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ABSTRACT

This study aimed to assess the repair of complete surgical tibial fractures fixed with internal rigid fixation (IRF)
associated or not to the use of mineral trioxide aggregate (MTA) cement and treated or not with laser
(A = 780 nm, infrared) or LED (A = 850 + 10nm, infrared) lights, 142.8 J/cm? per treatment, by means of
Raman spectroscopy. Open surgical tibial fractures were created on 18 rabbits (6 groups of 3 animals per group,
~ 8 months old) and fractures were fixed with IRF. Three groups were grafted with MTA. The groups of IRF and
IRF + MTA that received laser or LED were irradiated every other day during 15 days. Animals were sacrificed
after 30 days, being the tibia surgically removed. Raman spectra were collected via the probe at the defect site in
five points, resulting in 15 spectra per group (90 spectra in the dataset). Spectra were collected at the same day
to avoid changes in laser power and experimental setup. The ANOVA general linear model showed that the laser
irradiation of tibial bone fractures fixed with IRF and grafted with MTA had significant influence in the content
of phosphate (peak ~960 cm™) and carbonated (peak ~ 1,070 cm™) hydroxyapatites as well as collagen (peak
1,452 cm™). Also, peaks of calcium carbonate (1,088 cm™Y) were found in the groups grafted with MTA. Based on
the Raman spectroscopic data collected in this study, MTA has been shown to improve the repair of complete
tibial fractures treated with IRF, with an evident increase of collagen matrix synthesis, and development of a

scaffold of hydroxyapatite-like calcium carbonate with subsequent deposition of phosphate hydroxyapatite.

1. Introduction

Rigidity, elasticity and firmness are characteristics of bone tissue
derived its matrix and are closely related to the formation process of the
crystalline solid apatite as well as by the flow and availability of in-
dividual constituents such as calcium. Pathologies, trauma, or surgical
procedures may cause bone losses. Large bone defects often demand the
use of grafts including the use of biomaterials as the bone may not be
able to repair itself. Several techniques have been proposed for the
treatment of bone defects, including the use of several types of grafts,
membranes, and the association of both techniques [1,2].

Fractures are very common lesions worldwide. Although their
treatment has advanced along the time, 5%-10% of fractures still show

delayed union or nonunion [3]. Fractures have been treated with im-
mobilization, traction, amputation, and internal fixation. The choice of
the type of internal fixation depends on the type of fracture, the con-
dition of the soft tissues and bone, the size and position of the bone
fragments, and the size of the bony defect [4,5]. Internal rigid fixation
(IRF) is used in the treatment of fractures as it provides sufficient sta-
bility for fracture repair using miniplates.

Over the past years, the cellular activity during bone repair has been
stimulated by several methods including the use of several types of
energy emitters such as ultrasound, electrical stimulation, laser and
LED lights [6-13]. Light phototherapy is an interesting therapeutic
approach and various experimental studies have demonstrated bene-
ficial effects of the use of laser light on bone metabolism and fracture
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consolidation [10-16]. However, the protocols proposed so far have not
been enough for a full determination of optimal parameters. The wide
range of possible combinations of the laser parameters made very
complex the establishment of an effective protocol [1].

The light irradiation of tissues possesses a wavelength dependent
capacity of altering the cellular behavior in the absence of significant
heating. The dispersion of the light in the tissue is a complex process as
tissues components influence the dispersion. Studies indicate that bone
irradiated mostly with IR wavelengths shows increased osteoblastic
proliferation, collagen deposition and bone neorformation when com-
pared to non-irradiated bone [17]. It is known that the stimulant effect
of the light on bone occurs during the initial phase of proliferation of
both fibroblasts and osteoblasts as well as on initial differentiation of
mesenchymal cells. Fibroblastic proliferation and its increased activity
have been detected previously on irradiated subjects and cells cultures
and these are responsible for great concentration of collagen fibers seen
within irradiate bone [1]. Our group have used Raman spectroscopy as
a method for assessment of the effects of phototherapies on the repair
process of fractures using different animal models [1,4,5,14-16].

Autologous bone grafts or biomaterials are often used as therapeutic
strategies to fill the bone defects for reconstructing large bone defects.
A good bone graft-substitute needs to be biocompatible, bioresorbable,
osteoconductive, osteoinductive, structurally like bone, and easy or
ready to use [18-20]. Different biomaterials of both animal or human
and synthetic origin have been extensively studied [1,4,5,14-20] as
filling materials. Mineral trioxide aggregate (MTA) is a powder ag-
gregate containing mineral oxides that presents good biological re-
sponse without cytotoxicity [21] and stimulates tissue repair by in-
creasing cellular adhesion, growth, and proliferation, the deposition of
new bone, and induces spontaneous formation of a calcium phosphate
layer when immersed in physiological fluids [22-31]. This bone-like
apatite layer supports new tissue formation, and its integration in the
bone tissue represents an essential requirement for an artificial material
to be considered osteoconductive and osteoinductive [22-31]. MTA is
indicated when moisture control is inadequate, without loss of its
properties, and it is not reabsorbable [32,33]. Additionally, MTA has
antibacterial properties [29]; enhanced tissue dissolution; and induces
bone formation [30]. It has been suggested that a rise in pH induced by
calcium hydroxide combined with the availability of Ca>* and OH-
ions causes stimulation of the enzymatic pathways and, therefore, bone
mineralization [34].

Raman spectroscopy has been used for qualitative and quantitative
evaluation of the biochemical composition of biological tissues and
fluids as well as for monitoring biological processes non-destructively
[35-38]. Changes in the shape, position, intensity and/or area of the
most relevant peaks in Raman spectra are suggestive of changes in the
metabolism and differences in the structural conformations of biomo-
lecules [35,37]. The Raman spectrum of bone shows prominent vibra-
tional bands related to tissue composition. Raman bands with peaks at
~960, ~1,045 and ~1,070cm™ are attributed to calcium hydro-
xyapatite (both phosphate and carbonated, respectively), and the bands
with peaks at ~1,452 and ~ 1,660 cm™ are attributed to collagen from
the matrix [39,40]. Raman spectroscopy could be a method to assay
bone mineralization and remodeling by evaluating the changes in the
Raman bands, in situ and rapidly, without sample preparation or tissue
destruction [39,40].

Recent studies showed that the use of grafting biomaterial MTA in
association with (LED and laser) phototherapy could improve the repair
of complete tibial fractures on an animal model [1,4,5,14-16]. There-
fore, the aim of this study was to evaluate the repair of complete tibial
fractures that have been treated with internal rigid fixation (IRF) by
miniplates associated or not with the use of MTA and laser or LED
phototherapy (A = 780nm and A = 850 * 10nm, respectively, ap-
plied every other day during 15 days) after 30 days of treatment using
the intensities of the Raman peaks of phosphate and carbonated HA
(~960 and ~1,070 cm™, respectively) and collagen (~ 1,452 cm™) as
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Table 1
Description and distribution of the experimental groups, with the method of
bone fixation, use of MTA, and type of irradiation.

Group Number of animals  Fixation method MTA Irradiation
IRF 3 Miniplate No No

IRF + Laser 3 Miniplate No laser

IRF + LED 3 Miniplate No LED

IRF + MTA 3 Miniplate Yes No

IRF + MTA + Laser 3 Miniplate Yes laser

IRF + MTA + LED 3 Miniplate Yes LED

markers of the remodeling/repair process.
2. Materials and methods

2.1. Sampling

The study has been approved by the Animal Ethics Committee of the
School of Dentistry of the Federal University of Bahia (Protocol 17/10/
2012) following the same irradiation protocol (laser and LED wave-
lengths, energy density per lesion and time intervals) as described in
previous studies [41] and commonly employed in similar light irra-
diation protocols [4,5,14-16]. In the present study, eighteen healthy
adult male New Zealand rabbits (~8 months old, mean weight 2kg)
were kept during the experimental period. These animals were main-
tained in individual metallic gages, maintained at 12-h day/night light
cycle, with controlled temperature (25 °C) and humidity (60 %), being
fed with standard laboratory pelted food and water ad libitum during
the experimental period. The animals were randomly distributed into
six groups (Table 1). The number of animals per group was estimated
using the formula presented in Cochran (1967) [42] for finite popula-
tion studies, where the parameters were defined as: confidence level of
95%, alpha level (type I error) of 5 % (p - value), power of the test of
80% and an expected difference between the groups of 1.2 (already
identified in previous studies [43-45], being the resulting number of
animals to be 3.

2.2. Surgical procedure

The animals were anesthetized for the surgical procedure. For initial
sedation, it was administered acepromazine (Acepran® 0.2 %, 2 mg/kg;
Univet S.A., Cambuci, SP, Brazil). Then general anesthesia was carried
out 20 min later with ketamine (Ketalar® 50 mg/mL, 0.4 mL/kg; Lab.
Parke Davis Ltda., Sao Paulo, SP, Brazil) and xylazine (Rompum®
20 mg/mL, 0.2 mL/kg; Bayer Health Care S.A., Sdo Paulo, SP, Brazil).
After 30 min, the right leg was shaved, and an incision 3 cm-long was
performed at the right tibia with a no. 15 scalpel blade. The bone was
exposed after dissection of the skin and subcutaneous tissues down to
the periosteum. Finally, a complete fracture was created on the animals’
tibia (transverse osteotomy at mid-point of the tibia diaphysis) with a
carborundum disk (Moyco Technologies, Inc., York, PA, USA) under
water refrigeration. The size of the defect was that of the thickness of
the disk (~0.5 mm).

2.3. Internal rigid fixation and laser/LED irradiation

Animals in group IRF had the bone fragments fixed with miniplates
(MDT, Inddstria Comércio Importacdo e Exportacdo de Implantes Ltda.,
Rio Claro, SP, Brazil) (Fig.1A), and animals in groups MTA were grafted
with the biomaterial MTA (MTA Angelus®, Angelus Inddstria de Pro-
dutos Odontolégicos S.A., Londrina, PR, Brazil) prior similar fixation
with miniplates used on group IRF. Animals in groups
IRF + MTA + Laser and IRF + MTA + LED were further irradiated
with laser light [Twin Flex Evolution®, MM Optics Ltda., Sdo Carlos, SP,
Brazil, A = 780 nm, 70 mW continuum, spot area 0.5 cm?, 20.4 J/cm?
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Fig. 1. A) Surgical field showing the fracture filled with MTA and the fixation with miniplate. B) Bone sample showing the defect site 30 days after fracture.
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Fig. 2. A) Raman spectrum of untreated (basal) bone showing the presence of characteristic peak at ~960 cm™ assigned to phosphate hydroxyapatite and used as a
marker of the degree of bone mineralization. B) MTA spectrum showing the absence of the peak at ~960 cm™ and the presence of an intense peak in the region of
~452 cm™, which was used as a marker of MTA presence in bone tissue treated with the biomaterial.
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(4 points of 5.1 J, /cm?) per session, 300s, 142.8 J /em? per treatment] or
LED [Fisioled®, MM Optics Ltda., Sao Carlos, SP, Brazil, A =
850 *+ 10nm, 150 mW, spot area = 0.5 cm?, 20.4 J/cm? (4 points of
5.1 J/cm?) per session, 64 s, 142.8 J/cm? per treatment]. Prior the laser
or LED irradiation, the optical power was checked (Optical Power
Meter PM30, Thorlabs Instrumentation Inc., Newton, NJ, USA). The
irradiation started immediately after treatment prior the suturing and it
was repeated at every other day for 2 weeks, transcutaneously. After
suturing (Trusynth® 4-0 polyglactin and Trusynth® 4-0 nylon, Sutures
India Pvt Ltd. Bangalore, Karnataka, India), the animals received in-
tramuscular antibiotics (penicillin, streptomycin, Pentabidtico® 20.000
UL 0.2 mL/kg IM; Lab. Forte Dogde Satide Animal Ltda., Campinas, SP,
Brazil, and flunixin meglumine, Banamine® 10 mg/mL, 0.1 mL/kg IM,
MSD Satde Animal Ltda., Cruzeiro, SP, Brazil).

Following animal death 30 days after fracture, the bone samples
were withdrawn and longitudinally cut under refrigeration (Isomet
TM1000, Buehler Illinois Tool Works Inc., Markham, ON, Canada)
(Fig. 1B) and stored in liquid nitrogen without fixation.

2.4. Raman spectroscopy

At the time of Raman study, the samples were warmed to room
temperature and a drop of saline was used during spectroscopic mea-
surements to keep moist and avoid tissue burn. Raman spectra were
collected at the bone fracture surface (Fig. 1B) by means of a dispersive
near-infrared Raman spectrometer composed of a diode laser (785 nm,
100 mW power output, B&WTek Inc., Newark, DE, USA), imaging
spectrograph (model Shamrock™ spectrograph SR-303I-A, Andor
Technology Ltd., Belfast, North Ireland) and CCD camera (back-illu-
minated, deep-depletion camera, model iDus™ DU401A-BR-DD, Andor
Technology Ltd., Belfast, North Ireland), resulting in spectra from 600
to 1,800 cm™ with resolution of about 6cm™. The spectrometer is
connected to a microcomputer with software which controls integration
time and number of acquisitions. The spectrometer is coupled to a fiber-
optic Raman probe (model BAC-100-785, B&WTek Inc., Newark, DE,
USA) for the tissue excitation and Raman scattering collection, pro-
viding repeatable excitation-collection geometry. The spectrograph had
the wavenumber and intensity calibration verified prior the data col-
lection by collecting the spectrum of naphthalene (wavenumber) and
tungsten lamp (intensity) and compared to stored standard spectra.

Raman spectra were collected via the probe at the defect site with
integration time set to 20s in five points, resulting in 15 spectra per
group (90 spectra in the dataset). A Raman spectrum of non-treated
bone and a spectrum of MTA cement were also produced and acted as
control (Fig. 2). Spectra were collected at the same day to avoid
changes in laser power and experimental setup.

The spectra from bone defects were pre-processed to remove cosmic
ray spikes and fluorescence background. Cosmic rays were removed
manually and the fluorescence was removed by using the mpoly routine
with 5™ order polynomial [46], facilitating the visualization of the
peaks found on the bone. This background removal routine was im-
plemented in Matlab® 5.1 software (The Mathworks Inc., Newark, NJ,
USA).

2.5. Data analysis

The intensities of the peaks of interest (~960, 1,070 and
~1,452 cm™) were tabulated as these intensities can be related to the
concentration of phosphate HA, carbonated HA and protein (mainly
collagen), respectively, on the bone. One-way ANOVA was applied to
these intensities to verify significant differences between the groups in
each peak of interest. First, normality of the distribution was tested
[Kolmogorov-Smirnov (KS) test, where p > 0.10 was considered
normal distribution] and depending on the results of the KS test, Tukey
(parametric) or Dunn (non-parametric) post-hoc text was employed (p-
value < 0.05 to reject the null hypothesis and be considered
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significant).

Since several variables are evaluated at the same time (type of graft
and use of phototherapy) during the time course, it has been conducted
a two-way ANOVA with balanced design. The ANOVA general linear
model (GLM) was used to verify if these variables influenced the out-
come of the bone repair based on the intensity of Raman peaks of in-
terest, since the intensities of these peaks are related to the differences
in the constitution of bone tissue [47]. In this model, the effect of
treatments on bone repair during the experimental time was evaluated
depending on the predictor variables: the use of grafts (None or MTA)
and the irradiation (None, Laser or LED), which were transformed into
a “dummy variable”. Statistical analyses were conducted with p-
value < 0.05 to reject the null hypothesis and models’ adequacy was
evaluated with the adjusted R?. Statistical analysis was performed using
Minitab® 15.0 software (Minitab Inc., Belo Horizonte, MG, Brazil).

3. Results

The spectral characterization of the untreated (basal) bone and the
biomaterial used (MTA) are presented in Fig. 2. The untreated (basal)
bone spectrum presents peak of phosphate hydroxyapatite at ~960 cm”
1 (Fig. 2A) was used as a marker of bone repair in view that it represents
the major component of mineralized bone. The MTA spectrum (Fig. 2B)
presents a strong peak at ~452cm™ and less intense peaks at ~ 850,
~1,250 and ~1,360 cm™. Since phosphate is the major component of
mineralized bone HA, the peak at ~960 cm™ was used as a marker of
bone repair (Fig. 2A). The peak of MTA at ~452cm™ is the most
characteristic one and was used as marker of its presence in bone
fractures (Fig. 2B).

The spectral characterization of the fractured bone treated with IRF
(miniplates) revealed important spectral change when the biomaterial
MTA was used. In these groups (Fig. 3), it was noticed the presence of
an intense peak in the region of ~452 cm™, which is assigned to MTA.
Also, it is noted a strong spectral noise in these samples, which resemble
the spectral pattern of the MTA (shot noise from MTA fluorescence due
to the laser excitation).

The intensities of the peaks of phosphate HA (~960 cm™), carbo-
nated HA (~1,070cm™) and bone matrix (collagen, ~1,452cm™)
were obtained at 30™ day for all groups and the mean intensities are
plotted in Fig. 4. Note that the groups graft and irradiated with laser
showed higher intensities for all three peaks. One-way ANOVA showed
that the intensities of the three peaks presented statistically significant
differences comparing all groups (Dunn multiple comparison test,p <
0.0001). Table 2 summarizes the statistical results of the ANOVA
comparing selected groups (Dunn’s multiple comparison tests). On re-
gards the presence of the peak phosphate HA in the spectra of bone
tissues (Fig. 4A), the group IRF grafted with MTA and irradiated with
laser showed significantly higher intensity when compared to the
groups irradiated with LED and non-irradiated. On regards the presence
of carbonated HA (Fig. 4B) and collagen (Fig. 4C), the behavior was
similar to the one observed for the phosphate HA, being significantly
higher intensity for both compounds observed on the group grafted and
irradiated with laser compared to the LED and non-irradiated. Inter-
esting to observe that the group grafted with MTA and the group irra-
diated with laser presented significantly higher intensity of carbonate
HA compared to the group IRF, while not presenting changes in the
peaks of phosphate HA and collagen.

The ANOVA GLM evaluated the significance of the intensities of the
peaks from Fig. 4 and the results are seen in Table 3. The statistical
results showed that either the use of irradiation (laser or LED) or
grafting with MTA significantly influenced the intensity of all peaks.

4. DISCUSSION

Despite the enormous potential for recovery, the regeneration of
bone tissue may fail due to several local and/or systemic factors,
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Fig. 3. Mean spectra of the groups of bone fractures with IRF miniplate treated or not with laser/LED and MTA. The presence of the characteristic peak at ~960 cm™
in bone is attributed to phosphate HA. In the groups in which MTA was used, the spectral characteristics of the biomaterial were also present as the peak at ~452 cm”
1, the pattern (intensity and bandwidth) of the phosphate HA peak at ~960 cm™ also changed, and the peak of carbonated HA at ~ 1,070 cm” shifted to ~1,088 cm™

(hydroxyapatite-like calcium carbonate).

including bone losses. Therefore, it is necessary to use bone grafts,
mainly the autologous, to stimulate bone formation, as well as stabili-
zation techniques of the bone stumps and thus achieve proper repair.
Modern surgery uses several grafts to replace bone losses. Therefore,
finding ways to improve the outcome of the bone repair must be a goal.
Nowadays, the discussion remains about how to obtain an adequate
recovery, which type of biomaterial would be ideal to be used as a graft
in replacing the autogenous graft, and which type of technique is most
appropriate for each case [1,4,5,14-20,32,46-48].

Complete fractures with or without bone loss need to be fixed and
immobilized to stabilize the bone fragments. Up to now, the two
techniques mainly used are internal rigid fixation (IRF using miniplates
and titanium screws, or semi-rigid internal fixation using stainless steel
wire (wire osteosynthesis - WO). In this study, IRF was used as this
system due to its reported benefits over WO for the treatment of frac-
tures of the maxillofacial complex [4,14,15,49].

The MTA was chosen as a graft due to its biocompatibility, non-
toxicity, antibacterial properties, increased tissue dissolution and in-
duction of bone formation. Previous histological studies showed that a
new bone is formed adjacent to the MTA when it is brought into contact
with artificial bone defects [21-31]. Despite MTA being widely studied,

no other study associating it with laser or LED phototherapy in the
repair of bone fractures was reported.

There is convincing evidence in the recent literature that photo-
therapies show positive effects in bone repair after fractures
[4,5,14-16,41] without causing any harm or adverse effects. The light-
bone interaction explains the stimulatory effects on the bone including
faster removal of necrotic tissue, increase of collagen and DNA synth-
esis, increase of Ca™ deposition, increase of periosteum cells function
and osteoblast and osteocyte function, improved neovascularization,
stimulus in endochondral ossification, earlier differentiation of me-
senchymal cells, increase of preosteogenic cells with stimulus of callus
formation [4,5,14-16,41]. Effect of stimulus in the bone formation was
found when light was associated to autologous bone grafts, allografts
and guided bone regeneration (GBR) [50].

The protocol of phototherapy used in our study is like many pre-
vious reported ones in which it was demonstrated that the use of
phototherapies causes important tissue responses during the repair of
different bone defects by quickening the repair process as well as im-
proving in the quality of the newly formed bone
[1,4,5,14-20,32,47-49,51]. The protocol used in this study started
immediately after the surgical procedure and was repeated at every
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Table 2
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Summary of the one-way ANOVA applied to the intensities of the selected
Raman peaks.

Comparison p value (Dunn’s multiple comparison)
960 cm™ 1,070 cm™ 1,452cm™

IRF vs. IRF + MTA NS < 0.001 NS

IRF vs. IRF + Laser NS < 0.01 NS

IRF vs. IRF + LED < 0.01 NS NS

IRF vs. IRF + MTA + Laser < 0.001 < 0.001 < 0.001

IRF vs. IRF + MTA + LED < 0.001 NS < 0.01

IRF + MTA vs. IRF + Laser NS NS NS

IRF + MTA vs. IRF + LED < 0.001 < 0.001 NS

IRF + MTA vs. IRF + MTA + Laser < 0.001 < 0.001 < 0.001

IRF + MTA vs. IRF + MTA + LED < 0.001 < 0.001 < 0.001

IRF + Laser vs. IRF + LED < 0.01 < 0.001 < 0.05

IRF + Laser vs. IRF + MTA + Laser < 0.001 < 0.001 < 0.001

IRF + Laser vs. IRF + MTA + LED < 0.001 < 0.001 < 0.001

IRF + LED vs. IRF + MTA + Laser < 0.001 < 0.001 < 0.001

IRF + LED vs. IRF + MTA + LED < 0.001 NS NS

IRF + MTA + Laser vs. < 0.001 < 0.001 < 0.001

IRF + MTA + LED

NS - not significant

Table 3
Summary of the ANOVA GLM applied to the intensities of the selected Raman
peaks.
Raman Peak Variable Adjusted SS F p value
960 cm™ Graft* 810704 13.80 < 0.001
Irradiation™* 9688861 82.47 < 0.001
~1,070 cm™ Graft* 331331 55.40 < 0.001
Irradiation”* 1282072 107.19 < 0.001
_1,452cm™ Graft* 54882 54882 < 0.001
Irradiation™* 693471 88.16 < 0.001
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Fig. 4. Mean intensities of the peaks of: A) phosphate hydroxyapatite
(~960 cm™); B) carbonated hydroxyapatite (~1,070cm™); and C) collagen
from matrix (~1,452 cm™) observed on the experimental groups of IRF mini-
plate grafted or not with MTA and plotted according to the type of irradiation.

other day for 15 days because the cellular component (mainly fibro-
blasts and osteoblasts) is more prominent and more likely to be affected
by light at early stages as well as the recruitment of inflammatory cells
during the first 36-h post-surgery [52]. Therefore, the observational
period used was 30 days postoperative, where the repair process is in a
more advanced stage (the initial phase of cellular proliferation occur-
ring up to 15" day), and could be influenced after the initial stimulus
provided by the phototherapies. This period is, being widely used to
evaluate the bone repair in several studies already published
[1,4,5,14-20,32,47-49,51].

It has been observed a strong fluorescence background on the
Raman spectra when MTA was used causing a lower signal-to-noise
ratio. The presence of remnants of MTA was seen as a strong peak at
~452 cm™ (Fig. 3). Regarding the presence of this peak in such spectra,
this corroborates the histological results that show the permanence of
the MTA in the fracture area at the end of the experimental period
(unpublished data). The group IRF + MTA + LED presented the lower
intensity, suggesting a less advance of the repair with this light source
as all the peaks of interest presented lower intensity considering the

* None or MTA
** None, Laser or LED

time interval of 30 days (Fig. 3). As the repair effect is both wavelength
and dose dependent, the interaction of the LED light with the graft
biomaterial was not as expected and therefore more studies need to be
addressed to identify the dose/wavelength dependency to promote
advanced bone repair.

The evaluation of the bone fracture repair in the groups was based
on the spectral pattern of phosphate HA peak (~ 960 cm™) as one of the
markers of bone repair considering that it represents a major compo-
nent in the mineralized bone and is absent in the spectrum of the MTA.
The spectral pattern of fractured tissue treated with IRF was similar for
the two groups with respect to the ~960cm™ peak. However, the
spectral pattern changed when the biomaterial MTA was used [53].

It has been found significant changes in the intensities of the peaks
of phosphate HA (~960cm™), carbonated HA (~1,070cm™) and
proteins (collagen, ~1,452 cmY) (Fig. 4) between irradiated and non-
irradiated fractures. It has been observed higher intensities of the peak
of phosphate HA (Fig. 4A) for the groups irradiated with laser when
compared to LED and non-irradiated groups. Also, there was significant
difference between the two irradiated groups, being the group grafted
and irradiated with laser the one showing higher peak intensity. This
result corroborates previous reports demonstrating that the use of laser
irradiation increases the deposition of phosphate HA using different
models of bone lesions and grafting, including on fractures
[1,4,5,14-16,41,47,49,51]. It is interesting to observe that LED irra-
diation did not promote increase in the phosphate HA; instead, the
intensity was lower even than the group not irradiated.

On regards the presence of the carbonated HA, an agreement was
found with regard the phosphate HA, being the intensities of the
~1,070cm™ peak on the laser irradiated and grafted group higher
compared to the other groups (Fig. 4B). Interestingly the carbonated HA
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increased for the group grafted with MTA and not irradiated. As the
carbonated HA is a transitional form of apatite that is replaced by the
phosphate form in more advanced stages of the repair, it is considered a
marker of bone mineralization [1,4,5,14-16,20,32,47-49,51]. In the
laser irradiated groups, both phosphate and carbonated HA were highly
increased. The LED irradiation, in contrast, presented a reduced in-
tensity of the carbonated HA as occurred with the phosphate HA,
suggesting a reduction in bone formation or a delay in the repair pro-
cess.

The deposition of collagen during the repair of the fractured bone
(peak ~1,452cm™) can be seen by its higher intensity on the laser
irradiated groups; as occurred with the peaks of phosphate and carbo-
nated HA, the highest intensity was found on the group grafted and
irradiated with laser (Fig. 4C). Collagen is an important component for
a successful repair of any biological tissue since it serves as a meshwork
for deposition of hydroxyapatite and subsequent mineralization of the
bone [1,4,5,14-16,20,32,47-49,51]. As occurred with the intensities of
the HA peaks, the groups irradiated with LED presented intensity of
collagen lower than the non-irradiated groups.

The statistical analysis showed that the levels of phosphate HA,
carbonated HA and collagen were influenced by both the irradiation
(either laser or LED) or grafting (MTA), thus being significant for the
outcome of bone repair. Bone maturation, as marked by the peak of
~960 cm™, was more pronounced in the group FIR + MTA + Laser.
The results of the intensities of phosphate and carbonated HA peaks
(Fig. 4A and B) confirm this finding. As collagen (marked by the peak of
~1,452cm™) is the precursor of a meshwork for mineralization, in-
creased collagen content may be indicative of a more pronounced bone
formation (Fig. 3).

An interesting finding was the fact that the peak of the carbonated
HA at 1,070 cm™ was shifted to the region of ~1,088 cm™ in the groups
treated with MTA  (IRF + MTA, IRF + MTA + Laser and
IRF + MTA + LED). This shift may be attributed to the presence of
calcium carbonate (CaCOs3), with peak at around ~ 1,090 cm. As MTA
is rich in calcium (silicate, sulphate and aluminate), it releases the ca-
tionic content, being calcium the highest proportion, and induces the
production of calcium carbonate (CaCO3), a hydroxyapatite-like sub-
stance with high osteogenic potential [52]. Therefore MTA can create
an intermediate step that induces the formation of a scaffold of CaCO5
for the deposition of bone tissue. This calcium-rich biomaterial in-
creases the bone repair by boosting the phosphate HA formation
leading to an increase in the mineral content over the matrix.

It is known that in the region of ~1,077 cm™ is observed a peak for
phosphate HA [v; asymmetric stretching of phosphate apatite (PO,>),
which may contribute to the intensity of the carbonated HA peak at
~1,070 cm™. The carbonated HA is a transitory form of HA observed
during bone repair; the presence of this peak for the MTA groups could
be indicative of higher level of mineralization at these sites filled with
MTA; however, this aspect should be evaluated in a future study.

Improved bone maturation on irradiated subjects is due to increased
deposition of calcium hydroxyapatite (CHA) as, during initial stages of
repair, the osteoblastic activity is chiefly proliferative, and deposition
starts later, this results in the formation of immature bone, still poor in
CHA [50]. This later maturation represents the improved ability of
more mature osteoblasts to secrete CHA in irradiated subjects. The
observed differences in the rate of deposition of CHA between irra-
diated and control subjects is probably due to the choice of a wave-
length with higher penetration and the ability to increase changes at
cellular levels, such as improved ATP synthesis, early osteoblastic dif-
ferentiation and the release of growth factors. The cellular reactions
such as ATP synthesis promotion, electron transport chain stimulation,
and cellular pH reduction, and these biochemical and cell membrane
changes may increase activities of macrophage, fibroblast, lymphocyte
and the other healing cells [50,54].

The results of the present study corroborate with previous studies by
our group showing that the use of Raman spectroscopy is efficacious on
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assessing bone repair on several models including on fractures
[4,5,14-16]. Researchers have been proposing methods for assessing
the bone quality in rat tibiae in vivo and noninvasively by Raman
spectroscopy with fiber optic probes [55], which may provide new
possibilities for following the evolution of the repair in situ.

5. CONCLUSION

The results of the present experimental study indicated that the use
of the MTA associated with laser phototherapy improved the repair
process of complete fractures in tibia treated with IRF, by evaluating
the intensities of the Raman peaks of phosphate HA (~960cm™),
carbonated HA (1,070 cm™) and collagen matrix (~1,452 cmY). The
laser irradiation increased the deposition of phosphate and carbonated
HA and also collagen in the MTA-filled defects. Also, the results sug-
gested that the MTA induced the formation of a scaffold of calcium
carbonate for the bone tissue deposition. However, the presence of the
peak of the biomaterial MTA over a long period in the MTA-filled
groups suggests a delay in the process of scaffold promoted by the MTA,
without affecting significantly the results of bone repair.
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