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Abstract

The aim of this study was to verify the

effectiveness of attenuated total reflec-

tance-fourier transform infrared (ATR-

FTIR) spectroscopy in the characterization

of bone repair in mandibular osteotomy

using erbium, chromium-doped yttrium,

scandium, gallium and garnet (Er,Cr:

YSGG) laser and multilaminate drill on each side. Two mandible bone fragments

were removed from 30 rabbits, and the process of bone repair was studied immedi-

ately, 3, 7, 15, 21, and 28 days after the surgery. The histological analysis allowed

detecting differences in the early stages of tissue repair after bone cutting performed

with the Er,Cr:YSGG laser or multilaminate drill. The ATR-FTIR spectroscopy tech-

nique was sensitive to changes in the organic content of bone tissue repair process.
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1 | INTRODUCTION

Bone tissue is composed by mineral and organic matrices
[1, 2]. The organic matrix is composed by cells (osteoblasts,
osteocytes, and osteoclasts), protein fibers, and an

aqueous gel-like amorphous substance named ground
substance. The extracellular matrix (ECM) formed by
fibrils of many collagen types, mainly type I, and along
with ground substance is the major component of
matrix [3].

Abbreviations: ATR-FTIR, attenuated total reflectance-fourier transform infrared spectroscopy; Er,Cr:YSGG, Erbium, chromium-doped yttrium,
scandium, gallium and garnet.
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The inorganic matrix is composed mainly by crys-
talline hydroxyapatite Ca3 PO4ð Þ2

� �
3Ca OHð Þ2 and impu-

rities which according to Legros et al. [4], lead to a
general chemical formula, given by Ca8:3 PO4ð Þ4:3
HPO4orCO3ð Þ1:7 OHor 12CO3

� �
1:7:

The healing process of bone is a sequence of stages
consisting of four steps with considerable overlapping:
hematoma formation, fibrocartilaginous callus formation,
bone callus formation, and bone remodeling [5]. The
magnitude of injury response is a competition of anabolic
and catabolic responses process. A continuous process of
resorption followed by replacement by new bone with lit-
tle change in shape occur and is intensified after injury,
facilitating the healing process [6].

Changes in amount of organic and mineral components
in bone are important to evaluate mechanical and biochem-
ical qualities of material formed due anabolic and catabolic
processes and infrared spectroscopy is an important tool to
characterize the bone matrix components. Fourier trans-
form infrared (FTIR) spectroscopy provide valuable infor-
mation from a semiquantitative and qualitative analyses of
complex mixtures [7, 8]. Infrared spectra result from transi-
tions between quantized vibrational energy states. The asso-
ciation of FTIR spectroscopy technique and array detectors
(focal plane arrays [FPA] or linear arrays), allow simulta-
neous detection of spatially resolved spectra using a large
number of small mercury cadmium telluride (MCT) detec-
tor elements [9]. The attenuated total reflectance (ATR)
mode represents a complementary approach to the use of
FTIR imaging, allowing to record chemical images at a spa-
tial resolution with hundreds of data points per image
pixel [10]. This reveal a biochemical fingerprint for mineral
and organic identification and can be analyzed for informa-
tion about the mineral structure.

The most frequently reported parameters of FTIR
spectroscopy pertaining to bone material properties are
(1) mineral-to-matrix ratio, (2) mineral maturity/crystal-
linity, and (3) collagen maturity [11–14].

The aim of this study was to verify the effectiveness of
FTIR spectroscopy in the characterization of bone repair
at different stages, after removing a fragment from the
mandibular region using Erbium, chromium-doped
yttrium, scandium, gallium and garnet (Er,Cr:YSGG)
laser and multilaminate drill on each side.

2 | MATERIALS AND METHODS

2.1 | Animal model

This project was performed in partnership between the
Center for Laser and Application—CLA—IPEN and
the Imperial College of London and approved by the

Ethics Committee on the Use of Animals from IPEN by
No. 108/12—CEUA-IPEN. This project included 30 adult,
male, New Zealand white rabbits, weighting about 3.0 to
4.0 kg, which were kept in individual cages throughout
the trial period.

2.2 | Surgical procedure

The rabbits were anesthetized and submitted to wide sub-
mandible trichotomy. An intraoral incision was made in
the periosteal region of the buccal sulcus, being exposed
to the cortical bone plate. Bone fragments measuring
approximately 7 � 7 � 3 mm3 were removed causing a
defect at the site. The bone cut was performed by an
Er,Cr:YSGG laser (λ = 2.79 μm) on the left side and the
multilaminate drill on the right side. The Er,Cr:YSGG
laser at 53 J/cm2 of energy density with 80%:80% (water:
air) was applied with fiber tip axial exchangeable, model/
version MGG6 Sapphire (Biolase, Inc), with 0.4 mm
length and 0.6 mm diameter. Before and after each sur-
gery, the mean power was measure and energy density
calculated was measured, and its value based on the liter-
ature and pilot studies. The multilaminate carbide drill
was the FG 701, in high rotation. After the fragment was
removed, the tissue was sutured in layers with absorbable
thread. The euthanasia stage was performed on 0, 3,
7, 15, 21, and 28 days after surgical procedure [15]. Fol-
lowing that, two homologous samples were removed, one
on each side of the mandible, with a safety margin and
cleaned.

2.3 | Histological analysis

The bone fragments containing the region of interest
were fixed in 10% formalin and submitted to steps for
slides preparation for microscopic examination. The
specimens were decalcified in ethylenediaminetetraace-
tic acid for 30 days and submitted to routine histological
processing for paraffin embedding and hematoxylin–
eosin staining. A single researcher evaluated qualita-
tively the histomorphological characteristics presented
in Er,Cr:YSGG laser and drill groups.

2.4 | Spectroscopy analysis

2.4.1 | Sample preparation

To increase the contact sample-diamond in spectrometer
the bone pieces were polished, to approximately 100 μm
thick to minimize water influence on the infrared
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absorption spectra [16], the samples were stored in a sil-
ica gel container for 96 h prior to measure. Samples of
intact mandibular bone were prepared using the same
protocol as the control group. Therefore, seven experi-
mental groups were subjected to analysis using ATR-
FTIR spectroscopy. These seven groups comprised six
experimental groups associated with different stages of
bone recovery, alongside a control group consisting of
intact bone samples obtained from the corresponding
anatomical region.

2.4.2 | Instrumentation

A FPA detector was used to obtain FTIR images with a
Varian 670 FTIR spectrometer. It was coupled with ATR
Specac Imaging Golden Gate™ system and a large sam-
ple compartment [17]. Spectra were collected with
4 cm�1 spectral resolution in 900–3800 cm�1 range
with 64 scans. The FPA detector comprised 4096 small
pixels arranged in a 64 � 64 grid format with each of the
pixels measuring an infrared spectrum, thus acquiring
4096 spectra. The imaging area measured using this FPA
detector was 780 μm � 610 μm. The ROI (region of inter-
est), was selected for artifacts and paraffin removal, using
CytoSpec (version 2.00.01).

2.4.3 | Spectral image processing

The first step was to truncate the fingerprint region: 900–
1800 cm�1 for IR data analysis, for spectral artifacts
(water and CO2), and additional baseline distortions
removal. Following, the spectral image was constr-
ucted using the intensity of the phosphate ν1ν3 band
(900–1180 cm�1). The ROI was selected in the images,
and the other regions of the image were subtracted as
shown in Figure 1.

For our analyses, we used the proportion between the
bands, as is common in the analysis of mineralized tis-
sues, and we took care to choose the maximum and

minimum values of the color scale, according to the pro-
gram's automatic default.

The analysis of overlapping bands, particularly in the
region between 1250 and 1550 cm�1, was conducted
using the baseline method. This approach allowed for the
selective analysis of prominent bands within the overlap.

In order to avoid errors using automatic area selection
methods, not taking into account the variability of the
spectra, a code developed in MatLab (MathWorks, USA)
for baseline correction was applied. This code used a pre-
viously defined spectral interval to locate each band's
starting and ending position and calculate the width,
area, maximum intensity, and maximum position. The
chosen bands for analysis points to isolate the band from
the rest of the spectrum (r1 and r2), and other values used
in the search for the starting and ending position of the
band (p1–p4) are shown in the Table 1.

The code tests of the program were carried out with a
set of 128 spectra extracted from a line of 2 � 64 pixels of
the spectral image from a control group bone sample.

2.5 | Statistical analysis of band areas

For every sample, the ratio values of each image spec-
trum were computed, and the normality of the data was
assessed through the Shapiro–Wilk test. As the ratio

FIGURE 1 (A) Full image;

(B) region of Interest selection; and

(C) final image.

TABLE 1 The bands analyzed with their respective

boundaries, where r1 and r2: band choice; p1 and p2: points in the

minimum region to the left of the band; p3 and p4: points in the

minimum region to the right of the band.

Band r1–r2 [cm�1] p1–p2 [cm�1] p3–p4 [cm�1]

Amide I 1550–1750 1580–1600 1700–1720

Amide II 1480–1600 1505–1526 1575–1590

Carbonate 1250–1550 1270–1310 1515–1535

Amide III 1200–1350 1210–1230 1280–1310

Collagen 1140–1240 1165–1190 1205–1225

Phosphate 900–1200 900–910 1145–1158
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values passed the normality test in all samples, the pro-
portion of the bands was depicted by the average ratio
value of the various spectra comprising the spectral
image.

At each stage of bone repair, the proportions of the
bands between the experimental groups and the control
group were compared when the cutting instrument was
used: the Er,Cr:YSGG laser or multilaminated carbide
drill at high speed. Due to the small number of samples
per group, statistics were performed using the nonpara-
metric Kruskal–Wallis test, with comparison between
groups carried out with the Dunn's posttest, both with a
significance of 0.05.

When comparing the stages of bone repair, we did
not separate by cutting instrument, in order to increase
the number of samples considered in each group. The
comparison encompassed band area proportions across
different stages of bone repair and the control group. Sta-
tistical analysis employed the non-parametric Kruskal–
Wallis test and Dunn's posttest, with a significance level
set at 0.05.

The normality of data for the width of the phos-
phate ν1.

ν3 band (around 1010 cm�1) in the various spectra of
each sample was confirmed using the Shapiro–Wilk test.
The analysis focused on the average width of the phos-
phate spectra. Widths were compared across different
repair stages and the control group, without differentia-
tion based on the cutting instrument. Due to data consis-
tency and dispersion, statistical analysis was conducted
using ANOVA and Tukey's posttest, both with a signifi-
cance level of 0.05.

3 | RESULTS AND DISCUSSION

3.1 | Histological evaluation

On zero day and day 7, the histological analysis showed a
diffuse inflammatory infiltrate and slight thermal dam-
age in region removed by the drill (Figure 2). No
change was observed in the remaining bone adjacent to
the cut interfaces. The specimens exposed to the Er,Cr:
YSGG laser, presented thermal damage slightly greater
than that observed in the drill group, as well as discrete
inflammatory infiltrate. In both specimens, after
7 days, an immature granulation tissue was also noted
in the cut interface region. In the early stages of bone
repair, there are reports of delay in laser cutting com-
pared to cutting with a drill [15, 18]. This delay is
believed to occur due to the region of thermal necrosis
caused by laser ablation, which demands a high resorp-
tion activity [19, 20].

On 15 and 21 days after surgery, a great amount of
bone matrix deposition was observed in both cut
methods, increasing the deposition area and the bone
remodeling over the days. The presence of bone forma-
tion and remodeling can suggest that the thermal damage
induced by Er,Cr:YSGG laser did not hinder the bone
repair process [15, 21, 22].

On the last 2 days of follow-up, a trabecular pattern
with greater cellularity and thickness was present in the
histological sections of the two groups (Figure 3).

In this study, the necrotic zone observed after laser
cut was smaller than 50 μm. Wang et al. used the Er,Cr:
YSGG laser to perform a bone defect in the mandible
region of adult rabbits, promoting localized thermal dam-
age (with less than 100 μm) in both study regions. Seven
days after surgery, it was not yet possible to observe
major changes in the bone repair process, and only
14 days after surgery, granulation tissue with some ossifi-
cation zones was identified [15].

Our results showed little faster repair process than
Wang et al. when comparing the 14 days with 7 days.
Despite this, our results suggest that the necrotic zone
formed in the laser ablation process directly influences
the speed of the bone repair [23, 24], although the laser-
induced thermal damage was reduced in our specimens
compared with the literature. This result reinforces the
importance of selecting proper irradiation parameters
when using the laser in surgical procedures.

3.2 | Spectroscopy analysis

The ATR-FTIR spectroscopy technique has been widely
used in the characterization of mineralized tissue [14,
25, 26]; however, few studies have been carried out in an
attempt to use this technique in the bone repair process
characterization, knowing only that some of the charac-
teristics of the infrared spectrum are associated with tis-
sue maturity [16]. Consequently, the ATR-FTIR
spectroscopy technique to characterize different stages of
the bone repair process can provide new information
about the structural and molecular changes that occur in
the bone during this process.

The quality of the spectra obtained depends on tech-
nical factors, the sample preparation, and the standardi-
zation of the sample contact with the crystal [14]. In the
standardization of an intensity scale, the phosphate band
was used because it is more intense and stable, allowing
the pressure control in the sample and allowing a high
penetration of the evanescent wave, therefore a
high absorption.

In the study, the bands of amide I, amide II, amide
III, collagen, and phosphate were individually analyzed
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(Figure 4). The bands of carbonate and collagen were not
analyzed individually due to the band overlapping, so in
the study, they were analyzed as a single large band.

3.2.1 | Intensity versus band areas ratio

To ensure that the ratio between the spectrum bands area
was not influenced by the intensity of the spectrum, a
study of the intensity correlation of the amide II band
with the phosphate-to-amide I bands ratio area.

The Spearman correlation coefficient showed that
there is no correlation between the values of the spectra
intensities and the value of the ratio between the areas of
two bands (r = �0.036). This value ensures that the pro-
portion between the areas of the bands is not affected by
the difference in intensity of the spectra.

This proportion already excludes the possible dif-
ferences in intensity between the spectra due to
experimental factors, for example, the acquisition time
of the spectrum concerning the background acquisi-
tion time.

FIGURE 2 Rabbit mandible

bone repair after osteotomy (HE)

showing bone histological

characteristics postsurgery, indicating

a repair process with intense protein

coagulation, suggesting thermal

damage. Column: cut instrument:

laser (left), drill (right); Row: follow-

up days: 0D: A and B; 3D: C and D;

7D: E and F.
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3.2.2 | Ratio between band areas: Cutting
instruments

To detect differences in the proportions and quantities of
the components present in the sample [27–29], the ratio
between the bands of the infrared spectrum was evalu-
ated (Table 2). Phosphate band area was used in the nor-
malization of the other areas because it is a very intense
and defined band, which is not influenced by vibration
modes from other compounds, therefore being exclu-
sively related to the mineral part of the bone tissue.

The ratio between Amide I and Phosphate ν1ν3 band
areas related to compounds of the organic matrix and
mineral content is named the mineral-to-matrix ratio
[30, 31]. The proportions between the areas of Amide III
and collagen bands with area of phosphate band are also
related to the organic content of mineralized tissues
[27–29]. These compounds are less influenced by other
absorption bands, as amide I and amide II than water
and carbonate bands.

Bands of the mineral components, such as phosphate
ν4 (604 cm�1) and the ratio between carbonate ν2 (840–

FIGURE 3 Histological sections

from groups 15D, 21D, and 28D,

showing the final stages of bone

repair. Column: cut instrument: laser

(left), drill (right); row: follow-up

days: 15D: A and B; 21D: C and D;

28D: E and F.
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890 cm�1) and phosphate ν1ν3 bands important to evalu-
ate the relative content of carbonate present in the sam-
ple were not analyzed due to the spectrophotometer
detector specifications limited to the region from 4000 to
900 cm�1.

The ratio of infrared bands area from groups: control,
laser, and drill were compared in each bone restoration
period, as shown in Figures 5–10. No statistically differ-
ences between the groups at any repair stage were
observed as well as no trends in the bands' behavior.

In histological analysis, the laser caused a slightly
greater thermal damage at cut interface than the drill,
making it possible to observe at the histological cuts a
necrosis area at the cut region up to 7 days after the sur-
gical procedure. However, this difference was not
observed in spectroscopic analyses, as shown in Figure 7.
By histological and spectroscopic analysis, we found no
significant differences between bone repair process of the
laser group and drill group after 15 days of surgical proce-
dure (Figures 8–10).

FIGURE 4 Mean spectra overlapping of each analyzed day

groups. Upper image: laser cut spectra with analyzed bands; at the

below: drill cut spectra.

TABLE 2 Bands evaluated for ratio determination.

Compound Wavelength [cm�1]

Phosphate ν1ν3 900–1150

Collagen 1210–1290

Amide III 1210–1290

Carbonate 1285–1520

Amide II 1510–1580

Amide I 1580–1710

FIGURE 6 Third day analysis: Comparison between the laser

and drill groups of the amide I / II and III, carbonate and collagen

band areas ratio, normalized by the phosphate band for all days of

the study. Er,Cr:YSGG, erbium, chromium-doped yttrium,

scandium, gallium and garnet.

FIGURE 5 Zero-day analysis: Comparison between the laser

and drill groups of the amide I / II and III, carbonate and collagen

band areas ratio, normalized by the phosphate band for all days of

the study. Er,Cr:YSGG, erbium, chromium-doped yttrium,

scandium, gallium and garnet.
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The study of infrared proportion spectrum bands was
not effective in demonstrating the influence of different
cutting tools in the bone repair process. The heterogene-
ity of bone tissue and the total of samples used may have
contributed to the result obtained. In an attempt to show
the differences observed in the histological analysis, mul-
tivariate data analysis can be applied for the
recognition of a chemical structure class of bone chemi-
cal compounds. Therefore, the potential of the ATR-FTIR
spectroscopy technique in differentiating the effects of
different tools cutting in the bone repair process cannot
be ruled out.

3.2.3 | Ratio between band areas: Repair
stages

The proportion of bone tissue components at different
repair stages in relation to the control bone was evalu-
ated. Considering the reduced number per group sample
in the previous analysis, the data were regrouped without
distinction between the cutting tool used during surgery
(rotary instrument or Er,Cr:YSGG laser).

The phosphate-to-amide I bands ratio at the different
stages of bone repair and the control group showed no
statistical significant difference (Figure 11). It is known
that this ratio tends to decrease with the maturity of the
tissue [16]. The downward trend in the collagen maturity,
which is represented by the phosphate-to-amide I ratio,
was not observed in analysis.

It is interesting to highlight that the amide I band is
overlapped on a water vibration mode, making it difficult
to determine the influence of each compound on the
bands behavior. To minimize this, interference samples

FIGURE 7 Seventh day analysis: Comparison between the

laser and drill groups of the amide I/II and III, carbonate, and

collagen band areas ratio, normalized by the phosphate band for all

days of the study. Er,Cr:YSGG, erbium, chromium-doped yttrium,

scandium, gallium and garnet.

FIGURE 8 Fifteenth day analysis: Comparison between the

laser and drill groups of the amide I/II and III, carbonate, and

collagen band areas ratio, normalized by the phosphate band for all

days of the study. Er,Cr:YSGG, erbium, chromium-doped yttrium,

scandium, gallium and garnet.

FIGURE 9 Twenty-first day analysis: Comparison between the

laser and drill groups of the amide I/II and III, carbonate and

collagen band areas ratio, normalized by the phosphate band for all

days of the study. Er,Cr:YSGG, erbium, chromium-doped yttrium,

scandium, gallium and garnet.

FIGURE 10 Twenty-eighth day analysis: Comparison between

the laser and drill groups of the amide I/II and III, carbonate, and

collagen band areas ratio, normalized by the phosphate band for all

days of the study. Er,Cr:YSGG, erbium, chromium-doped yttrium,

scandium, gallium and garnet.
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were kept in a humid environment with controlled tem-
perature until 96 h before the analysis, then desiccated
with silica to keep standard hydration. However, the
samples were not fully dehydrated, and it is possible that
amide I band analysis was affected by the water band.
Studies involving the irradiation of bone tissue samples
with the Er,Cr:YSGG laser showed that amide I band pre-
sents an intermediate behavior between the water band
and the organic compounds [27], due to the influence
that water has on the behavior of this band.

The phosphate-to-amide II and phosphate-to-amide
III band area ratio in the different stages of the repair
plus the control group were represented on the Figure 12
which shows their similar behavior. For reasons of scale,
the ratio values for each band were normalized to their
respective maximum value. This analysis revealed a sta-
tistical difference between the 15 days group and control
group in both bands.

As mentioned previously, the proportions between
the amide II and amide III bands areas concerning the
phosphate band area are also related to the organic con-
tent of mineralized tissues [27–29]. As can been seen in
Figure 12 the proportion of organic content in the sam-
ples gradually increased from the 3 to the 15 day, when it
reached its peak, decreasing in the more advanced stages
of the repair process.

This tendency supports what was observed in histo-
logical analyzes, in which it was found that 3 to 15 days
after the surgical procedure, granulation connective tis-
sue is formed in the lesion region. From the fifteenth day
onwards, the mineralization of this matrix began to occur
more intensely.

A tendency in the ratio between the organic matrix
and the mineral content observed in the analyzed amide
II and amide III bands suggests ATR-FTIR spectroscopy
technique as sensitive to changes in organic content in
the bone tissue repair process. It was also observed in the
study of the collagen band, as can be observed in
Figure 13, although no statistically significant differences
were observed between the different stages of the bone
repair process.

An analysis of the ratio between the carbonate and
phosphate bands was also carried out (Figure 14). There
was no statistical difference or tendency between the
data. The carbonate band (1410–1445 cm�1) and the col-
lagen band at 1335 cm�1 exhibited overlap, making it dif-
ficult to distinguish them individually in the spectra
obtained from a sample. Instead, they frequently
appeared as a single broad band. In previous studies,
Benetti [32] evaluated these bands separately, producing
consistent findings, unlike the scenario observed for
other collagen and carbonate bands across various spec-
tral regions. The result is expected because this region

FIGURE 11 Phosphate-to-amide I bands ratio: Mean values of

the bands areas ratio in the different repair stages and in the

control group. The bars error correspond to standard error of the

data mean.

FIGURE 12 Phosphate-to-amide II/III bands ratio: Mean

values of the bands areas ratio in the different repair stages and in

the control group. The bars error correspond to standard error of

the data mean.

FIGURE 13 Phosphate-to-collagen bands ratio: Mean values

of the bands areas ratio in the different repair stages and in the

control group. The bars error correspond to standard error of the

data mean.
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has overlapping modes of organic vibration, mineral, and
water components, making it difficult to observe the
behavior of any of these components using solely
this band.

In response to visualization difficulties, it was decided
to consider the carbonate and collagen bands together as
a unified broadband for analysis.

It was verified at histological analysis that the bone
cut performed with the Er,Cr:YSGG laser promoted a slight
thermal damage in the remaining tissue (<50 μm). The lit-
erature suggests that the necrotic zone observed in the
Laser Group is due to an increase in temperature above
150�C [33]. This increase is high enough to promote degra-
dation of organic compounds in bone tissue [34]. However,
there were no differences between the control group and
the zero-day group results by spectroscopic analysis, even
when only laser group was considered.

The ATR-FTIR technique has already proved effective
in detecting changes in mineralized tissues caused by the
increase in temperature. Studies that used the ATR-FTIR
technique to evaluate dentin subjected to different tem-
perature increments showed that a temperature raise of
150�C was sufficient to cause a 50% reduction of the com-
pound band areas value located between 1150 and
1350 cm�1 (amide III and collagen) [35]. The technique
has also proven effective in detecting variations caused
by the irradiation of the Er,Cr:YSGG laser in bones, den-
tin, and enamel [27, 29, 36, 37].

One hypothesis for the lack of trends in zero-day
group is related to selection of the region of interest in
the spectral images, which may have considered a region
larger than the thermal damage zone. According to histo-
logical analysis, thermal damage caused by the cutting
instruments to the tissue was discrete, and the bone tis-
sue adjacent to the interface did not exhibit

morphological changes. Therefore, when selecting the
region of interest, spectra related to the adjacent tissue
(not affected during bone cutting) may have been consid-
ered in the analysis, which would hinder the differentia-
tion of the groups. This hypothesis is reinforced by the
error bar obtained in each group. Note that the latter is
higher in the laser group and drill group, compared with
the control group, indicating a greater dispersion of data
in these groups.

3.3 | Phosphate bandwidth

The phosphate ν1ν3 band plays an important role in spec-
troscopic analysis of mineralized tissue, not only because
it is a well-defined and intense band but also because it is
related to several properties of bone tissue, such as matu-
rity, crystallinity, and phosphoric acid content. In this
band region, several sub-bands generated by the phos-
phate ions are found, such as the one centered on
1030 cm�1, related to the asymmetric stretching of the
phosphate (ν3PO4) mode of vibration associated with
nonstoichiometric apatite located at 1120 cm�1 [38].

The phosphate sub-bands analysis is used to deter-
mine the crystallinity and maturity indexes of bone tis-
sue; however, it is difficult to accurately determine their
amount and location of them. Paschalis et al. used the sec-
ond derivative spectrum and determined 11 peaks in the
phosphate ν1ν3 (900–1180 cm�1), band spectrum [39];
however, this method is questionable about its stability
and reproducibility [40]. The most used process is to
decompose the phosphate ν1ν3 band domain into five
sub-bands (1110, 1082, 1060, 1030, and 962 cm�1)
[41, 42]. However, Rey et al. demonstrated a variation in
the position, intensity, and quantity of bands according
to the mineralized tissue, its stage of maturity, and even
the environment in which the spectral measurements are
performed [43].

Since it is difficult to identify and separate the sub-
bands of the phosphate ν1ν3, it was decided to study its
bandwidth in a first analysis. The bandwidth is associated
with the vibration modes that compose, and therefore, a
change in the phosphate bandwidth may indicate
a change in crystallinity and maturity.

The Figure 15 shows the values with statistical differ-
ences of the ratio between the areas of the collagen and
phosphate bands in the different stages of bone repair
and in a control bone. In it is shows that phosphate band-
width gradually decreases up to 7 days after the surgical
procedure, and slowly increase after this period. Histolog-
ical analysis showed that between 7 and 15 days after the
surgical procedure, the process of bone matrix deposition
by osteoblasts is already underway, after 21 days of

FIGURE 14 Phosphate-to-carbonate bands ratio: Mean values

of the bands areas ratio in the different repair stages and in the

control group. The bars error correspond to standard error of the

data mean.
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surgery, the mineralization of the samples gradually
increases. The similarities between the behavior observed
in Figure 15 and the results of the histological analysis
suggest that the width of the phosphate band is related
directly to the degree of mineralization of bone tissue.

The maturity index is calculated using the sub-bands
area ratio located at 1030 and 1010 cm�1 [40]; however,
only with the width of the phosphate band, nothing can
be inferred about the behavior of the sub-bands. In con-
trast, maturity is related to the proportion of apatite and
nonapatite domains in the tissue structure, which tends
to increase with the tissue mineralization process. Thus,
the results indicate that the phosphate bandwidth is
related to tissue maturity.

Further studies are needed to confirm whether the
phosphate bandwidth is related to tissue maturity.
The observed results showed that the width of the phos-
phate ν1ν3 band is related to the mineralization of the
samples, reinforcing the ATR-FTIR spectroscopy as a
technique to characterize the bone repair process.

4 | CONCLUSION

The acquisition and analysis protocols developed were
effective in obtaining the spectral images of the different
bone repair stages.

The results indicate that the ATR-FTIR spectroscopy
technique is able to characterize the different stages of
bone repair. There was a current toward an increase in
the proportion of organic compounds up to 15-day group,
after which there was an increase in the proportion of
inorganic compounds indicating high mineralization
after this period, which is corroborated by histological
analysis. However, with the analysis techniques used, it
was not yet possible to detect differences regarding the

cutting instrument used (Er,Cr:YSGG laser or multilami-
nate drill).
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