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ABSTRACT

The aim is the study of the application of ionizing radiation (gamma and electron) as sterilizing agents at doses
of 15 kGy, 25 kGy and 50 kGy, the demineralized bone tissue frozen and freeze-dried for use in transplants.
Five human femoral diaphysis of different donors demineralized bone tissues were preserved as lyophilized or
frozen at — 80°C. The samples were divided into non-irradiated groups (control) and irradiated by gamma rays or
electron beam. The bone proteins were extracted and used to determine the concentrations of total protein, BMP
2 and 7. It was observed a decrease in total protein concentrations, and BMP 2 and 7. The decrease in total
protein concentrations, as compared to respective control groups was significant in the lyophilized and frozen
samples irradiated at a dose of 50 kGy gamma radiation and beam electrons with greater than 30% reduction.
The significant decrease in the levels of BMP 2 and 7 were also observed in higher doses and especially by
electron beam. The reductions in the concentrations of total protein and osteoinductive proteins (BMP 2 and 7),
were related to the radiation dose, i.e., increase with higher doses of ionizing radiation type and the type of
preservation of the bones. The largest reductions in concentrations were observed in bone irradiated by electron
beam and at a dose of 50 kGy. But this type of radiation and this high dose are not usual practice for the
sterilization of bone tissue. Keywords: demineralized bone tissue, ionizing radiation, Tissue Bank, BMP 2,
BMP 7, bone proteins.

INTRODUCTION

There is a growing demand for musculoskeletal allografts requests for orthopedic and dental
reconstructions in Brazil, highlighting the bone tissue distributions with 21,681 in 2014 [1].
Banks of musculoskeletal tissues are organizations that are responsible for the selection of
donors, harvesting, processing, storage, distribution and quality control of the tissues. The
bone tissues are obtained from deceased or living donors. Musculoskeletal tissues are mainly
used in hip arthroplasty and knee revisions in the treatment of patients with bone tumors
patients, the joint reconstruction for treatment of ligament injuries in the maxillary sinus
lifting with atrophy and grafting in the mandible for dental implant placement [2].

The ideal material for allogenic grafting is used as an alternative should have the following
properties: biocompatibility, do not cause infection, low immunogenicity, is osteoconductive



and osteoinductive. Osteoinduction is a process that promotes the recruitment of pluripotent
stem cells (mesenchymal cells) and stimulation for differentiation into bone forming cells. An
important class of glycoproteins, extracted from demineralized bone matrix consists of bone
morphogenetic proteins (BMPs), responsible for the bone induction [3].

BMPs are classified as a subfamily within the superfamily of growth factors and
transformation-f (TGF-B), and according to the literature, BMPs 2, 4 and 7 has a higher
potential in inducing osteoblast differentiation from mesenchymal progenitor cells. The
demineralization procedure in cortical bone matrix increases the bioavailability of BMPs
making these grafts osteoindutores [4]. There is a positive correlation between the contents of
BMPs present in the grafts and osteoinductivity [5].

There is intense concern to ensure the quality of tissues and promote the safety of patients
receiving allogenic tissue in relation to the transmission of infectious diseases. In order to
eliminate possible contamination, it is performed in the donor bone tissue, serological
screening, assessment of the historical and social behavior, as well as molecular biology tests
for viral RNA detection of HIV and HCV, clinical and microbiological controls, besides
being applied aseptic techniques during the procedures [6]. However, there is a possibility of
contamination with micro-organisms during harvesting, processing, preservation and storage
of tissue [7].

Many professionals responsible for tissue banks consider important biological tissue are
sterilized by an effective method using ionizing radiation. Sterilization by ionizing radiation
is a method that offers advantages over other methods of sterilization, it provides a minimum
increase in temperature and leaves no toxic waste, which makes it suitable to be used in
addition to being final sterilization [7]. However, some authors concluded that ionizing
radiation sterilization can cause structural and biological changes regarding the dose in
allografts bones [6,9].

The different types of bone preservation can affect both the maintenance of protein, as the
interaction of ionizing radiation with tissue. The different doses of ionizing radiation can also
influence bone health, the maintenance of the osteoinductive potential of these grafts. Better
knowledge of these parameters can help those responsible for tissue banks in the choice of
irradiation conditions and preservation of tissues and quality of the grafts used in transplants.
The objective of this work was to study the effects of the application of gamma radiation and
electron beam produced by sources of ®®Co and electron accelerator respectively, at doses of
15 kGy, 25 kGy and 50 kGy in demineralized bone tissue preserved frozen and freeze-dried,
evaluating possible changes in concentration of total proteins and BMP-2 and BMP-7 to
determine the best dose to provide sterility and safety in the preservation of bone graft
osteoinductive proteins.

MATERIALS AND METHODS

The selection of samples from five femurs obtained the capture of bone tissue five distinct
deceased donors, two male and three female, aged 39-65 years (mean 52 years) according to
the Bank of protocol Musculoskeletal tissues of the Santa Casa de Misericordia de Sao Paulo.
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The diaphyseal femoral was cut out, particulate and the particles with less than 1 mm were
used. After this, 48 g of bone tissues (3 g per sample) of each femoral diaphysis were
required to produce 16 distinct groups for each donor, totaling 80 samples from 5 donors.
Subsequently the samples (42 g) were demineralized in 0,5 N HCL solution in a glass beaker
at a rattio of 50 ml of solution per one gram of tissue for 90min at
18+2°C. It was used orbital mechanical stirrer at low speed for constant agitation throughout
the demineralization process [4] and subsequently lyophilized (LIO) or frozen (CG).

For the division of groups, demineralized bone tissue (DBM) was divided into two groups:
lyophilized or frozen. Samples of groups (DBM) lyophilized and frozen were irradiated at
doses of 15, 25 and 50 kGy by two radiation sources: accelerator electrons (AE, electron
beam) and Cobalt 60 (y, gamma rays). Samples were classified as LIO 15, 25, 50 AE; LIO
15, 25, 50 y; CG 15, 25, 50 AE and CG 15, 25, 50 y. Two tissue samples non-irradiated
control demineralized were created.

Irradiation of samples was performed at the Institute of Energy and Nuclear Research (IPEN).
Samples of the groups were irradiated with gamma radiation sources ®’Co in the multipurpose
irradiator at a dose rate of 1.38 Gy/s or electron beam accelerator with electron industrial
dose rate of 3.92 kGy/s. To prevent the variation in temperature, the lyophilized and frozen
samples were irradiated at 4°C and -70°C, respectively.

For the extraction of total proteins and BMPs bone matrix, guanidine containing buffer was
used as described below: was added 0.5 g of tissue from each sample into 5 mL of fresh
solution of 4 M guanidine/0.05 M Tris.HCL pH 6.0, containing a mixture of protease
inhibitors: 5 mM benzamidine. HCL; 0.1M 6-aminohexanoic acid; 0.5 mM
phenylmethylsulfonyl fluoride; 5 mM N-ethylmaleimide, under 4°C temperature and stirring
for a period of 24 hours. Subsequently the tubes were centrifuged at 697 g for 5 minutes. The
supernatant was removed and placed in a second tube. Were added again 5 mL of fresh
solution of 4 M guanidine/0.05 M Tris.HCL and the mixture of protease inhibitors for the
pellet dissolution. The samples were stirred at 4°C temperature for a period of 5 hours [4].
After that, the samples were centrifuged again and the supernatants added to the previous
tube and thereafter fractioned in aliquot and frozen at -80°C.

The total proteins and BMPs 2 and 7 were quantified by Bradford and ELISA methods,
respectively. Measurements were made in triplicate and the result was the arithmetic average.
The results for each group were compared to their respective controls as well as the controls
were compared. The statistical analysis was performed by comparing the results by one-way
ANOVA and followed by the Tukey test for statistics differences (p <0.05).

RESULTS

In Table 1, we can observe the quantification of total protein in mg/g demineralized bone
matrix (DBM) and gradual reductions in average concentrations in irradiated groups
compared to their respective controls (non irradiated). Statistically significant changes were
observed in groups LIO50y (31,9%), LIOSOAE (35,6%), CG25y (18,3%), CG50y (39,8%),
CGI5AE (13,6%), GC25AE (18,3%) and GCS50AE (36,1%). BMP-2 and BMP-7 were
quantified in order to analyze the effects of ionizing radiation and the possible changes in the
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concentrations of these proteins. The results of the concentrations were correlated DBM in
grams per gram of total protein.

Table 1: Average concentration decreased total protein percentage in the different
study groups compared to the control. (*) Indicates statistically significant difference
from the control (p <0,05)

Lyophilized mg/g Reduction Frozen mg/g Reduction
groups DBM (%) groups DBM (%)

LIO 10,70 | = - CG 1154 |

CONTROL CONTROL

LIO 15y 9,35 12,5 CG15Y 9,29 13,1

LIO 25y 8,79 17,8 CG25Yy 8,74 18,3 *

LIO 50 y 7,28 31,9" CG 50y 6,44 39,8

LIO 15 AE 9,02 15,7 CG 15 AE 9,24 136 *

LIO 25 AE 8,52 20,3 CG 25 AE 8,74 183 *

LIO 50 AE 6,89 35,6* CG 50 AE 6,83 36,1 *

The results obtained in the analyzed groups were recorded in Table 2 and 3, where we
observe the average concentration results BMP-2 and BMP-7, in mg/g and ng/g, respectively.

Table 2: Registration of BMP-2 dosages of groups. Reducing the concentration of BMP-

2 of irradiated groups in percentage compared to the control (non-irradiated). (*)
Indicates statistically significant difference from the control (p <0,05)

Lyophilized | BMP-2 pg/g | (%) Frozen BMP- 2 pg/g (%)
groups DBM groups DBM

LIO CONTROL 2,82 . CG CONTROL 3,27 .
LIO 15 2,84 0,0 CG15Y 2,72 16,8
LIO 25y 2,83 0,0 |ca257y 2,70 17,4
LIO 50 y 2,81 03 | cGsoy 2,38 27,2*
LIO 15 AE 2,82 0,0 CG 15 AE 2,67 18,3
LIO 25 AE 2,82 0,0 CG 25 AE 2,66 18,6
LIO 50 AE 1,90 32,6* | CG 50 AE 1,98 39,4*
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Table 3: Reduction of concentration of BMP-7 of irradiated groups in percentage
compared to the control (non-irradiated). (*) Indicates statistically significant difference
from the control (p <0,05)

Lyophilized | BMP-7 ug/g | (%) Frozen BMP- 7 pg/g (%)
groups DBM groups DBM

LIO CONTROL 138,66 _ CG CONTROL 148,20 _
LIO 15 128,42 74 |cG15y 133,29 10,1
LIO 25y 125,46 95 | cG25y 122,03 17,6
LIO 50 y 117,33 154 | ¢G50 Y 82,85 441"
LIO 15 AE 101,25 26,9* | CG 15 AE 94,20 36,4*
LIO 25 AE 93,78 324" | CG 25 AE 89,97 39.3*
LIO 50 AE 80,77 41,7% | CG 50 AE 70,18 52,6

The freeze-dried and frozen groups noted the reduction in percentage of average
concentrations of BMP-2 and BMP-7 in the different irradiated groups compared to control
(non-irradiated). In Table 2, we can see the effects of ionizing radiation on BMP-2
concentrations of the groups studied.

Statistically significant changes with reduction of the average concentrations in relation to the
respective control were observed in groups LIO5S0AE (32.6%), GC50y (27.2%) and GC50AE
(39.4%).

In Table 3, we can see the effects of ionizing radiation on the BMP-7 concentrations in
different groups. Statistically significant changes with reduction of the average
concentrations of BMP-7 in relation to the respective control were observed in groups
LIO15AE (26,9%), LIO25AE (32,4%), LIOSOAE (41,7% ), CG50y (44,1%), GCI5AE
(36,4%), GC25AE (39,3%) and GC50AE (52.6%).

In Figures 1 and 2, we can observe the average concentrations of BMP-2 in relation to the
total protein dosed in irradiated and no irradiated groups. There was a statistically significant

change in LIO50y and CG50y groups compared to the control.

600

*

500

400

300

200

BMP -2 palug protein

100

< & L2 S
)@?' A v &

¢
6
b
e
)

Figure 1: Relationship between the specific BMP-2 concentration and total protein of
each lyophilized tissue group non-irradiated and irradiated with gamma radiation and
electron beam. (*) Indicates statistically significant difference from the control (p<0,05).
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Figure 2: Relationship between specific BMP-2 concentration and total protein of each
frozen tissue group non-irradiated and irradiated with gamma radiation and electron
beam. (*) Indicates statistically significant difference from the control (p <0,05).

In Figures 3 and 4 we observe the average concentrations of BMP-7 in relation to the total
protein dosed in irradiated and no irradiated groups. We noted statistically significant
differences in groups LIO50y, CG15 AE, CG25AE, CG50AE compared to their respective
controls.
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Figure 3: Relationship between the specific concentration of BMP-7 and total protein of
each lyophilized tissue group non-irradiated and irradiated with gamma radiation and
electron beam. (*) Indicates statistically significant difference from the control (p<0,05).
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Figure 4: The relationship between the specific concentration of BMP-7 and total
protein of each frozen tissue group non-irradiated and irradiated with gamma radiation
and electron beam. (*) Indicates statistically significant difference from the control
(p<0,05).
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DISCUSSION

The increased use of musculoskeletal tissue grafts for reconstructive surgery and the aim of
promoting greater safety in transplants and the quality of tissues led Tissue Banks to seek
better processing techniques, preservation and sterilization. Gamma radiation is frequently
used in tissue banks and proves to be an effective method for providing terminal sterilization
of biological tissue, but no reports on the deleterious effects of mechanical and biological
properties of the tissue, depending on the radiation dose applied [6].

The application of electron beam radiation is a promising alternative in tissue sterilization
process, and it has some advantages compared to gamma radiation, such as fast operating
system. The main disadvantage is that the low power of penetration of the electron beam in
the material difficult or impossible irradiation, depending on the structure and density of
tissues. The activity and the concentration of BMPs are essential for the efficient
osteoinductive bone grafts but these proteins can be degraded during the process of
sterilization by ionizing radiation and, therefore, may compromise bone transplantation [10].
The protein quantification technique is an important parameter because osteoinduction and
osteogenesis are functional processes of bone grafts and depends quantitatively the of
proteins presence and bone growth factors, there is a positive correlation between BMPs
content in the grafts and the osteoinductivity [5,11].

There are studies with controversies results on the effects of gamma radiation in the
osteoinductive potential in demineralized bone grafts. Munting [12] in 1988 concluded that
the osteoinduction is totally inhibited by gamma radiation doses above 20 kGy. The studies
were conducted with the implementation of DBM in the muscles of mice and rabbits.
However, all grafts were irradiated at room temperature what could explain the failures in
experiments.

In contrast, other authors, Dziedzic-Goclawska [13] et al in 1991 and Wientroub & Reddi
[14] in 1988, irradiated the DBM with gamma rays under controlled temperature conditions
using dry ice and promising results have obtained, which reinforces the hypothesis that bone
tissue irradiated at low temperatures are less susceptible to the radiation damage. Wientroub
& Reddi [14] concluded that a standard dose (25 kGy) of gamma radiation does not alter the
osteoinductive potential of DBM implanted in rat muscle and higher doses (30 to 50 kGy)
even increased this property.

Likewise, Glowacki [15] in 2005, reported that DBM irradiated with doses of 20 kGy to 40
kGy retained 80% of its osteoinductive activity. Dziedzic-Goclawska in 2002, released the
results of frozen bone tissue temperature to -72°C and irradiated with doses of 35 kGy and 50
kGy, when concluded that were no differences in the osteoinductive potential when compared
to non-irradiated bone tissue. However tissues preserved lyophilized and irradiated at room
temperature at the same doses were completely absorbed and lost the ability to produce
osteoinduction.

With the results of the effects of ionizing radiation in the concentration of osteoinductive
proteins, in this study, as reported in Table 2, we see significant reductions BMP-2 in the
control (non-irradiated) only in the groups irradiated at doses 50 kGy (LIOSOAE, GC50y and
GCS50AE). The largest reductions (over 32%) were found in the groups irradiated by electron
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beam. At the doses of 15 kGy and 25 kGy, in any of the conditions, we did not see dose
dependent changes.

The results of the BMP-7 dose, as presented at Table 3, show significant reductions compared
to their respective controls in all irradiated groups by electron beam (LIO15AE, LIOAE?2S,
LIOS0AE, CGI5SAE, CG25AE, CG50AE) and in frozen group irradiated by gamma
irradiation at a dose of 50 kGy (CG50 v). In groups where the reduction was not significant,
we observed a tendency to a dose-dependent decrease (7% to 18%).

Comparing the effects of radiation studied in frozen and lyophilized groups, although not
statistically significant, frozen groups had greater reduction of the concentration of total
protein (13,1% to 36,1%) and BMP-2 (16,8% to 39,4%) and BMP-7 (from 10,1% to 52,6%)
when compared to lyophilized groups (12,5% to 35,6%, 0,0% to 32.6%, 7,4% to 41,7%,
respectively). This evidence can be explained by higher indirect biological effects of ionizing
radiation in the tissues with the greatest presence of water, generating larger amounts of free
radicals and therefore possible damage to bone tissues [16].

In Figures 1 and 2, we note a significant increase in average concentration of BMP-2 per
gram of protein at a dose of 50 kGy gamma radiation in groups, frozen and lyophilized. In
Figure 3 we note a significant increase in average concentration of BMP-7 per gram of
protein in the lyophilized group and irradiated at a dose of 50 kGy. In Figure 4 there was a
significant reduction in mean concentrations of BMP-7 per gram of protein in the samples of
frozen groups and irradiated by electron beam at doses of 15, 25 and 50 kGy. This fact is due
to the different effects of ionizing radiation in which specific proteins (BMP-2 or BMP-7)
concentrations in relation at the total proteins.

Therefore the effects of ionizing radiation damage to bone graft depend primarily on two
factors: (1) the irradiation conditions (radiation dose, dose rate, type of ionizing radiation,
radiation temperature); (2) the physical state of the samples, especially the amount of water
present in bone tissue [16].

CONCLUSION

The ionizing radiation at high dose (50 kGy) causes significant reductions of 35% to 52% of
the total protein concentrations and osteoinductive protein (BMP-2 and BMP-7). It was also
observed that the electron beam radiation causes more deleterious effects, in the bone
proteins studied, when compared which gamma radiation. However, these conditions are not
usually applied to sterilization of bone tissue. In the tissues of the sterilization conditions
normally applied to the bone tissue (15 kGy to 25 kGy of gamma rays), reductions in the
concentrations of osteoinductive proteins BMP-2 and BMP-7 were lower than 20%.
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