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with MTA, bone morphogenetic proteins and guided
bone regeneration: a Raman spectroscopic study
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Abstract We studied peaks of calcium hydroxyapatite
(CHA) and protein and lipid CH groups in defects grafted
with mineral trioxide aggregate (MTA) treated or not with
LED irradiation, bone morphogenetic proteins and guided
bone regeneration. A total of 90 rats were divided into ten
groups each of which was subdivided into three subgroups
(evaluated at 15, 21 and 30 days after surgery). Defects
were irradiated with LED light (wavelength 850±10 nm) at
48-h intervals for 15 days. Raman readings were taken at
the surface of the defects. There were no statistically
significant differences in the CHA peaks among the
nonirradiated defects at any of the experimental time-
points. On the other hand, there were significant differences
between the defects filled with blood clot and the irradiated
defects at all time-points (p<0.001, p=0.02, p<0.001).

There were significant differences between the mean peak
CHA in nonirradiated defects at all the experimental time-
points (p<0.01). The mean peak of the defects filled with
blood clot was significantly different from that of the
defects filled with MTA (p<0.001). There were significant
differences between the defects filled with blood clot and
the irradiated defects (p<0.001). The results of this study
using Raman spectral analysis indicate that infrared LED
light irradiation improves the deposition of CHA in healing
bone grafted or not with MTA.

Keywords Biomaterial . Bone repair . Light emitting
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Introduction

It has been shown in various in vitro and in vivo models
that near-infrared light irradiation stimulates the photo-
acceptor cytochrome c oxidase, resulting in increased
energy metabolism and production, stimulation of mito-
chondrial oxidative metabolism, and acceleration of tissue
repair [1]. Bone is a complex, highly organized, very
dynamic, specialized connective tissue, hard, rigid and
strong. Microscopically it shows few metabolically active
cells, hematopoietic elements of bone marrow and a large
amount of intercellular substance formed from collagen
fibers and stiffening substances [2]. It is composed of
organic and inorganic elements [2, 3]. The latter consist
primarily of calcium phosphate and calcium carbonate, with
small quantities of magnesium, fluorine, and sodium. The
mineral crystals form hydroxyapatite, which precipitates in
an orderly arrangement around the collagen fibers of the
osteoid. This latter is the nonmineralized organic matrix
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secreted by osteoblasts and is composed of 90% type I
collagen and 10% ground substance. The mineralization of
osteoid by inorganic mineral salts gives bone its strength
and rigidity. Its initial calcification normally occurs within a
few days of its secretion but is completed over several
months [3, 4].

The choice of bone graft is affected by anatomical,
histological, and biochemical factors. In addition, several
physiological properties of bone grafts, such as osteogenesis,
osteoinduction and osteoconduction, directly affect the suc-
cess or failure of graft incorporation [4]. Alloplasts are
synthetic grafting materials used to help the repair of bone
defects and to enhance bone ingrowth. Their chemical
composition, physical form, and surface configuration, and
differences in their porosity, geometry, solubility and density,
determine their bioresorbability [5–7]. The treatment of bone
defects using biomaterials has been extensively studied in the
dental field [8]. Bone loss may be a result of several
pathologies, trauma or surgical procedures. These aspects
have led to extensive studies worldwide on the process of
bone repair. Several techniques for the correction of bone
defects have been proposed, including the use of several
types of grafts, membranes and the combination of the two
techniques [8].

Mineral trioxide aggregate (MTA) is a bacteriostatic
powder aggregate containing 65% calcium oxide, 21%
calcium silicate, 5% ferric oxide, 4% calcium aluminate,
2.5% calcium sulfates, 2% magnesium oxide, and 0.5%
sodium and potassium oxide (pH 12.5). It is not cytotoxic
and produces a good biological response. It stimulates
tissue repair by increasing cellular adhesion, growth and
proliferation at its surface. Unlike other cements, which
demand a completely dry field, MTA is indicated when
moisture control is inadequate. Under such conditions it
shows no loss of its properties and it is not reabsorbed.
Previous histological studies have indicated that new bone
or cementum is formed adjacent to MTA when it is placed
in contact with the periodontal tissue or in artificial bone
defects [9–15].

Bone morphogenetic proteins (BMPs) also have
osteoinductive characteristics, and inorganic materials
such as bone substitutes cause no osteoinduction due to
a lack of the proteins required for induction of stem
cell differentiation. Calcium phosphates have a high
affinity for proteins (such as BMPs) [5]. Guided bone
regeneration (GBR) is a procedure based on the guided
tissue regeneration technique which is a periodontal
surgical procedure that has been in clinical use for more
than a decade. Its principles are based on the selective
permeability provided by the membranes for the isolation
of tissues not essential for bone repair. The use GBR with
biomaterials is considered to be beneficial for the healing
of bone defects [6, 8, 15].

LEDs show a relatively narrow emission spectrum that
may be optimally tuned to correspond to the requirements
of a treatment eliminating unnecessary wavelengths from a
particular therapy. Their light intensity can be adjusted and
they produce high light levels with low radiant heat output
and maintain useful output for long periods of time.
LED-based devices may provide a homogeneous light
dose at optimal intensity [1]. While lasers provide tissue
stimulation, which increases cellular activity during
wound healing, they have the limitation of a restricted
wavelength. Lasers cannot easily produce wavelength
combinations optimal for wound healing. The size of
wounds that may be treated by the small beam width of
laser is also limited. In contrast, the spectral composition
of LEDs can be controlled and they may be arranged in
flat arrays of all sizes for the treatment of both small and
large areas. LEDs offer an effective alternative to the use
of conventional light sources [1].

Despite the growing number of successful applications
of LED phototherapy (LPT) in many fields, its use in bone
repair has not yet been well studied. We were unable to find
previous studies on the use of combinations of LED light
and biomaterials. LEDs have been used both experimentally
and clinically, and beneficial effects of their use have been
reported elsewhere [16–21]. It is known that some wave-
lengths have the ability to stimulate cell proliferation
including that of fibroblasts, and these cells have the capacity
to secrete collagen, a main organic component observed
during bone repair [8, 21–37]. Many techniques are used to
improve the bone healing, including light therapies. Several
studies have demonstrated that irradiation with near-Infrared
wavelengths can improve bone repair due to its high
penetration into tissues compared to visible light [8, 21–
37]. Although the use of LPT for bone healing has been
growing steadily, and several studies have demonstrated
positive results in the healing of bone tissue [8, 21–37], there
are to date few reports of the use of combinations of LED
light and MTA [37].

Raman spectroscopy is a relatively simple, reproducible
and nondestructive vibrational spectroscopic technique that
may be used to optically probe the molecular changes
associated with diseased tissues. Only small amounts of
material (micrograms to nanograms) with minimal sample
preparation are required. In addition, the technique provides
information at the molecular level, allowing investigation of
functional groups, bonding types, and molecular conforma-
tions. Spectral bands in vibrational spectra are molecule-
specific and provide direct information about the biochemical
composition. These bands are relatively narrow, easy to
resolve, and sensitive to molecular structure, conformation,
and environment [38]. The Raman spectrum of bone shows
prominent vibrational bands related to tissue composition.
Some main Raman bands for tissues are at 862, 958, 1,070,
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1,270, 1,326, 1,447 and 1,668 cm−1. The band at 1,668 cm−1

and those at 1270 and 1326 cm−1 are attributed to amide I
and amide III stretching modes, and those at 958 and
1070 cm−1 are attributed to phosphate and carbonate
hydroxyapatite, respectively. The band at 862 cm−1 may be
attributed to the vibration bands of C–C and C–C–H stretch
of collagen and lipid. The band at 1,447 cm−1 is attributed to
the bending and stretching modes of CH groups of lipids and
proteins [27, 28, 30, 37].

Our team has used Raman spectroscopy to study the
effects of both laser therapy and LPT on bone healing in
animal models. Our previous results show that the use of
near-infrared LPT is effective in improving bone repair. It
seems that its higher penetration into bone is one of the
factors involved. The use of LPT in studies involving bone
healing is a striking topic these days, and many previous
studies have demonstrated positive results, including when
the light is combined with biomaterials and GBR [8, 21–
37]. We have found strong evidence that the improvement
in the maturation of irradiated bone is associated with an
increased deposition of calcium hydroxyapatite (CHA)
during the early stages of healing. This maturation may be
a result of an increased secretion by osteoblasts in irradiated
subjects. It is well accepted that deposition of CHA
represents bone maturation, larger amounts of CHA on
bone being indicative of a more resistant and calcified bone
[8, 21–37].

Although several reports have suggested benefits of the
individual and combined use of MTA, GBR and LEDs on
wound healing, the combined use of all these techniques
has not yet been studied by Raman spectroscopy.

Material and methods

The Animal Ethics Committee of Vale do Paraíba University
(UNIVAP) approved this research. Ninety healthy adult male
Wistar rats (about 2 months old, mean weight 295±25 g) were
kept under natural conditions of light, humidity and temper-
ature in the animal house of the Research and Development
Institute of UNIVAP during the experimental period. The
animals were fed with standard laboratory pelleted diet and
had access to water ad libitum. The animals were kept in
groups of five in individual metal cages, and kept under a day/
night light cycle and controlled temperature conditions during
the experimental period. The animals were randomly distrib-
uted into ten groups each of which was then subdivided into
three subgroups according to the experimental schedule. The
treatment groups are shown in Table 1.

Prior to induction of general anesthesia, the animals
received 0.04 ml/100 g of atropine subcutaneously.
Anesthesia was induced by intramuscular injection of
10% quetamine (Syntec do Brasil, Cotia, SP, Brazil;

0.1 ml/100 g)+2% xylazine (Syntec do Brasil; 0.1 ml/100 g).
The right leg of the animals was shaved and a 3-cm incision
was made over the right tibia with a no. 15 scalpel blade. Skin
and subcutaneous tissues were dissected down to the
periosteum, which was gently sectioned to expose the bone.
A 2-mm partial thickness bone defect was surgically produced
(low-speed drill, 1,200 rpm, under refrigeration) in each
animal.

The bone defects in groups 1 and 6 were filled only with
blood clot. Animals in group 6 were further irradiated with
LED light. The bone defects in the animals in the remaining
groups were filled with MTA (Angelus; Angelus Indústria
de Produtos Odontológicos, Londrina, PR, Brazil) and
collagen gel (Gencol; Baumer, Mogi das Cruzes, São Paulo,
Brazil). The animals in group 7 were further irradiated with
LED light. In groups 3 and 8, the defects filled with the
MTA were covered with a reabsorbable membrane
(Genderm; Baumer). Animals in group 8 were further
irradiated with LED light. In groups 4, 5, 9 and 10 a
pool of BMPs (Genpro; Baumer) was added to the
MTA. In group 5 the defects were covered with
membrane. In group 9 the animals were further
irradiated with LED light, and in group 10 the animals
were further irradiated with LED light after the defects
had been covered with membrane. All wounds were
routinely sutured and the animals received a single dose
of Pentabiotico (penicillin, streptomycin, 20,000 IU;
Fort Dodge, Campinas, SP, Brazil; 0.02 ml/100 g)
immediately after surgery. Animals were killed on days
15, 21 and 30 after surgery with an overdose of general
anesthetics.

LPT was carried out using a FisioLED device (MMOp-
tics, São Carlos, São Paulo, Brazil) with a wavelength of
850±10 nm, a power of 150 mW, a spot size of about
0.5 cm2, and an energy density of 16 J/cm2. The LED was
applied transcutaneously over the defect immediately after
surgery and then at 48-h intervals over 15 days resulting in
a total treatment dose of 112 J/cm2. The doses were based

Table 1 Treatment groups

Group Treatment

1 Blood clot

2 MTA

3 MTA+GBR

4 MTA+BMP

5 MTA+BMP+GBR

6 Blood clot + LED

7 MTA+LED

8 MTA+GBR+LED

9 MTA+BMP+LED

10 MTA+BMP+GBR+LED
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upon previous studies carried out by our group using laser
light [8, 21–37].

After the animals were killed, samples were longitu-
dinally cut under refrigeration using a precision saw
(IsoMet 1000; Buehler, Markham, Ontario, Canada) and
stored in liquid nitrogen to minimize the growth of
aerobic bacteria [27, 28, 30, 37] and because chemical
fixation is not advisable due to fluorescence emissions
from fixative substances [27, 28, 30, 37].

Prior to the Raman study, the samples were longitudi-
nally cut and warmed gradually to room temperature, and
100 ml of saline was added to the surface during
spectroscopic measurements. For Raman measurements,
an Ti:sapphire laser with a wavelength of 830 nm pumped
with an argon laser (model 3900S; Spectra Physics,
Mountain View, CA) provided near-infrared excitation. A
spectrograph (model 250 IS; Bruker Optics, Billerica, MA)
with a spectral resolution of about 8 cm−1 dispersed the
Raman-scattered light from the sample and a liquid
nitrogen-cooled deep depletion charge-coupled device
(model LN/CCD-1024-EHR1; Princeton Instruments,
Tucson, AZ) was used to detect the Raman spectra.
The system was controlled by a microcomputer, which
stored and processed the data [27, 28, 30, 37]. The laser
power used at the sample site was of 80 mW with a
spectral acquisition time of 100 s. Two points were
measured in transverse sections of healing bone resulting
in two readings from each specimen and 180 total spectra.
All spectra were acquired on the same day to avoid optical
misalignments and changes in laser power. The mean values
of the intensity of the peaks (about 958 cm−1 for phosphate
ν1, and at about 1,447 cm−1 for CH groups of lipids and
proteins ν2) were determined as the average of the peaks in
these regions. This intensities are related to the concentration
of CHA and organic components of the bone. The data were
analyzed using MatLab5.1 software (Newark, NJ) for
calibration and background subtraction of the spectra.

For calibration, the Raman spectrum of the solvent
indene with known peaks was used [27, 28, 30, 37] due to
its intense bands (800–1,800 cm−1) in the fingerprint
region. The indene spectrum was also measured each time
the sample was changed to be sure that the laser and
collection optics were optimized. In order to remove the
fluorescence background from the original spectrum, a 5th
order polynomial fitting was found to give better results,
facilitating the visualization of the peaks of CHA (about
958 cm−1) and CH groups of lipids and proteins (about
1,447 cm−1) found in the bone (Fig. 1). This routine
removed any continuous offset background noise due to
CCD readout and refrigeration.

Statistical analysis was performed using Minitab 15.0
software (Minitab, Belo Horizonte, MG, Brazil). A
baseline Raman spectrum of nontreated bone was also

produced as a control. Raman analysis was carried out
at the Biomolecular Spectroscopy Laboratory at the
Research and Development Institute of UNIVAP.

Results

The Raman spectrum of bone shows prominent vibrational
bands related to tissue composition (mineral and organic
matrices). Figure 1 shows the main tissue Raman bands at
862, 958, 1,070, 1,270, 1,326, 1,447 and 1,668 cm−1. The
band at 1,668 cm−1 and those at 1,270 and 1,326 cm−1 are
attributed to amide I and III stretching modes of lipids and
proteins. The band at 1,447 cm−1 is attributed to the
bending and stretching vibration modes of CH groups of
lipids and proteins. The bands at 958 and 1,070 cm−1 are
attributed to phosphate and carbonate hydroxyapatite from
bone mineral, respectively, and that at 862 cm−1 may be
attributed to the vibration bands of C–C stretch of collagen
(tyrosine/proline ring).

Hydroxyapatite (CHA, 958 cm−1)

Figures 2, 3, 4, 5 and 6 show respectively the values of the
mean intensity of each Raman shift of CHA (958 cm−1) and
the organic components of bone (CH vibration groups of
lipids and proteins, 1,447 cm−1) obtained from treated and
untreated animals on days 15, 21 and 30. The intensity of
the Raman shift is directly related to the concentration/
incorporation of CHA by the bone. So higher intensities
represent higher concentrations of CHA. It should be noted
that in some groups, irradiated or not, the initial value of the
peak was higher than on day 21. This might have been

Fig. 1 Typical Raman spectrum of the components bone showing the
two Raman shifts used as markers in this study (CHA at 958 cm−1,
CH vibration mode of lipids and proteins at 1,447 cm−1)
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caused by the characteristics of the MTA present at the site.
Table 2 shows a summary of the statistical analysis at each
time-point.

There were no statistically significant differences in the
CHA peaks among the nonirradiated groups at all
experimental time-points. On the other hand, there were
statistically significant differences between group 1 and
the irradiated groups at all time-points (ANOVA, p<
0.001, p=0.02, p<0.001). On day 15, group 9 showed a
higher mean peak value (3,042.9±209) and group a lower
value (1,475.5±106). On day 21 group 9 also showed a
higher mean peak value (2,371±778) and group 10 a
lower mean peak value (1,404.2±71). At the end of the
experimental period, group 6 showed the highest mean peak
value (3,117.6±100) and group 10 the lowest (1,386±140).

There was a statistically significant difference between the
mean CHA peak in nonirradiated groups at all the experi-
mental time-points (ANOVA, p<0.01). The mean peak value
in group 1 was significantly different from that in group 2
(Student’s t-test, p<0.001). A statistically significant differ-
ence was seen between group 1 and the irradiated groups
(ANOVA, p<0.001). Table 3 shows a summary of the
statistical analysis for each treatment group.

CH vibration groups of lipids and proteins (1,447 cm−1)

The results for the organic components of bone (CH
vibration groups of lipids and proteins, 1,447 cm−1) are
shown in Table 4 and Figs. 2, 3, 4, 5 and 6. Higher peaks
indicate a lower mineral content and higher readings denote
higher levels of organic components.

The analysis of the CH peaks showed statistically
significant differences among the nonirradiated groups on
day 15 (ANOVA, p=0.007). Group 1 showed the highest
mean peak value (375.6±35) and group 3 the lowest
(270.28±28). Despite no statistically significant difference
being observed on day 21, at the end of the experimental
period, a statistically significant difference was observed
among the nonirradiated groups (ANOVA, p=0.003) the
highest mean peak value being seen in group 4 (434.9±66)
and the lowest in group 2 (304.1±40).

Among the irradiated groups, statistically significant
differences were also observed at similar time-points as
seen in the nonirradiated groups. On day 15, group 6
showed the highest mean peak value (485.3±111) and group
10 the lowest (314.7±52) (ANOVA, p=0.003). Despite no
statistically significant difference being observed on day 21,

Fig. 2 Mean intensities of the Raman shifts of CHA (958 cm−1) and CH vibration groups of lipids and protein (1,447 cm−1) in group 1 (Clot) and
group 6 (LED) on days 15, 21 and 30
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there was a statistically significant difference at the end of
the experimental period (ANOVA, p=0.001), the highest
mean peak value being observed in group 6 (500.2±87) and
the lowest in group 8 (313.6±44). Table 4 shows a summary
of the statistical analysis at each time-point.

Statistically significant differences were seen among the
nonirradiated groups at all experimental time-points
(ANOVA, p=0.05), the highest mean peak value being
seen in group 4 (374.51±73.33) and the lowest in group 3
(307.8±64). Among the irradiated groups, there was also
statistically significant difference between group 1 and all
the irradiated groups (ANOVA, p<0.001), the highest mean
peak value being seen in group 6 (451.8±102) and the
lowest in group 10 (317±75). Table 5 shows a summary of
the statistical analysis for each treatment group.

Discussion

The Wistar rat model adopted in the present investigation
shows a rapid healing period, is resistant to climatic
changes and is routinely used to study bone healing.
Despite LPT having been shown to improve bone healing

in several models [8, 21–37], there have been few studies of
the use of LED light on bone and there are no studies until
now of its combination with biomaterials. Studies of the
effects of laser light on bone regeneration have indicated
that its effect on bone healing depends not only on the total
dose of irradiation, but also on the irradiation time and the
irradiation mode [8, 21–37]. We were unable to find any
previous reports in the literature concerning the use of the
protocol used in the present investigation. This makes
discussion of our results very difficult.

Previous studies have found that irradiated bone (mostly
irradiated with IR wavelengths) shows increased osteoblastic
proliferation, collagen deposition and bone neoformation
when compared to nonirradiated bone. The protocol used in
the present study using LED light is similar to those used by
our team in previous studies using laser light [8, 21–36]. The
results of the present study are promising and indicate that
the combination of LED light and MTA, BMPs and GBR
did improve the healing of bone.

Our team has been studying the effects of different light
sources on bone healing using different assessment
methods including histology, computerized morphometry,
scanning electron microscopy and Raman spectroscopy [8,

Fig. 3 Mean intensities of the Raman shifts of CHA (958 cm−1) and CH vibration groups of lipids and protein (1,447 cm−1) in groups 2 (MTA)
and 7 (MTA+LED) on days 15, 21 and 30
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21–37]. Raman spectroscopy was used in the present study
to analyze alterations in both mineral and organic compo-
nents in healing bone as analysis of bone components is
considered the gold standard in the study of bone healing
[27, 28, 30, 37].

Raman spectra are a plot of the scattering intensity as
a function of the energy difference between the incident
and scattered photons and are obtained by pointing a
monochromatic laser beam at a sample. The loss (or
gain) in photon energy corresponds to the difference in
the final and initial vibrational energy levels of the
molecules participating in the interaction. The resultant
spectra are characterized by shifts in wave numbers
(inverse of wavelength in cm−1) from the incident
frequency. The frequency difference between incident
and Raman-scattered light is termed the Raman shift,
which is unique for individual molecules and is measured
by the machines detector and is represented as 1/cm.
Raman peaks are spectrally narrow, and in many cases can
be associated with the vibration of a particular chemical
bond (or a single functional group) in the molecule [38].

A number of researchers have reported on Raman
spectroscopy of biological tissues, which include inves-

tigations on bone, cornea, cervical tissue, epithelial tissue,
lung, breast, skin, gastrointestinal tissue, brain, oral tissue,
liver, heme protein, atherosclerotic plaque, serum, human
coronary arteries, lymphocytes, human red blood cells,
mixed cancer cells, living human cells, microbial cells,
individual cells, saliva, DNA, cancer genes, anticancer
drugs, tissue processing, raft cultures, meningioma, cancerous
cells, and mammalian cell cultures [38].

Our results indicate that infrared LED light causes a
quicker repair process and improves the quality of the
newly formed bone as marked by the CHA peaks. These
findings are aligned with those of previous studies using
laser light carried out by our team using several models [8,
21–37]. Our experience indicates that the advanced matura-
tion seen in irradiated bone is due to an increased deposition
of CHA. The enhancement in maturation represents the
ability of irradiated osteoblasts to secrete more CHA.
Increased amounts of CHA are indicative of bone maturation
as well as of more resistant and calcified bone. We have also
shown that infrared laser light is able to stimulate prolifer-
ation of fibroblasts which are major secretors of collagen and
an important organic component on healing bone [8, 21–37].
The Raman spectroscopy results in the present investigation

Fig. 4 Mean intensities of the Raman shifts of CHA (958 cm−1) and CH vibration groups of lipids and protein (1,447 cm−1) in group 4 (MTA+
BMP) and group 9 (MTA+BMP+LED) on days 15, 21 and 30
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indicate the occurrence of such phenomena when LED light
is used.

MTA appeared to be directly affected by the light.
However, LPT positively affected bone healing as has been
observed in other studies using other biomaterials and laser
light [8, 21–36]. In the early stages of the bone repair, a
higher mean CHA peak was seen in group 9 (MTA+BMP+
LED) and at the end of the experimental period, and the
highest mean peak was seen in group 6 (LED). We were not
able to find in the literature any previous reports on the
association between MTA and BMPs. However, the use of
BMPs improves the outcome of bone healing when
associated with LPT [23–25, 36, 37]. In the present study,
this was the case up to day 21. Later, the use of LED light
alone caused the greatest increase in the levels of CHA.
However, analyzing all the changes throughout the
experimental period, group 9 (MTA+BMP+LED)
showed the higher mean CHA peak.

The behavior of the lipids and proteins varied greatly
throughout the experimental period in most groups. This
may indicate that other tissue components might have
affected the readings. Although we were able to show
differences in the peaks of lipids and proteins, LED-

irradiated bones showed a higher collagen content at early
stages of repair, this possibly being associated with
increased collagen deposition by fibroblasts that were
stimulated by the LED light, similar to the observations
when using laser light [27, 28, 30, 36, 37]. On the other
hand, at the end of the experimental period, group 8 (MTA
+GBR+LED) showed lower mean peaks. This may also
represent the influence of the use of the GBR. The reason
for this needs clarification. The overall content of lipids and
proteins analyzed during the whole experimental period
showed that the association of MTA+BMP+GBR+LED
was associated with lower amounts of these components
compared to all irradiated groups. However, the levels of
lipids and proteins in this group was similar to the levels
seen in group 2 (MTA), that showed the smallest peak. This
was probably due to the properties of the MTA itself.

It has also been demonstrated by our group that the use
of GBR is helpful in the healing of bone defects and that
combining it with LPT improves the outcome of this
therapeutic approach as demonstrated previously by our
team using different models [8, 22–25, 27, 29, 31, 33].
However, its combination with MTA and/or LED light
seemed not to have major influence. Probably, this was due

Fig. 5 Mean intensities of the Raman shifts of CHA (958 cm−1) and CH vibration groups of lipids and protein (1,447 cm−1) in group 3 (MTA+
GBR) and group 8 (MTA+GBR+LED) on days 15, 21 and 30
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to the relative stiffness of the MTA graft that in some way
may have acted as a barrier against invasion by the tissue.
Another aspect that might have influenced the results
observed in the LED-irradiated groups in which the GBR
was used was the fact that the LED irradiation was carried
out over the defect at a single point, differently from
situations in which Laser light is used as many devices have
a very small spot size. In the present study, the LED device

used had a relatively wide spot and probably the membrane
acted as an attenuation barrier for light penetration.

One may question why the use of BMPs alone was not
assessed on the present study. First, it is important to note
that the use of BMPs alone is still complicated as their life-
span in this situation is very short. So the use of some
matrices, organic or inorganic, will delay the otherwise
rapid dispersion of water-soluble, readily diffusible BMPs

Fig. 6 Mean intensities of the Raman shifts of CHA (958 cm−1) and CH vibration groups of lipids and protein (1,447 cm−1) in group 5 (MTA +
BMP + GBR) and group 10 (MTA + BMP + GBR + LED) on days 15, 21 and 30

Table 2 Values (means ± standard deviation) of the Raman peak for CHA (958 cm−1) in all the treatment groups on days 15, 21 and 30

Group Treatment Group letter Day 15 Day 21 Day 30

1 Blood clot a 1,777.1±189.1f,g,i 1,912±157f,i,j 1,691±303f,i,j

2 MTA b 2,230±677 1,647±508 1,778±343

3 MTA+GBR c 1,481±420 1,738±490 1,803±396

4 MTA+BMP d 2,157±715 2,239±639 1,894±501

5 MTA+BMP+GBR e 1,989±368 2,035.9±227 2,047±557

6 LED f 2,272±279a,h 1,577±474a 3,117.6±100a,g,h,i,j

7 MTA+LED g 1,977±646a,i 1,608.2±187 1,702.8±89f,j

8 MTA+GBR+LED h 1,475.5±106f,i,j 2,325±996 1,601.8±214f

9 MTA+BMP+LED i 3,042.9±209a,g,h,i 2,371±778a 1,903±403a,f,j

10 MTA+BMP+GBR+LED j 1,980±436h,i 1,404.2±71a 1,386±140a,f,g,i

Superscript letters indicate that the value is significantly different from the value of the group with the same letter
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from the implant site without which they, like other growth
factors, would likely have a short serum half-life because of
liver uptake and catabolism [39–42]. On the other hand, the
use of some BMPs (2 and 7) is approved for clinical use for
osseous repair and are well accepted as therapeutic
modalities [43, 44].

Normal bone regeneration is a complex process that
involves a large number of growth factors and cytokines in
its regulation. No matter how influential one factor may
appear in the process, its action in isolation may have little
effect without interaction with endogenously produced
growth factors and cytokines [45]. Among the many tissues
in the body, bone has the highest potential for regeneration.
Bone morphogenesis is a sequential multistep biological
chain reaction and the key steps are chemotaxis of
progenitors/stem cells, proliferation of cells and differentiation
of true endochondral bone formation.

The role of growth factors in bone repair is widely
recognized, particularly for BMPs, fibroblast growth factor
(FGF), insulin-like growth factors (IGFs), platelet-derived
growth factor (PDGF), transforming growth factor-β (TGF-

β) and vascular endothelial growth factor (VEGF). Growth
factors are usually stored in the extracellular matrix (ECM),
but after injury are actively released by the ECM, cells and
platelets. The main growth factors acting on the skeleton
are BMPs, TGF-β, FGF, PDGF, VEGF and IGFs. During
bone repair, cells of the bone microenvironment, such as
inflammatory cells, fibroblasts, endothelial cells, bone
marrow stromal cells and osteoblasts produce growth
factors. The migration of osteoprogenitors is enhanced by
BMPs, PDGF, FGF and VEGF. The proliferation of
periosteum-derived cells is stimulated by PDGF and FGF
in the early stages of bone repair. Previous studies have
found that light is capable of altering the release of several
growth factors [46–50].

Artificial materials, such as the MTA, may influence the
synthesis and release growth factors from cells. The final
effect depends on both the biomaterial’s physical and
chemical properties and the cell involved. So, bone
induction, and its subsequent regeneration, might not only
be restricted to biological modulation but the environment
might also be a crucial factor in the induction and
subsequent regeneration of bone. There is evidence that
the platelet release reaction is induced at a different level by
some bone substitutes: collagen-grafted calcium metaphos-
phate induces a higher release reaction than nongrafted
calcium metaphosphate or hydroxyapatite. These effects
should be carefully considered and evaluated when a new
material is proposed as a scaffold for bone engineering [51,
52]. We were unable to find a previous study assessing this
aspects using MTA.

One drawback in using this material is that close
proximity to the host bone was necessary to achieve
osteoconduction. However, new bone growth is often
strictly limited because these materials are not osteoinduc-
tive in nature. To overcome this limitation, a number of
different bone-derived growth factors have been demon-
strated to stimulate bone growth, collagen synthesis and
fracture repair both in vitro and in vivo. MTA also suffers

Table 3 Values (means ± standard deviation) of the Raman peak for
CHA (958 cm−1) in all the treatment groups

Group Treatment Group letter Mean ± SD

1 Blood clot a 1,823.4±316b,i,j

2 MTA b 1,885±558a

3 MTA+GBR c 1,674±435d,e,j

4 MTA+BMP d 2,096±606c,i

5 MTA+BMP+GBR e 2,024±383c,j

6 LED f 2,322.4±715g,j

7 MTA+LED g 1,762.8±401f,i

8 MTA+GBR+LED h 1,800.6±676i

9 MTA+BMP+LED i 2,438.8±686a,d,g,h,j

10 MTA+BMP+GBR+LED j 1,590.1±379a,c,e,f,i

Superscript letters indicate that the value is significantly different from
the value of the group with the same letter

Table 4 Values (means ±
standard deviation) of the
Raman peaks for the CH
groups of lipids and proteins
(1,447 cm−1) in all the
treatment groups on days 15,
21 and 30

Superscript letters indicate that
the value is significantly
different from the value of the
group with the same letter

Group Treatment Group letter Day 15 Day 21 Day 30

1 Blood clot a 375.6±35c,d,f,j 397.3±127 336.2±49d,f

2 MTA b 315.7±52 404.9±120 304.1±40c,d,e

3 MTA+GBR c 270.7±28a,d 313.2±87 339.8±50b,d,e

4 MTA+BMP d 325.4±38a,c 363.2±71 434.9±66a,b,c,e

5 MTA+BMP+GBR e 332.3±57 351.4±53 354.4±54b,c,d

6 LED f 485.3±111a,g,h,i,j 370±58 500.2±87a,g,h,i

7 MTA+LED g 334.8±78f 286.4±70 379.8±54f,j,h

8 MTA+GBR+LED h 343.9±74f 321.2±104 313.6±44f,i,g

9 MTA+BMP+LED i 365.3±35f 387.1±75 372.8±57f,h

10 MTA+BMP+GBR+LED j 314.7±52a,f 303.1±72 333.4±105g
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from its inherent lack of microporosity for tissue invasion.
Its pore size and inherent strength play major roles in its
ultimate usefulness. Previously it was generally believed
that calcium phosphate cements are reabsorbed with bone
formed via osteoconduction. However, recent studies have
indicated that calcium phosphate cements directly initiate
osteogenesis. In addition, through a dissolution–precipita-
tion process, the development of a bone-like mineral layer
might initiate bone formation either by mimicry with the
bone mineral structure or by the presence of osteogenic
compounds (such as BMPs) [53, 54].

BMPs have been defined as a molecule (morphogen) that
can initiate, promote andmaintainmetabolism and homeostasis
[55]. However, the mere presence of BMPs is no guarantee of
efficient bone healing. Although the presence of BMPs is
essential for a number of processes during bone healing,
BMP-mediated bone formation strongly depends on the local
presence of various BMP activity regulating inhibitors and
stimulators. The osteogenic potency of the BMPs requires a
local and controlled delivery. Moreover, for clinical use of
BMPs, their short half-life should be taken into account [56].
BMPs were initially discovered by the fact that demineralized
bone matrix is capable of initiating bone formation when
transplanted to ectopic sites in rodents [57]. These proteins
were originally described to act as bone growth factors. The
BMP family of cytokines comprises over 20 different ligands
that belong to the TGF-β superfamily. Their importance in the
development of multicellular organisms is obvious from their
existence in all vertebrates as well as nonvertebrate animals
[45]. Although BMPs are involved in numerous developmen-
tal and pathophysiological processes, their effects on bone
formation have been studied most extensively. In bone, they
are synthesized by skeletal cells such as osteoblasts and
sequestered in the bone ECM [45].

It is known that when BMPs are implanted, their
osteoinductive properties can initiate the complete cascade
of bone formation, including the migration of mesenchymal
stem cells and their differentiation into osteoblasts. This
bone induction occurs through endochondral as well as
intramembranous ossification and results in the formation
of normal woven and/or lamellar bone [58]. Various
proteins with an important role in this autoinductive process
have been isolated and investigated for their therapeutic
potential in bone regeneration, including BMPs [59], TGF-β,
FGF, IGF, VEGF, PDGF, epidermal growth factor,
parathyroid hormone/parathyroid hormone-related pro-
tein and interleukins [45].

The production of growth factors is a biological process
that starts immediately after injury and stimulates the cells
involved in the repair process to proliferate. TGF-β is a
multifunctional cytokine secreted by platelets, T lymphocytes,
macrophages, endothelial cells, fibroblasts and other tissues. It
has a central action and has antiinflammatory and proliferative
effects during tissue repair. Its effects include chemotaxis of
leukocytes, fibroblasts and smooth muscle cells. It also
influences both the formation and remodeling of the ECM,
stimulates keratinocyte migration, and angiogenesis and
fibroblastic differentiation, inhibits the proliferation of kera-
tinocytes, regulates the expression of integrin and other
cytokines, and also possesses an autoinduction property [46].

TGF-β is synthesized by many different cell types and is
stored as an inactive complex with latency-associated
peptide in the bone ECM. Another major source of this
factor is platelets in the blood clot formed after a fracture or
the creation of a bone defect. It is known that TGF-β
stimulates migration of osteoprogenitor cells and is a potent
regulator of cell proliferation, cell differentiation and ECM
synthesis, and that it synergizes with BMPs. Early during
repair, both growth factors may directly increase the
number of osteoprogenitor cells by stimulating their
migration. Circulation is one of the sources of osteoproge-
nitor cells during BMP-induced bone regeneration and cell
recruitment may also be indirectly enhanced by their
combined effect on angiogenesis. It has been suggested
that TGF-β1 and BMP-7 synergistically interact to enhance
angiogenesis and vascular invasion since their coadminis-
tration increases vessel formation. The mitogenic effect of
TGF-β may further increase the osteoprogenitor cell pool
by stimulating cell proliferation [45]. As well as their
combined effects on angiogenesis, cell recruitment and
proliferation, TGF-β and BMPs also interact during
osteoblast differentiation [60]. Light has also been shown
to increase angiogenesis and to increase the number and
activity of osteoblasts [8, 22–26, 29, 31–33, 35].

It has been suggested that TGF-β1 may have stimulatory
effects on osteoblast differentiation during early stages and
an inhibitory effect on differentiation and mineralization

Table 5 Values (means ± standard deviation) of the Raman peak for
the CH groups of lipids and proteins (1,447 cm−1) in all the treatment
groups

Group Treatment Group letter Mean ± SD

1 Blood clot a 369.6±81c,f

2 MTA b 341.5±87

3 MTA+GBR c 307.8±64a,d,e

4 MTA+BMP d 374.5±73c

5 MTA+BMP+GBR e 346±52c

6 LED f 451.8±102a,g,h,i,j

7 MTA+LED g 333.6±75f,i

8 MTA+GBR+LED h 326.2±74f,i

9 MTA+BMP+LED i 375±55f,g,h,j

10 MTA+BMP+GBR+LED j 317±75f,i

Superscript letters indicate that the value is significantly different from
the value of the group with the same letter
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during later stages. Although TGF-β1 seems to inhibit
matrix mineralization during later stages, the in vivo
consequences of these inhibitory effects might be limited
since expression of TGF-β receptors is downregulated
when cell differentiation progresses [45]. This aspect is
important as it may be one explanation for our previous
results indicating that infrared light fails to significantly
enhance bone repair during the later stages [8, 22–37]. A
pivotal role in the bone remodeling process has been
assigned to TGF-β1 because it has been proven to affect
both bone resorption and formation. It is secreted in a latent
form by bone cells and is stored in the ECM. Active
resorbing osteoclasts are capable of activating TGF-β1,
which in turn attenuates further bone resorption by
impairing osteoclastogenesis and promotes bone formation
through chemotactic attraction and stimulation of prolifer-
ation and differentiation of osteoblast precursors [60].
There is also evidence in the literature suggesting that light
positively affects the release of TGF-β [46].

It seems possible that LED light has beneficial effects
similar to those of laser light, as there are several reports of
the benefits of the use of LEDs operating at several
wavelengths both in vitro and in vivo in both normal and
pathological conditions [2, 61–64]. It is also possible that
the mechanism involved are similar.

The rationale for combining MTA, BMPs and LED light
in this work was based on the idea that BMPs combined
with an osteoconductive substance, such as MTA, and LED
light (with its well-recognized positive effects on cell
proliferation and function as well as on secretion of many
growth factors) would improve the repair of bone defects in
a manner similar to that following autogenous bone grafting
while avoiding the complications and limitations associated
with autogenous bone grafting, that remains the gold
standard for treating bone defects.

Despite the success we have observed using different
light sources in bone repair using different models, our
knowledge of the bone regeneration process and light
interactions is still limited. Therefore, further molecular,
cellular, and translational studies are required to obtain a
better understanding of the actions and interactions of the
different regulators of the regeneration process. Our results
using Raman spectral analysis indicate that infrared LED
light did improve the deposition of CHA in the healing
bone grafted or not with MTA.
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