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deficiency anemia: Raman spectroscopy analysis
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Abstract The aim of this study was to evaluate bone repair in
anemic and non-anemic rats submitted or not to laser photo-
therapy and hydroxyapatite graft. Animals were divided in
eight groups of five animals: Clot; Laser; Graft; Graft + Laser;
iron deficiency anemia (IDA) + Clot; IDA + Laser; IDA +
graft; IDA + graft + Laser. When appropriate irradiation with
infrared laser was done during 15 days at a 48-h interval.
Animals were killed at day 30; samples were analyzed by
Raman spectroscopy. Three shifts were studied and statistically
analyzed: ~960, ~1,070, and ~1,454 cm . Graft + laser showed
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highest ~960 peak was statistically different from all other
healthy groups. No statistical difference was found between
Clot and IDA + Clot in any shift. The IDA + Graft and IDA +
Graft + Laser groups had low mean peak values for shifts ~960,
~1,070, and ~1,454 cm™'. The results in this study indicate that
using hydroxyapatite (HA) and laser irradiation in healthy
subjects is favorable to mineral deposition and bone maturation,
this being of importance for some groups at risk, such as
astronauts. In iron deficiency anemia cases, the use of graft,
associated or not to laser irradiation, resulted in low collagen
and low carbonate and phosphate HA.

Keywords Biomaterial - Bone repair - LLLT - Laser therapy -
Raman spectroscopy

Introduction

Anemia is functionally best characterized by a hemoglobin
concentration below normal and causes tissue hypoxia as a
result of a low oxygen-carrying capacity of the blood. A
variety of factors cause the disease, including iron deficiency;
hemolysis; a decrease in the production of red blood cells;
folic acid deficiency; or a combination of these [1].

The occurrence of anemia due to iron deficiency is called iron
deficiency anemia (IDA). It is the most common nutritional
disorder in the world, affecting infants and women in childbear-
ing age, in communities of both developing and highly indus-
trialized countries [2—6]. There are three stages of development
of the disease: At the first stage, there is a depletion of iron; on
the second, known as iron-deficient erythropoiesis, biochemical
changes make the normal and regular production of hemoglobin
impossible; and finally, on the third stage, there is a reduction of
the level of hemoglobin causing severe imbalance of the organ-
ism [7]. The physiologic role of oxygen and blood supply on the
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fracture healing process has demonstrated that iron deficiency
anemia could delay fracture healing [8].

The treatment of bone defects using biomaterials has been
studied throughout time. Many studies have tried to develop
techniques to improve the treatment of bone defects, which
include the use of various types of grafts, membranes, and bone
morphogenetic proteins or a combination of them [9, 10]. One
of the most commonly used biomaterials is the HA (calcium
HA (CHA)), which can be used isolated, associated to a mem-
brane, or mixed to autologous bone graft. This type of bioma-
terial has been found to be effective in improving bone forma-
tion [9]. It is clear that the use of a graft prevents fibrosis of the
lesion and also protects the cavity as a framework for the
deposition of new bone [9]. Recently, it has been demonstrated
that the use of phototherapy can improve bone repair [9, 11, 12]
including that when associated to biomaterials [9, 10, 13—15].

Wound healing is a complex process, and several studies
have reported that laser phototherapy (LPT) can biomodulate
and accelerate the repair process [16—18], increasing cell
proliferation and vascularization in injured tissues with a
biostimulating effect on bone remodeling by modulating the
initial inflammatory response and anticipating the resolution
to normal conditions at the earlier periods. Parameters, how-
ever, are an important issue as regarding how much energy is
necessary to reach a suitable clinical laser application to yield
significant new tissue formation with higher quality of orga-
nization within a shorter time [17].

No studies, however, are found in the literature concerning
the effects of LPT on grafted bone defects in iron deficiency
anemia cases.

Therefore, the objective of this research is to analyze,
through Raman spectroscopy, the healing of a tibial bone
defect in rats suffering or not of iron deficiency anemia
submitted or not to A780 nm laser phototherapy associated
or not to hydroxyapatite graft.

Material and methods

Following approval by the Animal Experimentation Ethics
Committee of institution', forty 21-day-old Wistar rats weighing
50 g were kept at the Animal Experimentation Laboratory of the
institution in plastic cages bedded with wood chips and main-
tained at 20-24 °C in a day—night light cycle. Half the animals
were fed with standard pelted laboratory diet® and had water ad
libitum. The other half was fed with iron-free pelted laboratory
diet® to induce iron deficiency anemia. After 15 days of induc-
tion, 100 puL blood was collected with EDTA to avoid coagula-
tion and submitted to hematologic test for erythrocytes,

! Protocol n°05/10
2 Labina®, Purina, Sdo Paulo Brazil
3 AIN93-G iron-free, Sdo Paulo, Brazil
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hemoglobin (Hb), and ferritin counting. Rats with Hb under
under 11 g/dL were considered anemic and those above 11 g/dL
were considered normal [19].

The rats were divided in eight groups with five rats each:
Clot; Laser; Graft; Graft + Laser; Iron deficiency anemia +
Clot (IDA + Clot); Iron deficiency anemia + Laser (IDA +
Laser); Iron deficiency anemia + Graft (IDA + Graft); Iron
deficiency anemia + Graft + Laser (IDA + Graft + Laser).
After regular quarantine, under intraperitoneal general anes-
thesia with 60 mg/kg of ketamine* and 10 mg/kg of xylazine®,
the dorsum of each animal was shaved and cleaned with 2 %
chlorhexidine. A 2-cm-long incision was created with ano. 15
scalpel blade exposing the animal’s left tibia, and a defect
(~10 mm) was created with round steel n°8 bur and a water-
cooled high-speed hand piece. The bone defects in groups
Clot and IDA + Clot were filled only by the blood clot. Those
in groups Graft; Graft + Laser; IDA + Graft; and IDA + Graft
+ Laser were grafted with a 0.5 mm particle ceramic graft .©
The animals in groups Laser; Graft + Laser; IDA + Laser; and
IDA + Graft + Laser were further irradiated. Laser photother-
apy (A780 nm, 70 mW, ® = 0.04 cm?, 4 J/cm? per point (4 x
4), total dose 16 J/em?, CW) started immediately after surgery
and was repeated at a 48-h interval for 2 weeks (Table 1). All
wounds were routinely sutured. It was requested to the man-
ufacturer that the laser equipment used in this research be
calibrated considering the area of 1 cm? in the calculus for
its supply of the energy dosage. The animals were fed the
same pelted laboratory diet according to each group during the
rest of the experiment. The animals were killed with an
overdose of general anesthetics (ketamine and xylazine)
30 days after surgery. The tibia was removed and sliced in
two halves with a diamond disc with a water-cooled high-
speed hand piece. The bone was stored in a Safe-Lock micro
tube’ and placed in liquid nitrogen. Liquid nitrogen is used to
minimize bacterial growth and also because chemical fixation
is not advisable due to fluorescence emissions from fixative
substances [10]. Samples were analyzed by Raman spectros-
copy that was carried out at the surface of the defects and also
on the surface on bone without defect (basal).

Raman spectroscopy

For Raman measurements, a dispersive near-infrared Raman
spectrometer® was used. The equipment uses a wavelength-
stabilized diode laser tuned at 785 nm’ coupled to a fiber-optic

*# Vetaset®, Sdo Paulo, SP, Brazil

> Coopazine®, Cooper, Brazil

® GenPhos® HATCP.BAUMER®; Mogi Mirim, Sao Paulo, Brazil

7 Eppendorf®, Brazil

8 Andor Technology, model Shamrock SR-303i®, Belfast, Northern
Ireland

® B&W TEK, model BRM-785-0.30-100-0.22.s, Newark, DE, USA
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Table 1 Laser parameters

Parameters Laser
Wavelength (nm) 780
Energy density (J/cm?) 16
Output (mW) 70

Spot (cm?) 0.04
Number of irradiation points 4
Irradiation area in the tissue (cm?) 1

Mode Ccw
Application Contact

"Raman Probe"'® in order to provide excitation of the sample
and collection of the Raman spectra in repeatable excitation-
collection geometry, by using an excitation fiber of 105 pm and
a collecting fiber of 200 um. The collection fiber is coupled to a
dispersive spectrometer, composed of an imaging spectrograph
and a back thinned, deep depletion CCD camera,'' which
disperses and detects the Raman scattered light (Fig. 1).

The Raman system was controlled by the Solis software'?
installed in a Windows-based microcomputer, which controls
both CCD camera and spectrograph in terms of grating position,
slit aperture, number of accumulations and time exposure, as well
as performs the spectral calibration of the Raman shift and stores
and pre-processes the spectral data [9, 14, 20-23]. The slit and
grating configurations provided a spectral resolution of about
4 ¢cm™" in the spectral range from 400 to 1,800 cm . The laser
power measured at the excitation tip of the Raman probe was
300 mw, and the spectral acquisition time for each collection spot
was 20 s. Five points were measured at the surface of the cortical
area of the defect in each one of the samples, resulting in total of
200 spectra (Fig. 1). All spectra were acquired on the same day
and room conditions.

For spectrograph calibration,'” it was used as a spectral
irradiance lamp'* with known spectral curve, which has been
measured with long exposure time (~10 min) and used to
correct the differences in the intensity response of all optical
components along the spectral range, and seven major bands of
the naphthalene in the spectral region 700—~1,700 cm ', where
measured pixel position and known Raman shift were fitted
with a third-order polynomial and used as abscissa (x-axis) [9,
14, 20-23]. The calibration of the spectral data was performed
using a routine developed under Matlab® 5.1 software.'

Absolute peak intensities as well as their standard devia-
tions were calculated and plotted using Microsoft Excel or

' B&W TEK, model BAC-100-785, Newark, DE, USA

" Andor Technology, model IDUs® DU401A-BR-DD, Belfast, Northern
Ireland, 1,024 x 128 pixels, Peltier-cooled down to -70 °C

12 Andor Technology, Solis (i) software, Belfast, Northern Ireland

'3 Intensity correction and wavenumber calibration.

14 Oriel Instruments, model 63358, Strattford, CT, USA

15 The Mathworks, Newark, NJ, USA

Minitab software. The statistical analysis (ANOVA, general
linear model) in the peak intensities was performed using
Minitab 15.0® software (Minitab, Belo Horizonte, MG,
Brazil). The data were initially analyzed to verify their nor-
mality. We conducted a two-way ANOVA analysis with bal-
anced design. Predictor variables were health (non-anemic
and IDA); use of phototherapy (non-irradiated and
Irradiated); use of graft (non-grafted and grafted); and the
use of the association of graft + laser (non-associated and
associated) being in each analysis transformed into a “dummy
variable” taking the non-treated as reference. All testing were
conducted with a significance level of 5 %, and adequacy of
the models was evaluated with the adjusted R”.

Results and discussion

The intensity of the Raman shift at ~960, ~1,070, and
~1,454 cm™ ' was obtained on bone without surgical defect
for both Non-anemic and IDA groups. A statistically signifi-
cant difference was observed between the mean values ob-
tained when the groups were compared with regards all peaks
(p < 0.05) but with regards the ~1,454 one (Fig. 2). This may
be indicative that IDA influenced the level of mineralization
on the animals suffering from the condition.

The Raman shift at ~960, ~1,070, and ~1,454 cm ! were
also analyzed in groups with surgical bone defect (healthy and
anemic), and the mean peak values observed were submitted
to statistical analysis for comparison. A summary of the
ANOVA analysis may be seen on Table 2.

For all peaks studied on the experimental groups, signifi-
cant differences on the intensities were observed between
healthy and anemic animals (p < 0.05) being higher peaks
observed on healthy animals. This is indicative that the IDA
affected the bone quality on anemic animals. When all treat-
ments were analyzed together (Laser/Graft/Laser + Graft), the
same was seen (p < 0.05).

With regards the use of the laser light, it was found that it
caused significant differences for all peaks on healthy animals
(p<0.05). However, on anemic ones, it influenced the ~1,070
and ~1,454 cm ' peaks but not the ~960 cm™'. When using
the graft, significant differences were found between the
~1,070 and ~1,454 cm ! peaks (p < 0.05), but not for the
~960 cm ' (p > 0.05) on both healthy and anemic animals.
The use of the association only influenced the ~960 cm ™' peak
on healthy animals (p = 0.001). However, on anemic animals,
all peaks significantly differed (p < 0.05).

The intensity of the Raman shift at ~960 cm ™' (relative to
mineral phosphate) is directly related to the concentration/
incorporation of phosphate HA in the bone. Higher intensities
represent higher concentrations of phosphate HA (Table 3). In
this study, the mean peak values for phosphate HA
(~960 cm ") showed significant statistical difference between
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Fig. 1 Raman spectra of bone tissue showing the peaks of interest on the present study

all healthy subjects (Clot, Laser, Graft, and Graft + Laser).  values, with group Graft + Laser presenting the highest peak.
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Fig. 2 Mean values and standard deviation of the peaks of non-anemic (basal) and anemic animals
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Table 2 Summary of the ANOVA (general linear model) for the ~960, ~1,070, and ~1,454 cm™" peaks
Non-anemic Anemic

Raman shift Variable Adjusted SS F Pvalue Adjusted SS F Pvalue

~960 cm™! Laser 2.56988E+11 11.47 0.001* 1672063213 1.92 0.171
Graft 3281940125 0.12 0.729 2753950471 3.23 0.077
Graft + Laser 7.05205E+11 49.46 <0.001 * 11472715530 16.35 <0.001*

~1,070 cm™! Laser 202496594 8.54 0.005 * 525878214 11.22 0.001*
Graft 124446617 4.95 0.030 * 1225226102 35.19 <0.0001 *
Graft + Laser 46784561 1.76 0.190 529922194 11.32 0.001 *

~1,454 cm™! Laser 111317443 5.61 0.021* 451950493 12.26 0.001 *
Graft 175338893 9.38 0.003 * 705111891 21.70 <0.0001 *
Graft + Laser 35331644 1.66 0.203 396126717 10.47 0.002 *

# Statistically significant differences

phototherapy is effective on improving bone repair [10, 13,
17, 24, 25] especially when associated to a variety types of
grafts [9, 10, 24, 26, 27], producing even better results than
when laser or grafts are used alone [13, 24].

Light irradiation increases the number and activity of oste-
oblasts [28]. The higher number of cells results in a larger
deposition of bone matrix, which later incorporates HA, char-
acterizing maturation of the bone [28, 29]. Off all biomaterials
used as grafts to improve bone healing, HA is the most
investigated, and other studies have found that its association
to laser irradiation enhances phosphate HA concentration [9].
It is well accepted that deposition of HA represents bone
maturation, and larger amounts of HA is an indicative of a
more resistant and calcified bone [9]. On the other hand, when
laser was used as the unique treatment, phosphate HA con-
centration in the bone defect was not as high as it was when it
was associated to the graft, as seen in previous studies [13,
24].

No statistical difference was found in the mean peak values
for phosphate HA between group Clot and group IDA + Clot.
This result was also seen in the basal healthy bone when
compared with the IDA bone of specimens that were not
submitted to surgical defect in this work. Even though studies
have reported that iron deficiency may alter bone metabolism
influencing in enzymes and intestinal calcium absorption with
altered bone mineral composition and strength [30], in this
study, it did not affect the bone formation process. Recent
reports have demonstrated that, while severely low iron con-
ditions inhibit osteoblast activity, mild—low iron promotes
osteoblast activity [31]. In this work, the animals presented,
according to blood tests, low but not severe iron depletion,
which could account for the results found (Table 3).

Significant statistical difference in for phosphate HA was
found between all anemic groups (IDA + Clot, IDA + Laser,
IDA + Graft, and IDA + Graft + Laser). Groups IDA + Clot
and IDA + Laser presented higher mean peaks, considering

the other anemic group’s values, and no statistical difference
was found between them. No studies using laser in IDA bone
were found in the literature for comparison. A recent research
that analyzed another aspect of the wound healing process in
IDA animals, but using soft tissue healing as target of the
study, found no influence of laser in anemia cases as to mast
cell proliferation and degranulation, which are considered
important on the inflammatory process. In that study, no
significant difference in the number of mast cells was found
following LPT when comparing anemic and healthy animals
[32] (Table 3).

On the other hand, group IDA + Clot presented statistical
significant difference when compared with group IDA +
Graft. IDA + Clot showed also statistical difference to IDA
+ Graft + Laser. IDA + Graft and IDA + Graft + Laser
presented lower mean peak values than group IDA + Clot.
Despite that the presence of the graft is expected to facilitate
the process of bone deposition, in anemic animals, it

Table 3 Values (means and standard deviation) of the Raman peaks for
HA (~960 cm ') of all groups (n=5)

Group  Treatment Mean + SD

I Clot (a) 9,494+2.461 bed

II Laser (b) 6,193+1,849 acd

I Graft (¢) 14,865+2,339abd

v Graft + Laser (d) 31,926+1,992abc

A% Iron deficiency anemia [IDA + Clot] (¢)  10,653+1,753gh

VI Iron deficiency anemia + Laser 9,048+2,177gh
[IDA + Laser] (f)

vil Iron deficiency anemia + Graft 7,206+2,468¢f
[IDA + Graft] (g)

VI Iron deficiency anemia + Graft + Laser ~ 6,165+2,018¢f

[IDA + Graft + Laser] (h)

Lowercase italicized letters indicate that the value is significantly different
from the value of the group with the same letter
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previous reports in the literature concerning the use of grafts or
laser in bone repair in iron deficiency anemia, it makes our

discussion of our results very difficult in this aspect (Table 3).

Skeletal graft incorporation is a multifaceted process in
which multiple variables determine success or failure [33].
Reparative osteogenesis of bone defects may be influenced
by biological factors such as the coexistence of chronic diseases
such as diabetes mellitus, by the use of chemical substances
such as calcitonin and bisphosphonates, or by physical proce-
dures such as techniques for graft preparation and insertion,

Table 4 Values (means and standard deviation) of the Raman peaks for
CHA (~1,070 cm ') of all groups (n=5)

T T
Laser Graft+Laser

consequently accelerating or delaying bone repair [10].
Moreover, iron deficiency affects humoral and cell-mediated
immunity, with significant lower mean levels of T lymphocytes
(CD3" and CD4") [3, 6], IgG4 and IL-6 [6]. Perhaps the
association of these factors, low immunity, and grafts presence,
could have contributed to the results of IDA and Graft groups.
The use of laser associated to graft in IDA animals also did not
have the same influence on increasing phosphate HA deposi-
tion as it did in healthy ones. Again, the reason for this is not
clear and needs clarification in a future study (Figs. 3, 4, and 5).

Table 5 Values (means and standard deviation) of the Raman peaks for
collagen (~1,454 cm ) ofall groups (n=5)

Group Treatment Mean + SD Group Treatment Means + SD

I Clot (a) 716+217bcd I Clot (a) 1,347+321 b

II Laser (b) 369+165 a d II Laser (b) 1,025+242 acd

I Graft (c) 4674376 ad I Graft (¢) 1,516+268 b

v Graft + Laser (d) —896+920 abc v Graft + Laser (d) 1,422+314 b

v Iron deficiency anemia [IDA + Clot] (e) 840+138 gh A% Iron deficiency anemia [IDA + Clot] (e) 1,399+207 gh

VI Iron deficiency anemia + Laser 703+247 gh VI Iron deficiency anemia + Laser 13324348 gh
[IDA + Laser] () [IDA + Laser] ()

VII Iron deficiency anemia + Graft 217+285 efh vl Iron deficiency anemia + Graft 534+295 ef
[IDA + Graft] (g) [IDA + Graft] (g)

VI Iron deficiency anemia + Graft + Laser 478+140 efg VIII Iron deficiency anemia + Graft + Laser 674+148 ef

[IDA + Graft + Laser] (h)

[IDA + Graft + Laser] (h)

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

Lowercase italicized letters indicate that the value is significantly different
from the value of the group with the same letter
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Significant statistical difference was found when compar-
ing carbonate HA ~1,070 cm ™' peak between the healthy
groups Clot, Laser, Graft, and Graft + Laser.

As bone maturation occurs, the carbonate-to-phosphate
ratio is altered with greater level intensity of carbonate substi-
tution in phosphate positions [34]. When analyzing the mean
peak values for carbonate HA, a statistical difference was
found between the healthy groups (Clot, Laser, Graft, and
Graft + Laser) (Table 4). When comparing individually,
groups Clot and Graft, statistical difference was found be-
tween them, with higher intensity of carbonate HA in the
Clot group. Perhaps the presence of a greater concentration
of phosphate HA in the graft’s composition and slow reab-
sorption of the graft contributed to the lesser carbonate HA
level in this particular group. Furthermore, group Graft +
Laser showed the lowest mean peak value for carbonate HA
between all groups studied in this research. The use of laser
light is known to stimulate bone maturation [10]; consequent-
ly, it could be expected to reduce carbonated HA levels when
it is used. This may explain this finding.

No statistical difference was found as to carbonate HA
concentrations between group Clot and IDA as well as seen
in the phosphate HA concentrations. The mean peak values
for carbonate HA among the anemic groups also followed
similar patterns as to the results found for phosphate HA
deposition in these same groups. No statistical difference
was found between IDA + Clot and IDA + Laser groups. On
the other hand, significant statistical difference was found
between group IDA + Clot and IDA + Graft and IDA +
Graft + Laser. Both anemic graft groups presented low mean
peak values compared with the IDA + Clot group. Group IDA
+ Laser also had significant statistical difference to groups
IDA + Graft and IDA + Graft + Laser. We could infer to these
findings the same speculations accounted for the low mean
peak values found for phosphate HA in the grafted anemic
groups (Table 3).

The intensity of the Raman shift at ~1,454 cm
(relative to lipids and proteins) represents presence of
collagen. Significant statistical difference was found be-
tween the healthy groups: Clot, Laser, Graft, and Graft
+ Laser (Table 5). The Laser group presented lower
mean peak value. The use of laser irradiation is known
to stimulate proliferation of fibroblasts that are major
secretors of collagen [10, 27]. However, in an ongoing
bone repair situation, collagen concentration diminishes
while bone maturation advances with an increased
mineral-to-matrix ratio emerging [34]. The Graft and
Graft + Laser groups showed higher mean peak values
for collagen than the Clot or Laser groups. Even though
both graft groups had a high concentration of phosphate
HA and low presence of carbonated HA indicating bone
maturation, due to this high level of collagen observed,
we cannot affirm with certainty if the high peak of

1
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phosphate HA found is related to a more mature bone
or if the presence of the graft, which contains only
inorganic components (phosphate HA), could have in-
fluenced the results of these groups.

No significant difference was obtained between groups
Clot and IDA + Clot concerning collagen deposition. Recent
studies in soft tissue wounds of IDA cases detected that laser
phototherapy in anemic animals does stimulates fibroblastic
proliferation inducing production of collagen [7]. Both grafted
groups (IDA + Graft and IDA + Graft + Laser) showed lower
mean peak values. Again, the presence of graft in IDA sub-
jects apparently influences negatively bone repair. Although
less collagen observed in these groups which could signal
bone maturation, both IDA-grafted groups also presented
low mean peaks of carbonated and phosphate HA, not com-
patible with bone formation and maturation.

It is important to remember that the natural processes of
repair should be allowed to take their usual course, and any
interference should only be attempted when there is a demon-
strable need or substantial advantage for the patient [10, 14].
In this study, the highest mineral concentration was ob-
served associating graft and laser on both healthy and
anemic animals. What is clinically important in this
study is that it evidenced that the association of the
two treatments on anemic animals caused similar results
to the one observed on healthy ones.

Finally, it is important to remember that low-level (low
intensity) laser irradiation is accepted to induce an accelera-
tion of wound healing processes, to reduce inflammations, to
support neuro-regeneration, to promote vascular and lymphat-
ic microcirculation, to stimulate the immune system, and to
reduce pain nonthermal radio-biological therapeutic effects
relevant for civilians, military personnel, and astronauts [35].

Conclusion

The results in this study indicate that, in healthy situa-
tions, the use of HA graft associated to laser irradiation
produced favorable outcomes regarding mineral deposi-
tion and bone maturation. Iron deficiency anemia did
not significantly affect bone mineralization. However,
the use of graft, without or with laser, in iron deficiency
anemia cases resulted in low concentrations of collagen
and low carbonate and phosphate HA.
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