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Abstract The aim of the present study was to assess, by
Raman spectroscopy and laser fluorescence, the repair of
surgical fractures fixed with wire osteosynthesis treated or not
with infrared laser (λ780 nm, 50 mW, 4×4 J/cm2016 J/cm2,
ϕ00.5 cm2, CW) associated or not to the use of hydroxyap-
atite and guided bone regeneration. Surgical tibial fractures
were created under general anesthesia on 15 rabbits that
were divided into five groups, maintained on individual
cages, at day/night cycle, fed with solid laboratory
pelted diet, and had water ad libitum. The fractures in
groups II, III, IV, and V were fixed with wires. Animals
in groups III and V were grafted with hydroxyapatite
(HA) and guided bone regeneration (GBR) technique used.

Animals in groups IVand V were irradiated at every other day
during 2 weeks (4×4 J/cm2, 16 J/cm20112 J/cm2). Observa-
tion time was that of 30 days. After animal death, specimens
were taken and kept in liquid nitrogen and used for Raman
spectroscopy. The Raman results showed basal readings of
1,234.38±220. Groups WO+B+L showed higher readings
(1,680.22±822) and group WO+B the lowest (501.425±
328). Fluorescence data showed basal readings of 5.83333±
0.7. Groups WO showed higher readings (6.91667±0.9) and
group WO+B+L the lowest (1.66667±0.5). There were sig-
nificant differences between groups on both cases (p<0.05).
Pearson correlation was negative and significant (R20−0.60;
p<0.001), and it was indicative that, when the Raman peaks
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of calcium hydroxyapatite (CHA) are increased, the level of
fluorescence is reduced. It is concluded that the use of near-
infrared lasertherapy associated to HA graft and GBR was
effective in improving bone healing on fractured bones as a
result of the increasing deposition of CHA measured by
Raman spectroscopy and decrease of the organic components
as shown by the fluorescence readings.

Keywords Biomaterials . Bone repair . Internal rigid
fixation . Phototherapy

Introduction

The discovery of anesthesia allowed a significant advance
on the treatment of fractures, such as the use of direct intra-
osseous wires. The treatment of fractures consists of the
reduction and fixation of dislocated segments [1]. Internal
fracture fixation provides mechanical stability to a fractured
bone, allowing weight bearing, early use of the affected
bone, and rapid bone healing. It is indicated when anatom-
ical reduction is essential, as with articular or growth plate
fractures. The selection of internal fixation is based on
multiple mechanical, biologic, and clinical parameters asso-
ciated with each patient and fracture, not just the fracture
pattern itself [2]. The choice of internal fixation depends on
the type of fracture, the condition of the soft tissues and
bone, the size and position of the bone fragments, and the
size of the bony defect. Numerous devices are available for
internal fixation. These devices can be roughly divided into
a few major categories: wires; pins and screws; plates; and
intramedullary nails or rods. Staples and clamps are also
used occasionally for osteotomy or fracture fixation [3, 4].

Stainless steel wire is the traditional material used for
fracture fixation because it is a biologically inert material;
rigid; provides precise repositioning of the bone fragments;
easy to use; and has a reasonable cost [5]. Although internal
fixation provides superb mechanical support, it is usually
disruptive to the biologic environment. Internal fixation
requires a surgical approach; thus, it disrupts the soft tissues
and vascularity surrounding the fracture. Attempts are al-
ways made to provide the most rigid mechanical fixation
while minimizing the surgical trauma [6]. Inter-fragmentary
micro-motion causes high levels of strain on the fracture ends,
leading to bone resorption, followed by callus formation and
transformation of fibrocartilage to bone. This is common
when pins and wires are the only fixations utilized [7].

Despite that small rodents possess only a primitive bone
structure without a Haversian system, their fracture repair
processes are similar to larger mammalians [8]. Therefore,
this model may be used to investigate bone repair [9].
Several murine models using long bone fractures are com-
monly described analyzing therapeutic options of different

stabilization techniques or the systemic influence of an
additional impact in trauma models. Due to the small size,
only large long bones, especially tibia and femur, have been
studied [10]. Similar to murine models, rats are used inves-
tigating fracture healing. However, due to the missing
Haversian system, intra-cortical remodeling cannot be
detected in rats representing an essential difference to
humans [11]. Similar to murine models, the fracture may
be technically simulated by an osteotomy or fractured man-
ually after weakening the bone [12, 13]. To stabilize the
fracture, an intramedullary pin or wire may be used [14].

There are fractures in which handling is further compli-
cated due to the loss of bone. These losses may be related to
several etiologies and require further efforts from the body
to fully recover. Although grafts have been used to minimize
the problems associated to bone losses, considerable limi-
tations associated with autografts and allografts have
prompted increased interest in alternative bone graft substi-
tutes. The main types of commercially available bone graft
substitutes are demineralized allograft bone matrix;
ceramics and ceramic composites; composite graft of colla-
gen and mineral; coralline hydroxyapatite; calcium phos-
phate cement; bioactive glass; and calcium sulfate [15–17].

The healing of various types of bone defect with com-
plete bone fill has been reported following the use of the
guided bone regeneration (GBR) technique [18]. GBR is a
technique used to prevent the migration of soft tissues,
which has more pronounced proliferative activity, into the
bone defect. GBR promotes bone formation by the use of a
mechanical barrier such as membranes, and these may be
reabsorbable or non-reabsorbable and may also be associat-
ed or not to bone substitutes. The GBR is widely used for
treating periodontal defects and other bone defects [19].

Raman scattering is a powerful light scattering technique
used to diagnose the internal structure of molecules and
crystals. Raman spectroscopy is the measurement of the
wavelength and intensity of inelastically scattered light from
molecules. The Raman scattered light occurs at wavelengths
that are shifted from the incident light by the energies of
molecular vibrations. The mechanism of Raman scattering
is different from that of infrared absorption, and Raman and
infrared (IR) spectra provide complementary information.
Typical applications are in structure determination, multi-
component qualitative analysis, and quantitative analysis [3,
4]. Its use allows less invasive and nondestructive analysis
of biological samples, allowing one to get precise informa-
tion on biochemical composition. It has been considered
effective to assess tissues at the molecular level and has
been used on several noninvasive diagnostic applications
of biological samples such as cancer; human coronary ar-
teries; blood analysis; implants; cell culture; bone disease;
and bone healing and to evaluate the microstructure of
human cortical bone (osteon) and biomaterials.
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We have used Raman spectroscopy as a method of as-
sessment of the effects of laser phototherapy (LPT) on bone
healing under different models [20–24], including fractures
[3, 4]. Our previous results indicate that near-infrared (NIR)
LPT is effective to improve bone repair mainly due to its
higher penetration into bone when compared with visible
laser light [15–17, 19, 25, 26]. The use of LPT on studies
involving bone healing is a hot topic lately, and many have
demonstrated positive stimulatory effects even when asso-
ciated to biomaterials [3, 4, 15, 17, 19–24, 26–29].

By using infrared excitation (λ785 or λ830 nm), one can
minimize the interference of the autofluorescence on the
Raman spectra from biological specimens [3, 4]. On the
other hand, there are molecules capable of interacting with
light in a different way. The absorption of the light occurs on
the chromophores that are molecules capable of absorbing
and emitting light by fluorescence. The absorbing sites are
known as fluorophores. These molecules will absorb energy
of a specific wavelength and re-emit energy at a different
(but equally specific) wavelength. The amount and wave-
length of the emitted energy will depend on both the fluo-
rophore and on its chemical environment. On this group, we
may include flavins, proteins, collagen, elastin, NADH, and
porphyrins. This is the case of a commercial device called
DIAGNOdent®.

Many molecules are able to interact with light by its
absorption by chromophores that, on molecules also capable
of emitting light (fluorescence), are known as fluorophores.
These structures will absorb energy of a specific wavelength
and re-emit it at a different, but equally specific, wave-
length. Flavins, proteins, collagen, elastin, NADH, and por-
phyrins are fluorophores. The intensity of the fluorescence
is directly related to the amount of fluorophores at the site.
Fluorescence on living organisms is mainly related to or-
ganic components; apatite also plays a small role in that
[30–32].

The DIAGNOdent® (λ655 nm, modulated, 1 mW peak
power diode laser combined with a long pass filter trans-
mission >λ680 nm as the detector) was used initially for the
diagnosis of dental caries, but we have used it previously as
an optical biopsy method to assess bone healing on tibial
fractures [29]. We found that Pearson correlation showed
that fluorescence readings correlated negatively with the
Raman data and concluded that the use of both methods
indicates that the use of the biomaterials associated with
infrared LPT resulted in a more advanced and higher quality
of bone repair in fractures treated with miniplates and that
the device may be used to perform optical biopsy on bone
[29].

In summary, fractures are common and disabling lesions.
It may be treated by means of several techniques and devi-
ces. The choice of the treatment depends on the type, site,
and etiology of the trauma. Usually, internal fixation of the

fragments either by platting or wiring is the method of
choice as they reduce dislocation of the fragments prevent-
ing fibrosis and reducing the gap between fragments. Plat-
ting is most often the recommended choice; however, it is
costly. Wire osteosynthesis is the second option as it is semi-
rigid. In cases of large bone losses, the use of bone grafts
and membrane is recommended. The use of light to improve
bone repair has been widely reported in the literature. These
aspects prompted us to study if improvement of the repair of
fractures treated by wiring, biomaterial, membrane, and
laser would result in a repair similar to the one observed
when platting is used, as a way of possibly reducing the cost
of the treatment.

The aim of this study was to evaluate, by laser fluores-
cence and Raman spectroscopy, the repair of complete tibial
fracture in rabbits treated by wire osteosynthesis associated
or not to the use of a biphasic ceramic graft associated or not
to the use of GBR and irradiated or not with λ780 nm laser
in rabbits.

Materials and methods

The Animal Ethics Committee of the School of Dentistry of
the Federal University of Bahia has approved this research.
Fifteen healthy adult male New Zealand rabbits (~8 months
old; mean weight, 2 kg) were kept under natural conditions
of light, humidity, and temperature at the Laboratory of
Animal Experimentation of the School of Dentistry of the
Federal University of Bahia during the experimental period.
The animals were fed with standard laboratory pelted diet
and had water ad libitum. The animals were kept in individ-
ual metallic gages; kept at day/night light cycle; and con-
trolled temperature during the experimental period. The
animals were randomly distributed into five groups
(Table 1).

Prior intramuscular general anesthesia, the animals re-
ceived acepromazine (2 mg/kg Acepran®, 0.2 % Univet
S.A, Cambuci, SP, Brazil). The anesthesia was carried out
20 min later with ketamine (Ketalar®, 50 mg/ml 0.4 ml/kg,
Lab. Parke Davis Ltd, São Paulo, SP, Brazil) and 2 %
xylazine (Rompum®, 20 mg/ml 0.2 ml/kg, Lab. Bayer
Health Care S.A., São Paulo, SP, Brazil). The animals had
the right leg shaved, and a 3-cm-long incision was per-
formed at the right tibia with a no. 15 scalpel blade. Skin
and subcutaneous tissues were dissected down to the peri-
osteum, which was gently sectioned, exposing the bone. A
complete surgical tibial fracture was created on animals in
groups II, III, IV, and V with a carborundum disk (Moyco
Union Broach, York, PA, USA) under water refrigeration.

Animals in group II had the bone fragments fixed with
wire osteosynthesis (0.3 mm, Morelli®, Sorocaba, SP, Bra-
zil). Animals in groups III and V were grafted with the 0.5-
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mm particle ceramic graft (GenPhos® HATCP. BAUMER®,
Mogi Mirim, SP, Brazil) and covered with a demineralized
bovine bone membrane (Gen-derm®, BAUMER®, Mogi
Mirim, SP, Brazil) prior similar fixation used on group I
(Fig. 1). Animals in groups IV and V were further irradiated
with laser light (λ780 nm, 50 mW, CW, spot area of
0.5 cm2,1 TWIN FLEX®, MM Optics, São Carlos, SP,
Brazil). The irradiation started immediately after treatment
prior suturing (16 J/cm2, 4×4 J/cm2, 9 J per point) and was
transcutaneously repeated at every other day during 2 weeks.
After suturing (4-0 polyglactin, TRUSINTH®, Sutures India
Pvt Ltd. Bangalore, Karnataka, India) and (4-0 nylon, TRU-
SINTH®, Sutures India Pvt Ltd. Bangalore, Karnataka, India),
the animals received intramuscular antibiotics (Pentabió-
tico®, penicillin, streptomycin, 20.000 UI 0.2 ml/Kg
IM, Lab. Forte Dogde Saúde Animal Ltda, Campinas,
SP, Brazil) and (Banamine®, flunixinmeglumine, 10 mg/ml,
0.1 ml/kg IM, Intervet Schering-Plough Animal Health,
Cruzeiro, SP, Brazil).

Fluorescence readings

A commercial device (DIAGNOdent 2095®) was used
to collect the fluorescence readings (λ665 nm) accord-
ing to the instructions of the manufacturer (Kavo, Ger-
many). Prior to the analysis of the specimens, a pilot
study determined the mean values of the readings at the
surface (baseline) of non-treated subjects. The data were
statistically analyzed, and no significant differences
were found between the readings of the tested samples
(p>0.001). On the experimental specimens, the data
were collected twice: prior to the experiment (baseline,
four points at the surface) and at the end of the exper-
imental time before the removal of the specimen (four
points at the fracture surface). The results were analyzed
using Minitab 15.0® software (Minitab, Belo Horizonte,
MG, Brazil). Data normality was assessed by the Kol-
mogorov–Smirnov test. ANOVA and Student’s t tests
were used to identify differences between groups.

Raman spectroscopy

Following animal death 30 days after fracture, the samples
were longitudinally cut under refrigeration (Bueler®, Isomet
TM1000; Markham, Ontario, Canada) and stored in liquid
nitrogen to minimize the growth of aerobic bacteria and
because the chemical fixation is not advisable due to fluores-
cence emissions from the fixative substances [3, 4, 29, 33].

Prior to Raman study, the samples were longitudinally
cut and warmed gradually to room temperature, and 100 mL
of saline was added to the surface during spectroscopic
measurements. For Raman measurements, a Raman system
(P-1, Lambda Solutions, Inc., MA, USA) was used. Acqui-
sition and storage of the Raman data were done with a PC
(Dell Inspiron mod. 1501) and RamaSoft® software (Lamb-
da Solutions, Inc., MA, USA). The laser power used at the
sample site was of 100 mW with spectral acquisition time
10 s. Three points were measured at the fractured site of
each specimen. All spectra were collected on the same day
to avoid optical misalignments and changes in laser power.
The mean value of the intensity of the peak (~958 cm−1,
phosphate ν1) was determined by the average of the peaks
on this region. This intensity is related to the concentration
of calcium hydroxyapatite (CHA) of the bone. For calibra-
tion, the Raman spectrum of the solvent indene with known
peaks was used due to its intense bands (800–1,800 cm−1) in
the fingerprint region [3, 4, 29, 33].

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 fifth-order poly-
nomial fitting was found to give better results facilitating the

Table 1 Description and distri-
bution of the groups on the study Group Procedure Description

I Basal bone Control–no fracture

II Wire osteosynthesis (WO) Fracture fixed with wire only

III Wire osteosynthesis+biomaterial (WO+B) Fracture fixed with wire+Genphos®+Genderm®

IV Wire osteosynthesis+laser (WO+L) Fracture fixed with wire+laser

V Wire osteosynthesis+biomaterial+laser
(WO+B+L)

Fracture fixed with
wire+Genphos®+Genderm®+laser

1 Beam area was measured with a calibrated digital caliper.
Fig. 1 Final setup of the surgical site. Note the presence of the wire
and membrane covering the particles of the biomaterial
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visualization of the peaks of CHA (~958 cm−1) found on the
bone. A baseline Raman spectrum of non-treated bone (group I)
was also produced and acted as control (Fig. 2). The data were
analyzed by the MatLab5.1® software (Newark, NJ, USA) for
calibration and background subtraction of the spectra. Statistical
analysis was performed usingMinitab 15.0® software (Minitab,
Belo Horizonte, MG, Brazil). Correlation between Raman and
fluorescence data was carried out with Pearson correlation.
Significance level in all cases was set at 5 %.

Results

The Raman spectrum of bone shows prominent vibrational
bands related to tissue composition (mineral and organic ma-
trices). Figure 2 shows the bone main Raman bands at 862,

958, 1,070, 1,270 and 1,326, 1,447, and 1,668 cm−1. The band
at 1,668 cm−1 and the ones 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 ones at 958 and 1,070 cm−1 are attributed to phosphate and
carbonate hydroxyapatite (HA) from bone mineral, respective-
ly; the band at 862 cm−1 may be attributed to the vibration
bands of C–C stretch of collagen (tyrosine/proline ring).

Figure 3 shows the mean spectra (dislocated) of CHA
(~958 cm−1) on control and treated animals. The intensity of
the Raman shift is directly related to the concentration/
incorporation of CHA by the bone. So, higher intensity
represents higher concentration of CHA. Basal readings
showed a mean value of 1,234.38±220. Groups WO+B+
L showed higher readings (1,680.22±822) and group WO+
B the lowest (501.425±328) (Fig. 4). Table 2 shows a
summary of the statistical analysis.

Fig. 2 Diagram showing the main Raman peaks observed on bone
tissue

Fig. 3 Spectra of basal and
experimental groups. Each
individual spectrum is
dislocated to reflect the mean
value of the peak of CHA
(~958 cm−1)

Fig. 4 Mean intensity of the peak of CHA (~958 cm−1) on control and
treated animals
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Fluorescence basal readings showed a mean value of
5.83333±0.7; group WO showed higher readings (6.91667
±0.9) and group WO+B+L the lowest (1.66667±0.5)
(Fig. 5). A summary of the fluorescence readings and sta-
tistical analysis may be seen on Table 3.

Pearson correlation was negative and significant
(R20−0.60; p<0.001), and it was indicative that, when
the Raman peaks of CHA are increased, the level of fluores-
cence is reduced (Fig. 6).

Discussion

Raman spectroscopy may be used to access the molecular
constitution of a specific tissue and then classify it according
to differences observed in the spectra [34, 35]. Several
studies found elsewhere on the literature has shown success-
ful use of near-infrared spectroscopy (NIRS) as a diagnostic
tool for healthy, diseased, or healing bones [3, 4, 27, 29,
33–35]. We have successfully used Raman spectroscopy to
determine both mineral and organic component changes on
the healing bone. This method of assessment is considered
by our team and others as a gold standard to study bone
components [3, 4, 27, 29, 33–35].

The DIAGNOdent® is a device originally designed to
diagnose caries. The literature reported the detection of
tricalciumphosphate, dicalciumphosphate-dihydrate, and
calcium carbonate measured by fluorescence of pure pellets
with excitation at λ655 nm. It is important to mention that it
has been shown that this device presents good reproducibil-
ity both in vivo and in vitro. We found only one report on
the literature on the use of this device as an optical biopsy
method, and similar to that report, we decided to use Raman
spectroscopy as gold standard [29].

One of the models we have used for assessing the effects
of laser light on bone is the complete tibial fracture one. This
model is very complex and allows several treatment
approaches. These include the use WO and miniplates.
Associated to these treatment methods, we have also asso-
ciated them to biomaterials and guided bone regenera-
tion [3, 4, 29].

The use of phototherapies has been successfully reported
for the improvement of bone repair under different condi-
tions [3, 4, 15, 20–24, 29, 30, 33]. The effects of the use of
light sources on bone are still controversial, as previous
reports show different or conflicting results. It is possible

Table 2 Mean and standard deviation of the peaks of the Raman shift
of CHA (~958 cm−1) on the groups

Group Média±DP

Basal Bone a 1,234.38±220 b,c,d,e

WO b 511.883±209 a,d

WO+B c 501.425±328 a,d,e

WO+L d 759.643±319 a,b,c,e

WO+B+L e 1,680.22±822 a,b,c,d

Letters on right-hand side column indicate the occurrence of significant
differences between groups on the left-hand side column

p≤0.05

Fig. 5 Mean fluorescence readings on control and treated animals

Table 3 Mean and standard deviation of the fluorescence (a.u) read-
ings on the groups

Group Mean±SD

Basal bone a 5.8333±0.7 b,c,d,e

WO b 6.91667±0.9 a,c,e

WO+B c 3±1.4 a,b,d,e

WO+L d 6.58333±0.9 a,c,e

WO+B+L e 1.66667±0.5 a,c,d

Letters on right-hand side column indicate the occurrence of significant
differences between groups on the left-hand side column

p≤0.05

Fig. 6 Graphical illustration of the Pearson correlation. It is shown as
a negative and significant correlation being indicative that, when the
Raman peaks of CHA are increased, the level of fluorescence was
reduced
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that the effect of different light sources on bone regeneration
depends not only on the total dose of irradiation but also on
the irradiation time and the irradiation mode [3, 4, 15,
20–24, 29, 30, 33].

Many studies indicated that irradiated bone, mostly with IR
wavelengths, shows increased osteoblastic proliferation, col-
lagen deposition, and bone neo-formation when compared
with non-irradiated bone [3, 4, 15, 20–24, 29, 30, 33]. The
irradiation protocol used in this study is similar to those used
on previous reports [3, 4, 15, 20–24, 29, 30, 33]. Our group
has shown, using different models, that association of bone
grafts, BMPs, and guided tissue regeneration does improve
the healing of bone tissue [3, 4, 15, 20–24, 29, 30, 33].

In all protocols, models, and parameters we used previously,
we were able to demonstrate that NIR LPT caused important
tissue responses during healing, and these were responsible for
a quicker repair process as well as on the improved quality of
the newly formed bone [3, 4, 15, 20–24, 29, 30, 33].

We only found a previous report using a similar model to
the one used in the present study, and the complete under-
standing of our results remains difficult [3]. There are sev-
eral aspects to consider with regard to the technique used.
Initially, it is important to consider that the repair of frac-
tured bones is lengthy, when compared with other types of
bony defects, and demands stability of the fragments in
order not to develop nonunion. In our study, no such case
was found. The present investigation was analyzed by
NIRS, the intensity of the shift of the CHA (~958 cm−1)
[3], and fluorescence [29] of sites of complete tibial frac-
tures in rabbits. The fractures were routinely treated by open
reduction and internal fixation using wire osteosynthesis [3].

The irradiation protocol used on the present study was
based upon previous reports [3, 4, 15, 20–24, 29, 30, 33].
We have previously found that the levels of CHA on deep
areas of healing bone of irradiated and non-irradiated sub-
jects differ significantly from day 30 after treatment [3, 4,
15, 20–24, 29, 30, 33]. In this study, we were able to detect
differences on the CHA levels of fractured sites when inter-
nal fixation was associated to the use of biomaterial and
lasertherapy. On the present study, the intensity of the
Raman shift was found being directly related to the concen-
tration/incorporation of CHA by the bone. So, higher inten-
sity represented higher concentration of CHA. The Raman
results showed basal readings of 1,234.38±220, and group
WO+B+L was the one with higher readings (1,680.22±
822), and group WO+B showed the lowest (501.425±328).
The fluorescence data are coherent with the Raman data as
these showed basal readings of 5.83333±0.7, and groups
WO presented higher readings (6.91667±0.9) and group
WO+B+L the lowest (1.66667±0.5). It is important to
notice that the Pearson correlation was negative and signif-
icant (R20−0.60; p<0.001), and it was indicative that, when
the Raman peaks of CHA were increased, the level of

fluorescence was reduced (Fig. 6). This was expected, as
the Raman data were associated to the levels of mineraliza-
tion and the fluorescence data to the level of demineraliza-
tion. This is in complete agreement with our previous report
[29]. The use of both methods indicates that the use of the
biomaterial associated to NIR LPT resulted on a more ad-
vanced quality bone repair on fractures treated with WO and
that the DIAGNOdent® may be used to perform optical
biopsy on bone.

It is concluded that the use of NIR laser phototherapy
associated to HA graft and GBR was effective in improving
bone healing on fractured bones as a result of the increasing
deposition of CHA measured by Raman spectroscopy and
decrease of the organic components as shown by the fluo-
rescence readings.
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