) - Distal bone defects 
(n = 4) challenged with methylene blue (10 µL to 0.01%), with transoperative 
laser exposure (PDT), and exposed to postoperative laser therapy. 
PDT = emission of red (Arsenic and Gallium) laser, only one point (90s), 
pulsatile, λ = 660nm, 40mW and total dose of 2.3 J/cm2. LLLT = emission of 
red (arsenic and gallium) laser, 5 points, pulsatile, 90 s/point, λ = 660 nm, 
40 mW. Was used a Kruskal-Wallis followed by the Dunn’s post hoc test. In 
all instances, significance levels were set at 5%. *P < 0.05 compared to the 
control group (n = 8 per group). PDT, photodynamic therapy
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the number of M2 cells, a reduction in the number of M1 
cells, and a reduction in the expression of induced nitric 
oxide synthase, resulting in late functional recovery.32

The lack of parameters to reinforce the effectiveness 
of the laser seems to be supported by the diversity of 
the experimental models. The problem begins with the 
choice of the wavelength to be tested (from 248 to 10 600 
nm), as can be seen from the diversity of experimental 
designs for the realization of bone defects5,9,29,35,37,38

The bone mineralization status of the femur of 
Wistar rats can differ according to the method used 
for radiodensity analysis. Nascimento et al,27 Ribeiro 
et al,28 and Briteño-Vázquez et al35 digitally assessed 
radiodensity, whereas Barbosa et al39 evaluated the 
femurs after removal from the animal’s body without 
interference from soft tissues. In the present study, the 
negatoscope analyses were carried out by an observer 
with clinical training in the area, similar to what occurs 
in clinical practice.

Considering the diversity of techniques used in 
radiographic investigations, we sought to study the 

association between the presence or absence of radiopacity 
and the combined use of LLLT. We showed that the use 
of LLLT was associated with radiopacity. These findings 
suggest that, if meticulously evaluated by a specialized 
professional, radiographs can serve as an important tool 
even on the seventh day of bone injury, although this is 
a controversial issue. Hoerth et al12 found that it is only 
possible to observe a high degree of mineralization in the 
bone callus formed twenty-one days after bone repair.

However, LLLT has been mentioned as a technique 
capable of promoting the beginning of tissue repair 
and improvement in its organization,11,12,10,13 as well as 
stimulates osteoblast cells for improved bone formation.40 
Our samples showed a histopathological aspect with 
anticipation of bone repair, we sought to confirm 
this precisely41 and corroborate the literature, mainly 
supported by histomorphometric techniques.36

Conclusion
The results suggest that the combined use of PDT with 
the laser in the transoperative phase, particularly the MB 
and LLLT combined, can serve as a stimulus to begin the 
bone repair process, especially stimulating osteogenesis. 
Further studies may establish whether this strategy is 
promising as a prophylactic measure for surgically treated 
bone injuries.
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