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Abstract
Electron spin resonance (ESR) is a spectroscopic technique that detects unpaired electrons, such as the ones present in free 
radicals. When a calcified tissue is irradiated, free radicals are generated, like the CO2

−. This paper presents a preliminary 
study on the application of this spectroscopic technique for monitoring bone mineralization processes during the bone repair 
in animal model, induced by polyurethane in two forms, as an occlusive membrane and as a bone grafting. In the first experi-
ment, the ESR results and microscopic analysis demonstrate centripetal bone growth and advanced stage of bone regeneration 
in the treated group. In the second experiment, the ESR spectrum of collected bone pieces presents the superposition of the 
spectrum of the biomaterial and the radical CO2

−. The separation of the components was made using spectral simulation, and 
the percentage of mature bone tissue in the defect region was determined through the comparison with the spectrum of the 
native bone. In both experiments, ESR provided results consistent with microscopic analysis, demonstrating the feasibility 
of the technique for monitoring bone regeneration.
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1  Introduction

Bone plays important mechanical functions in the human 
body, presents a strong regeneration potential, being able to 
repair fractures or local defects with structural organization 
highly similar to the original. Skeletal tissue is composed 
of cells (the main are osteoblasts, osteoclasts, and osteoc-
ites) and an extracellular matrix (ECM), constituted mainly 
by type-I collagen. This component assigns flexibility to 
bones. Among the collagen fibers, there are apatite crystals, 

especially hydroxyapatite, HAp (Ca10(PO4)6(OH)2) that 
attribute rigidity to bones [1].

When the bone is injured, physiological processes are 
sequentially triggered for the correct repair of the damaged 
area, and the last step is the mineralization of the ECM. 
During bone repair and neoformation, important structures 
associated with bone tissue such as the periosteum and 
endosteum respond with intense proliferation. The forma-
tion of osteogenic connective tissue begins; an immature 
or primary bone tissue is produced where small islands of 
mineralization are present. This process evolves, with the 
confluence of these mineralized islands, leading to a greater 
organization of collagen fibers in lamellae, as well as an 
intensification in the mineralization process. Gradually, the 
primary bone tissue is replaced by a more organized bone 
tissue. This lamellar organization is concentric, with vascu-
lar channels, forming the Havers Systems. These minerali-
zation characteristics, associated with the presence of the 
Havers systems, denote bone maturity, named as secondary 
or lamellar bone. Thus, the mineralization of skeletal tissue 
is an indicator of tissue maturity in bone repair/regeneration  
processes [2].
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Clinically, bone mineral density can be obtained by 
bone densitometry or dual energy X-ray absorptiometry 
(DXA), a method presented in the 60 s by Cameron and 
Sorenson [3], which is based on the measurement of the 
attenuation suffered by two monochromatic beams of 
X-rays of different energies. Currently, this is the stand-
ard method used for diagnosing osteoporosis, among other 
situations where bone mineral density should be assessed. 
Bone mineral density can also be inferred using other 
radiographic methods such as radiography and computed 
tomography [4]. In studies using animal models, as is the 
case in this work, the quantification of histological images 
of slices of tissue is the most used method. However, new 
methods for analysis are always welcome, in order to 
improve the elucidation of the processes involved.

Electron spin resonance (ESR) is a spectroscopic tech-
nique that detects systems with unpaired electrons, espe-
cially free radicals. Some of them are not “naturally” pre-
sent in calcified tissues, but can be created through the 
interaction with ionizing radiation (X-rays, γ-rays, or UV). 
Radicals generated in the organic part of bones are unsta-
ble, but the radicals generated in the mineral part (HAp) 
are stable and can be detected and quantified by ESR. The 
main radical generated by ionizing radiation in mineralized 
tissues is CO2

− and is due to the presence of carbonate 
impurities (CO3

2−) [5, 6].
The use of ESR in hard tissues is traditionally done 

in ionizing radiation dosimetry and archaeological/pale-
ontological dating. They are based on the detection of 
CO2

− radicals, created by ionizing radiation on the min-
eral matrix of these tissues. The amount of these radicals 
is proportional to the radiation dose, consisting of a dosi-
metric method capable of using tissues of the human body 
as a dosimeter, very useful in cases of accidental exposure 
to ionizing radiation. This pioneering idea was presented 
by Prof. Sérgio Mascarenhas in the 70 s, when he studied 
bones of Hiroshima bomb victims through investigations 
done at the University of Hiroshima. Preliminary results 
of the “magnetic memory” present in the irradiated bones 
were presented in 1973 [7] and, years later, advances in 
instrumentation and technique allowed new evaluation and 
publication of complete results [8]. Currently, ESR dosim-
etry using dental enamel is a well-established method to 
retrospective dosimetry in accidental cases of exposition, 
with technical report published by International Atomic 
Energy Agency (IAEA-TECDOC-1331) [9]. Dosimetry 
using bones was also used to assess the dose of radiation 
deposited by radiopharmaceuticals, intended for pallia-
tive treatment of pain caused by bone metastases, that is, 
situation in which there is no way to install dosimeters to 
perform traditional dosimetry [10]. Other calcified tissues 
as shells have also been proposed for radiation dosimetry 
[11, 12].

In ESR dating, the radiation dose is converted into age 
from the calculation of the annual dose rate of radiation of 
the environment where the material was collected [13]. The 
first ESR dating study in Brazil was performed by our group 
using bones and shells [14]. Subsequently, the dating of fos-
sil materials (shell, tooth, calcite) collected in different loca-
tions in Brazil was carried out, contributing, for example, to 
the reconstruction of the events that led to the extinction of 
certain species [15, 16], indicating the presence of humans 
in the pre-history in Brazil [17–20] and for studies on geo-
logical formation of the coastal line of the southern of Brazil 
[21, 22].

The use of ESR to study the mineralization of the hard tis-
sue has the same principles of the radiation dosimetry. Con-
sidering a homogeneous sample (bone, dentin, or enamel), 
the ESR signal intensity will be a function of the radiation 
dose. Therefore, in a non-homogeneous tissue sample irra-
diated with the same dose, the ESR signal intensity in each 
piece of tissue will be proportional to the mineralization, 
that is, the intensity of the spectrum is proportional to the 
amount of HAp present.

This work aims to evaluate whether electron spin reso-
nance can be used to determine the mineralization in the 
bone repair process. Two models were used, in the first, 
surgically induced defects were treated with guided bone 
regeneration (GBR) [16] using an occlusive membrane of 
polyurethane. In the second, the defects were treated with 
polyurethane in the form of granules that acted as graft mate-
rial. The information of mineralization could be useful in the 
future, as an indicator of the quality of regenerated bone.

2 � Material and Methods

2.1 � Animals and Surgical Procedure

The present study was approved (protocol 26/07), prior to 
the beginning of the experiments, by the Ethical Committee 
from the Universidade Sagrado Coração – USC, Bauru, São 
Paulo State, Brazil. A total of 27 male New Zealand adult 
rabbits, weighting an average of 4.0 kg were used. The rabbit 
is one of the most frequently used animal models for medical 
research, comprising approximately 35% of musculoskeletal 
system research studies [23, 24]. Rabbit has a similar bone 
metabolism to humans, making it the first choice in evaluat-
ing bone graft materials [25]. These animals were housed 
in temperature-controlled rooms and received water and 
food ad libitum. A full thickness bone defect of 5 × 15 mm 
was surgically created in the skull (Fig. 1). Preoperatively, 
deep sedation was intramuscularly induced in animals with 
xylazine chlorhydrate (5 mg/kg, Bayer, Brazil) and ketamine 
(35 mg/kg Vetbrands, Brazil). The dorsal part of the cra-
nium was shaved and aseptically prepared for surgery. A 
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linear incision of 5 cm long was made on the skin at the 
median sagittal line. The musculature and the periosteum 
were reflected, exposing the parietal bone, and a full thick-
ness cranial defect 15 mm × 5 mm was carefully created, by 
means of a trephine bur operating with low rotation under 
irrigation with sterile physiological solution (0.9% NaCl). 
Cortical and spongious bones were totally removed, and 
dura mater was exposed (Fig. 1).

Eighteen defects were treated by GBR and nine by graft-
ing as described in the following section.

2.1.1 � Guided Bone Regeneration

Two membranes of polyurethane were adapted, one in 
contact with the dura mater and the other, in the surface 
defect (Fig. 2A, B). In the control group (N = 9), the defect 
remained filled with clot. The soft tissues and skin incisions 
were closed with 4–0 silk interrupted sutures. After 30, 60, 
and 120 days post-surgery, three animals from each group 
were euthanized, in an isolated room with no sensory access 

to other animals, and specimens containing bone defect was 
collected.

2.1.2 � Bone Grafting

In this experiment, the defect (Fig. 1) was treated with 50 mg 
of polyurethane pellets in association with clot. The soft tis-
sues and skin incisions were closed with 4–0 silk interrupted 
sutures. After 30, 60, and 120 days post-surgery, three ani-
mals were euthanized, and specimens containing bone defect 
were collected to microscopic an ESR analysis.

2.2 � Optical Microscopic Analysis

The bone samples were kept 92 h in phosphate buffered for-
malin (10%) and divided in 2 parts. One of them was used 
for ESR experiments and the other to microscopic analysis.

The samples for microscopy were decalcified using Morse 
Method and processed for evaluation (6-μm thick sections 
and Masson Trichromic stain). The specimens were analyzed 
with an optical microscope Nikon H550L.

2.3 � Electron Spin Resonance Experiments

2.3.1 � Guided Bone Regeneration

The samples selected for ESR experiment were cleaned with 
water and alcohol and dried in a vacuum for 15 days. Then, 
they were irradiated with 3 kGy of γ-rays through IPEN  
(Instituto de Pesquisas Energéticas e Nucleares) Gam-
macell source at a dose rate of 634 Gy/h, using a buildup  
layer to obtain the electronic equilibrium. A fraction of 
approximately 50 mg of the native bone (NB), the bone at the 
edge of the defect (E) region, and at the center of the defect 
(C) of the samples were extracted and weighed. The ESR 
spectrum was acquired in the JEOL FA200 X-Band spec-
trometer, set with central field 338 mT, modulation amplitude 
0.1 mT, modulation frequency 100 kHz, scan width 10 mT, 

Fig. 1   Bone defect (5 × 15 mm) surgically created in rabbit calvaria

Fig. 2   Guided bone regenera-
tion (GBR) treatment of defects. 
(A) Photograph showing the 
membrane positioned over the 
dura mater and the second, to be 
implanted. (B) GBR treatment 
finished with the second mem-
brane positioned over the defect. 
The size of defect is 5 × 15 mm
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microwave power 2 mW. The signal intensity normalized by 
mass of the 3 regions were determined: INB, IE, and IC. The 
mineralization degree in each region was calculated by the 
ratios: IE/INB, and IC/INB.

2.3.2 � Bone Grafting

The samples selected for ESR experiment were cleaned 
with water and alcohol and dried in a vacuum for 15 days. 
The material present in the defect region was extracted 
and weighed. As the polyurethane pellets are irradiated for 
sterilization (by the manufacturer with a dose of 25 kGy 
of gamma radiation), it presents an ESR signal. Thus, by 
recording the ESR spectrum of the material of a known 
quantity, there is a relationship between ESR intensity and 
grafted material mass. So, firstly the spectrum of the sample 
from the defect region was acquired and corresponds to the 
signal of the polyurethane, and its mass was determined, 
using the previously explained relationship. The ESR spec-
trum was acquired in the JEOL FA200 X-Band spectrometer, 
set with the same parameters of the GBR experiment. The 
polyurethane mass value was subtracted from the mass of 
the sample collected, and thus the value of the mass of the 
tissues contained in each one is obtained. After that, these 
samples were irradiated with 3 kGy, as the GBR experiment, 
and also approximately 50 mg of the native bone (NB). The 
spectra of the native bone and the material present in the 
defect (D) region were acquired for further signal process-
ing. The software Simfonia (Bruker) was employed to sepa-
rate the 2 components of the spectrum of the defect (D) 
region to determine the signal intensity of the CO2

−radical 
which was divided by the mass of the tissues of the defect 

region, corresponding to the ID. The mineralization degree 
of the region was calculated by the ratio: ID/INB.

3 � Results

3.1 � Guided Bone Regeneration

Figure  3 shows the photomicrographs of samples of 
treated A and control B groups of the bone defect region, 
in the period of 30 days post-surgery, in which we can 
more easily notice the difference produced by the treat-
ment. In both groups, there was no presence of cartilage, 
showing the direct osteonal ossification. In the treated-
group image (Fig. 3A), bone trabeculae in linear disposi-
tion can be seen (bt) extending on the external and inter-
nal surface of the defect, which are arranged in two bands 
representing the external and internal tables of the cranial 
bone. Bone bridges made up of immature bone tissue and 
bone tissue undergoing remodeling are seen joining the 
external and internal bone tables. Some areas show an 
aspect of medullary structure in early formation (bm).

In the control-group image (Fig. 3B), immature bone tis-
sue is observed close to the edges of defect, immature bone 
tissue (ib) in the right end is observed in the form of tra-
becular clusters, in the left end there is reticular immature 
bone tissue projecting to the center of the defect. Osteogenic 
connective tissue (ct) filling the central part of the defect can 
be seen.

Figure 4 shows the ESR spectra of the native, the edge 
of the defect, and the center of the defect from a sample of 
the treated group. The ESR signal intensity: INB, IE, and IC 

Fig. 3   Photomicrographs of the 
histological sections of bone 
defect (Masson’s Trichrome 
stain, 2 ×) 30 days after surgery, 
showing the limits of region 
of defect (black arrow). (A) 
GBR-treated group, showing 
an advanced stage of regenera-
tion in comparison with control 
group. bt: bone trabeculae 
and bm: bone marrow (in 
formation). (B) Control group, 
showing the defect filled with 
connective tissue (ct) and some 
immature bone (ib) at edges of 
the defect. bc: blood clot
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were measured at g⊥, as indicated. In this spectra, IE/INB is 
70.9% and IC/INB is 52.0%.

Figure  5 shows the mineralization degree obtained 
by ESR according to the groups, region of the bone, and 
periods post-surgery. The results indicate a centripetal 
direction of bone regeneration; the bone at the edge of 
defect is more mineralized than of the center, that is in 
agreement with the microscopic images. The results of 
30-day samples also show that the use of membranes 
accelerated the bone repair in the center of the defect. 

There are statistically significant differences between the 
means (p < 0.05 t-Student test) in the comparison of the 
results of groups.

3.2 � Bone Grafting

Figure 6 shows photomicrographs of the region of defect 
grafted with polyurethane. The images show the progress of 
bone regeneration by osteoconduction. The direct ossification 
without the presence of cartilage and absence of foreign body 
inflammatory reaction were observed in all periods studied. The 
last feature is related to the biocompatibility of the biomaterial.

The photomicrograph of the period of 30 days (Fig. 6A) 
shows newly formed bone (nfb) tissue firmly adhered to the 
surface of the polyurethane particle (p) through a thin layer 
of the bone matrix fixed to the contact surface. As already 
mentioned, the graft material stimulates bone formation 
through osteoconduction. In the 120-day photomicrograph 
(Fig. 6B), the newly formed bone tissue coating the biomate-
rial presents more mature with the formation of mineralized 
bone matrix on the surfaces of osteointegrated particles. In 
this interface, lamellar bone (lb) is present.

The ESR spectrum of the defect region where the polyu-
rethane was implanted was registered before and after irra-
diation. Initially, the spectrum corresponds to the signal of 
the biomaterial. A fraction of irradiated native bone tissue 
was also recorded. Figure 7 demonstrates the spectra of the 
samples collected 30 and 120 days post-surgery.

The spectrum of CO2
− was simulated with the software 

Simfonia (Bruker) and subtracted from the composed spec-
trum (bone and polyurethane). The result fits well with the 
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initial spectrum of polyurethane. The CO2
− radical intensity 

(from mineralized part of bone) is higher in the spectrum 
at 120 days, which is in agreement with the microscopic 
results. The mean values obtained for the mineralization 
degree are 6.3 ± 0.7%; 25.3 ± 5.2%, and 26.4 ± 5.1% for the 
periods of 30, 60, and 120 days.

The absence of foreign body inflammatory reaction due 
to the implant of polyurethane in both experiments is asso-
ciated to the biocompatibility of this biomaterial. It was 
already related by other authors, which used this biomate-
rial in tissue reconstruction [26, 27].

4 � Discussion

The reconstruction of defects with great magnitude due to 
traumas, tumors, infections, and abnormalities in devel-
opment, is highly difficult, mainly due to the growth of 

connective tissue at the injury site. This tissue is an obsta-
cle to bone regeneration; it may disturb or totally prevent 
osteogenesis. To try to prevent the occupation of the defect 
site with connective tissue, several procedures were used 
as grafts, implants, and also the technique of guided bone 
regeneration (GBR), which has been proved as an effective 
method to stimulate regeneration in bone defects for more 
than a decade [28, 29]. The use of occlusive membranes is 
effective in guided bone regeneration when used as barri-
ers, preventing invasion of cells and non-osteogenic tissues 
in the area of the defect. This allows the local occupation 
by osteogenic cells that will guide bone regeneration [30].

The use of grafts favors the repair process by filling the 
bone defect, leading to bone neoformation through the 
osteoconduction process. In this process, bone neoforma-
tion is conducted by materials with a specialized structure, 
which fill the bone defect and act as a scaffold for bone cell 
penetration and growth in its surroundings. The implanted 

Fig. 6   Photomicrographs of the 
region of defect grafted with 
polyurethane pellets (A) 30 day, 
(B) 120 days post-surgery 
(bar = 200 µm). p = Polyure-
thane, nfb: newly formed bone, 
lb: lamellar bone

(A) (B)

n�

p

lb

200 µm

lb

2.04 2.03 2.02 2.01 2.00 1.99 1.98 1.97

 Sample Spectrum
 Bone
 Subtracted Spectrum
 Polyurethane

ES
R 

sig
na

l I
nt

en
sit

y 
(a

.u
.)

g-factor

334 336 338 340 342

ES
R 

Si
gn

al
 In

te
ns

ity
(a

.u
.)

Magnetic Field(mT)

 Sample Spectrum
 Bone (simulation)
 Subtracted Spectrum
 Polyurethane

(A) (B)

Fig. 7   ESR spectra of sample from defect region before (bold black line) and after irradiation (light gray line), from the native bone (black line) 
and subtracted spectrum (gray line). (A) 30 days, (B) 120 days
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material serves as an anchor for the growth of capillaries, 
perivascular tissue, and undifferentiated osteoprogenitor 
cells originated in the surgical bone bed, and also prevents 
non-osteogenic tissues from invading the site to be repaired. 
Bone grafts are widely used in medicine, plastic and ortho-
pedic surgery and in dentistry, in large maxillomandibular 
reconstructions, and small increases in bone height, enabling 
the placement of bone implants [31]. Specifically, polyure-
thane is a well-studied material, with proven biocompat-
ibility and good performance [32–35].

Some studies of bone tissue mineralization by specialized 
physical–chemical techniques have already been carried out 
by Raman spectra, Fourier transform infrared spectroscopy 
(FTIR), and X-ray diffraction (DRX) [1]. Specifically using 
ESR, the study of Baffa et al. [36] demonstrated, preliminar-
ily, that hydroxyapatite crystals are organized in the same 
direction as the main axis of bone growth.

In the present work, the histological images of the 
region of the defect in both experiments demonstrate the 
results predicted by the treatments, with advances in the 
bone regeneration process in relation to the control group 
(Fig. 3) and growth and maturation of bone tissue around 
the material (Fig. 6). The success of the bone repair pro-
cess can be determined by the degree of bone mineralization 
produced. Thus, in this work, the results obtained by ESR 
in both models corroborate the observations in microscopic 
images, demonstrating a quantitative method for determining 
mineralization during the bone repair process.

5 � Conclusions

The detection of radical induced by ionizing radiation in 
mineralized tissues by electron spin resonance allows the 
monitoring the dynamics of bone regeneration. As the min-
eralization is the last stage of bone healing, this could be 
used as an indicator of the quality of the regenerated bone.
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