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Abstract Objective This study aimed to evaluate the influence of sterilization on the compres-
sive and flexural mechanical strength of hydroxyapatite-based biocomponents
obtained through freeze-dried bovine bone, and its association with chitosan.
Methods Freeze-dried bovine bone was processed into 100 pm particles and mixed
with 50% of its weight in chitosan. The mixture was packed in metallic molds for
preparing the specimens, and sterilized at 127°C using an autoclave for subsequent
experimentation. The specimens were subjected to compression and flexion tests
following norm 5833 of the International Organization for Standardization (1SO), with
6 x 12 mm cylindrical blocks (for compression tests) and 75 x 10 x 3.3 mm plates (for
flexion tests) as samples. The samples were divided into four groups of 20 specimens

Keywords each, with 10 for compression and 10 for flexion tests. Three groups were sterilized

= biocompatible (autoclave, gamma rays, and ethylene oxide), whereas the fourth group (control) was
materials not. The mechanical tests obtained from the different sterilization processes were

= chitosan compared using analysis of variance (ANOVA, p < 0.05), followed by the Tukey multiple

= bone transplantation  comparison test of means, with a 95% confidence interval.

= hydroxyapatite Results The specimens presented mean compressive strengths of 10.25 MPa for the

= mechanical tests control group and 3.67 MPa, 9.65 MPa, and 9.16 MPa after ethylene oxide, gamma ray,
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Introduction

Advances in the health area, combined with engineering and  kind of mutilation or were affected by some disease.

and autoclave sterilization, respectively. Flexion test results showed an average
resistance of 0.40 MPa in the control group, and 0.15 MPa, 0.17 MPa, and 0.30 MPa
after ethylene oxide, gamma ray, and autoclave sterilization, respectively. There were
statistically significant differences observed in the maximum compression of the
ethylene oxide-sterilized group compared with that of the control group
(p=0.0002), gamma ray-sterilized (p=0.0003), and the autoclaved (p=0.0006)
groups. There was a statistically significant difference in maximum flexion of the
specimens sterilized by gamma rays when compared with the control group
(p=0.0245). However, low flexural strengths were observed in all specimens.
Conclusion The autoclave sterilization group did not result in statistically significant
differences in either compression or flexion strength tests. Thus, the autoclave proved
to be the best sterilization option for the hydroxyapatite-based biocomponents in this
study.

Objetivo O objetivo deste estudo foi avaliar ainfluéncia da esterilizagao na resisténcia
mecanica a compressao e flexdo de biocomponentes a base de hidroxiapatita obtida a
partir de osso bovino liofilizado e sua associagdo com quitosana.

Métodos O osso bovino liofilizado foi processado em particulas de 100 pm e
misturado a quitosana em propor¢do de 50% de seu peso. A mistura foi acondicionada
em moldes metalicos para preparo dos espécimes e esterilizada a 127°C em autoclave
para posterior experimentacdo. Os espécimes foram submetidos a ensaios de com-
pressdo e flexdo seguindo a norma 5833 da International Organization for Standardi-
zation (ISO); os espécimes eram blocos cilindricos de 6 x 12mm (para ensaios de
compressdo) e placas de 75 x 10 x 3,3 mm (para ensaios de flexdao). As amostras foram
divididas em quatro grupos de 20 espécimes cada, sendo 10 para ensaios de
compressdao e 10 para ensaios de flexdo. Trés grupos foram esterilizados (por
autoclavagem, raios gama e 6xido de etileno), enquanto o quarto grupo (controle)
nao foi. Os testes mecanicos obtidos nos diferentes processos de esterilizacdo foram
comparados por andlise de varidancia (ANOVA, p<0,05) seguido pelo teste de
comparacao multipla de médias de Tukey, com intervalo de confianca de 95%.
Resultados Os espécimes apresentaram resisténcias médias a compressdo de 10,25
MPa para o grupo de controle e 3,67 MPa, 9,65 MPa e 9,16 MPa ap6s esterilizacdo com
oxido de etileno, raios gama e autoclavagem, respectivamente. Os resultados do teste
de flexao mostraram uma resisténcia média de 0,40 MPa no grupo de controle, e 0,15
Mpa, 0,17 Mpa e 0,30 MPa apés esterilizacdo com 6xido de etileno, raios gama e
autoclavagem, respectivamente. A compressao maxima observada no grupo esterili-
zado com 6xido de etileno foi estatisticamente diferente a obtida no grupo de controle
(p=0,0002), esterilizado com raios gama (p = 0,0003) e autoclavado (p=0,0006). A
flexdo maxima dos espécimes esterilizados com raios gama foi estatisticamente
diferente a observada no grupo de controle (p=0,0245). No entanto, a resisténcia
a flexdo foi baixa em todos os espécimes.

Conclusao A esterilizacdo em autoclave ndo foi associada a diferencas estatistica-
mente significativas nos testes de compressao ou flexdao. Assim, a autoclave foi a
melhor opcdo de esterilizacao para os biocomponentes a base de hidroxiapatita neste
estudo.

ment of techniques that seek to reestablish the total or partial

functions of the organ or tissue of people who suffered some
1

other branches of science, mainly motivated by the increase in As the body ages, joints and bones become fragile, causing
life expectancy and quality of life, have enabled the develop-  pain and restricting certain movements. Thus, orthopedic,
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dental and veterinary implants have been applied with
greater frequency, and many studies are performed to obtain
equipment and, in this case, implant materials such as bone
that meet these new medical needs.?

Biomaterials are more relevant in devices that are tem-
porarily or permanently implanted into the human body.
These improve the bone repair process in the dental, ortho-
pedic and veterinary areas, mainly in bone fractures and
affections, such as: small bone defect in elongation or
shortening of extremities, corrective addition or subtraction
osteotomies, dental and orthopedic prostheses, tumoral
bone defects, and pseudoarthrosis.

These materials differ from others because they contain a
combination of mechanical, chemical, physical, and biologi-
cal properties that make them viable to be used inside the
human body.> Among the several materials that are con-
stantly being tested and evaluated in the laboratory are
hydroxyapatite—with proven osteoconductive function—
and chitosan—a biopolymer capable of stimulating the re-
lease of cellular cytokine inducers. The combination of these
biomaterials consolidates their advantages into a single
compound that accelerates the bone regeneration process,
especially in cases of fractures with delayed or poor bone
union.

Hydroxyapatite is one of the most biocompatible ceramics
due to its similarity with the minerals that constitute human
bones and teeth.? It has various advantages such as uniform
composition, high biocompatibility, safety—it is not toxic,
allergenic, or carcinogenic—and completely controllable mi-
crostructure (pore size).” Therefore, it has been studied as a
potential substitute material for bone and dental implants.®
Some studies used hydroxyapatite with different propor-
tions of calcium and phosphorus to verify its function in bone
regeneration based on its osteoconductive property.”-®

Kong et al.? conducted an in vitro study to investigate the
bioactivity of chitosan/hydroxyapatite and observed that the
composite presented better bioactivity than chitosan alone.
Chitosan is obtained from chitin, a polysaccharide found
abundantly in nature, primarily in crustaceans, insects,
and fungi. Chitosan is obtained from chitin by a process of
chemical or enzymatic deacetylation.10 The antimicrobial
and antioxidant properties of chitosan led to its numerous
applications in different fields, including the food industry,
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cosmetic and personal care products, wastewater manage-
ment, pharmacological products, and implantable
materials.'"12

In this study, it was determined that we cannot use these
biomaterials, hydroxyapatite and chitosan, in the human
body without going through the sterilization process, which
weakens the mechanical structure of these components,
changing their resistance. Based on that, this referent study
aims to research the best sterilization method that allows its
use without changing the characterization of the material
and losing its resistance. Therefore, hypotheses are made
regarding the best sterilization method. The chosen methods
can be divided into physical (heat, filtration, and radiation)
and chemical (phenolic compounds, chlorhexidine, halo-
gens, alcohols, peroxides, ethylene oxide, formaldehyde,
glutaraldehyde, and peracetic acid).

Therefore, this study aims to analyze the effect of sterili-
zation on the mechanical strength of lyophilized bovine bone
(hydroxyapatite) that was processed and mixed with chito-
san at 50% by weight. The specimens from the different
groups were submitted to compression and flexion tests
according to norm 5833 of the International Organization
for Standardization (ISO).

Materials and Methods

For this study, 10 bovine femurs were obtained from animals
between 2 and 3 years of age from slaughterhouses in the
Southern Region of Brazil. A flowchart of this study’s chemi-
cal and mechanical processes was prepared to facilitate the
execution (~Fig. 1).

Initially, the muscular portion of the bones was removed,
then cleaned and degreased with hydrogen peroxide and
saline solution. Bone fillets were prepared using a band saw,
frozen in an ultrafreezer (—70°C), and lyophilized using a
LS3000 Terroni (Terroni Elec., Sdo Carlos, SP, Brazil) freeze-
drier (~Fig. 2). Freeze-drying was performed over a period of
5 days to remove all bone moisture by sublimation. After
lyophilization, the bones were cut into blocks, triturated, and
ground using a SPLabor Parakeet Mill (SPLabor. Presidente
Prudente, SP, Brazil) model 16 at an average rotation of 50
RPM, using 30 @8 mm and 80 @15 mm spheres (=~Fig. 3). The
grinding was performed for 6 to 12 hours, until it reached a

(=)
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Fig. 1 Flowchart of the chemical and mechanical processes in the experimental study.
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Fig. 2 Freeze-dryer Terroni LS 3000 model.

Fig. 3 Parakeet Mill SPLabor model 16.

maximum granulometry of 100 um, as verified using the
Mastersizer 3000 (Malvern Panalytical. Malvern, United
Kingdom) equipment (~Fig. 4).

For mixing the inputs, first the materials were weighed in
a Shimadzu analytical balance, model AY220. Chitosan was
added, with a proportion of 50% in weight, to lyophilized
bovine bone in a Marconi industrial mixer (Marconi Ltda.
Piracicaba, SP, Brazil) for a period of 3 minutes. To make an
alloy, 3.5 mL of distilled water was added for every 10g of
powder. After homogenization, the composite was inserted
into metal molds to make the specimens. These were made in
standardized templates, manufactured according to ISO
5833. The molds were filled with the bone mixture after
applying the release agent WD-40 (Theron Marketing Ltda.
Curitiba, PA, Brazil) in the holes to facilitate the subsequent
removal of the components. Metallic molds with dimensions
of 6 x12mm (compression test) and 75 x10 x3.3mm
(flexion test) were used (~Fig. 5A and 5B). Steel 316L plates
were used for the lower and upper ends of the molds to
facilitate sample extraction. A pachymeter was used to verify
the specimens’ standardization.

The molds were immobile for 7 days and the removal was
aided by an extruder tool formed by a handle of clinical grade
dental mirror (size no. 5). Thereafter, the samples were
stored away from humidity and light, at an average temper-
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Fig. 4 Mastersizer 3000.

ature of 23°C, to prevent interference until the application of
mechanical loads.

After the calibration process, they were sterilized in
four groups of 20 units each using autoclave for the first,
gamma rays for the second, and ethylene oxide for the
third group.

The results of the mechanical tests obtained from the
different sterilization processes performed were compared
using analysis of variance (ANOVA), followed by the Tukey
multiple comparison test of means, with a 95% confidence
interval. Statistical analysis was performed using the Sta-
tistica (Statsoft Inc., Tulsa, OK, USA) software, version 7.0.
The values considered as statistically significant were
p <0.05.

Autoclave

Autoclaving sterilization was performed in the Sterilization
Center of the Hospital Sdo Vicente de Paulo in Passo Fundo,
RS, Brazil. The material was sterilized at a water boiling
temperature of 121°C for 15 minutes.

We used the 300-L STERIS Industrial Autoclave (Future
Health Concepts Inc. Sanford, FL, USA) model SV 3043,
following all the protocols required by the Brazilian Health
Surveillance Standards.

Gamma Rays

The specimens were sent to Companhia Brasileira de Ester-
ilizacdo (EMBRARAD. Cotia, SP, Brazil) for application of
gamma rays using a Linear Cobalt 60 Accelerator (Nordion
Inc. Ottawa, ON, Canada) models ]S 7500 and ]S 9600.

All the controls and documentation of the process were
followed, as foreseen by the ISO 9001 standard. They were
made with 3 cycle times of 218" for the ]S 9600 model and 2
cycle times of 7°45” for the JS 7500 model.

Vol. 57 No. 6/2022 © 2022. Sociedade Brasileira de Ortopedia e Traumatologia. All rights reserved.



Fig. 5 (A) Compression matrix. (B) Bending matrix.

Ethylene Oxide
The sterilization method using ethylene oxide gas was
performed in a Baumer autoclave (Baumer, Sdo Paulo, SP,
Brazil) with a 700 L capacity for 3 to 4 hours of exposure.
The ethylene oxide gas is injected into the chamber once it
reaches the pressure and temperature levels adjusted to the
exposure time. After exposure to ethylene oxide, the material
goes through a vacuum processing phase with nitrogen
injection sequence, to completely remove the gas and reduce
the risk of poisoning.

Mechanical Tests

The tests were performed using the SCHENK machine (Hang-
zhou Jizhi Mechatronic Ltd. Hangzhou, China) from the
Mechanical Engineering Laboratory of the Universidade de
Passo Fundo, in the Southern Region of Brazil.

Of the 80 samples, 40 units were assayed for flexion and
40 for compression. The samples were divided into 60 units
that went through a sterilization process, 20 each for auto-
clave, gamma rays, and ethylene oxide, while the other 20
control samples did not undergo sterilization. The tests were
performed according to ISO 5833 (~Fig. 6A).

Fig. 6 (A) Compression test. (B) Bending test.

Tagliari et al.
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Compression Test

According to ISO 5833, samples for compression testing
should be made in cylindrical matrices with dimensions of
6mm in diameter and 12 mm in length. In our study, the
speed of application of compressive force was constant with
values between 19.8 and 25.6 mm/min.

Bending Test

The flexural test follows the ISO 5833 standard, which
proposes a minimum flexural strength of 1800 MPa and an
upper flexural modulus starting at 50 MPa. The standard also
suggests recording the flexural values found when the load-
ing was equal to 15N (initial) and 50N (~Fig. 6B), in addition
to the rupture force of the specimen.

Results

In all compression and flexural tests, supraphysiological
loads were used to break the specimens.

In the compression tests, there was no statistically signif-
icant difference observed between the control and gamma
ray-sterilized groups (p=0.9634), control and autoclave-
sterilized (p =0.8170), and gamma rays and autoclave steril-
ized groups (p=0.9784). However, there were statistically
significant differences observed in the maximum compres-
sion of the ethylene oxide-sterilized group compared with
the control (p =0.0002), gamma ray-sterilized (p =0.0003),
and the autoclaved (p=0.0006) groups. These results indi-
cate that there is a loss of resistance to compression when the
biomaterial specimens are sterilized by ethylene oxide. Thus,
ethylene oxide is not a good alternative for the sterilization of
the composite studied.

Considering the flexural strength, there was no statistically
significant difference between specimens from the control and
ethylene oxide sterilized groups (p=0.0764), control and
autoclave-sterilized (p=0.5816), ethylene oxide-sterilized
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and autoclaved (p =0.4182), ethylene oxide and gamma ray-
sterilized (p=0.9954), and gamma ray-sterilized and auto-
claved groups (p =0.3230). However, there was a statistically
significant difference in maximum flexion of the specimens
sterilized by gamma rays when compared with the control
group (p=0.0245). Therefore, there was a significant loss of
flexural strength when comparing the specimens sterilized by
gamma rays with the control group.

Although there were no statistically significant differ-
ences observed in the control group to flexural strength,
ethylene oxide caused an important loss of strength of the
material. However, low flexural strengths were observed in
all specimens. Moreover, the autoclave sterilization group
did not present statistically significant differences in either
compression or flexion strength tests (~Table 1, =Figs. 7
and 8).

Discussion

According to the studies by Somfai et al.'> (2010) they
mention that it is interesting to use a compound of hydroxy-
apatite and chitosan, combining the osteoconductive char-
acteristic of the first with the biodegradability and
mechanical resistance of the second. They reported that after
60 days, complete degradation of the biomaterials was not
observed in implants for dogs. However, for Danilchenko

14 T v

Table 1 Average values of resistance of specimens sterilized
using different processes

Sterilization Maximum Maximum
process compression bending

(MPa) - Average (MPa) - Mean

value (+SD) value (+SD)
Control 10.25 (+3.14)? 0.40 (+0.24)?
Ethylene oxide 3.67 (+£0.88)° 0.15 (+£0.06)* ®
Gamma rays 9.65 (£3.58)" 0.17 (+0.07)®
Autoclave 9.16 (£2.67)° 0.30 (£0.17)>®

Abbreviation: SD, standard deviation. Notes: * ° Equal letters in the
same column indicate values belonging to the same homogeneous
group, in which there was no statistically significant difference between
its components, according to the Tukey test, at a 95% confidence
interval.

et al.'" (2009), who evaluated that the same composite,
implanted in the tibia of rats, had good osteoconductive
properties and biodegradation was practically complete,
suggesting that the total replacement of the
hydroxyapatite/chitosan implant by the neoformed bone
tissue inside of bone failure occurs up to the 24th day after
implantation. This difference was probably due to the differ-
ence between species (the metabolism rate of rats is higher

12 | -

10

Maximum Compression (MPa)

0 A A

—0— Mean _|_ Confidence interval (95%)
; ; ]

Control

Ethylene Oxide

Gamma Rays Autoclave

Sterilization

Fig. 7 Values of average compressive stress found in the different groups.
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Fig. 8 Values of average stress to bending found in the different groups.

than that of dogs). Fontes' (2009), in a study with hydroxy-
apatite to assess alveolar bone regeneration in dogs, found
that at 60 days there was still the presence of the biomaterial.
It was concluded that more studies are necessary to evaluate
the biodegradation time of this compound.

According to the study by Rolim et al.'® (2018) there was a
more favorable biological response when chitosan was asso-
ciated with other biomaterials. Therefore, it is important to
continue scientific investigations with the use of these
natural biopolymers, to better understand their role in cell
behavior, as well as to improve manufacturing methodolo-
gies that can expand their clinical use in bone regeneration.
With ongoing scientific investigations in all relevant areas of
knowledge and in biomaterials, it is expected that many bone
diseases—such as bone loss due to trauma, bone resection
due to tumors, bone aging, as well as skeletal, metabolic, or
genetic alterations—will be successfully treated with new
bone regeneration protocols.

As reported by Rosito'” (2006 ), the freeze-drying process
may cause damage to the properties of the bone, especially to
resistance. However, other studies using freeze-dried and
frozen human and bovine bone grafts in acetabular recon-
struction of patients found that the resistance property of
these grafts was similar. With the application of compression
tests, one can evaluate the resistance of freeze-dried bone
and observe whether the mechanical properties are not
altered.'” Another study on freeze-dried bone showed a
weakening of the grafts after the tests.'® Resistance to torque
was also applied to freeze-dried bones, showing an alarming
loss of 88% of the original resistance.'® In contrast, there were
studies reporting that lower humidity increased the bone’s

mechanical resistance.’? Furthermore, it has been demon-
strated that freeze-dried human bone presents greater me-
chanical resistance to compression than fresh bone.

Although the biological aspect is not the focus of this
study, it should be noted that Galia’s?'(2004) and Kakiuchi
et al.’s?? (1996) biopsy studies, performed in hip and knee
prosthesis reviews, observed signs of integration of hydroxy-
apatite graft, characterized by the presence of necrotic bone
trabeculae, involved by newly formed bone tissue, marrow
hematopoietic, and adipose cells.

In his study, Mendes®3 (2006) used metal molds contain-
ing 48 cylindrical-shaped holes with dimensions of 6
x12mm to prepare bone cement specimens. The author
used a universal mechanical test press to which a load cell
of 49050N (5000 kgf) had been attached at the speed of
20 mm/min. In this research, the author used 5 samples of 5
brands of bone cement found in the market. The tests were
performed as described in ISO 5833. The tests ended when
the cylinder broke or when it exceeded the yield limit.
Mendes?® (2006) demonstrated that all the brands consid-
ered in the study were in accordance with the standard, as
they presented a compressive strength higher than 80 MPa
while the standard requires a minimum value of 70 MPa.

The specimens analyzed in freeze-drying studies are
varied, without standardization. In cubic samples, the length
varies between 88 and 100 mm, width between 8 and 30 mm,
and thicknesses between 2 and 15 mm.>>?"-?4 Cylindrical
samples vary less and are between 8 and 10 mm.?>*?® Based
on these studies, we chose different sample sizes to guide the
real significance, since this characteristic may influence the
outcome of the procedure. Finally, these samples were
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discarded, since no significant difference was observed in the
compression and flexion tests.

To generate a completely dry sample without wasting
time, we studied the change in mass every 24 hours of the
process and concluded that 120hours are a satisfactory
time. As a final step before the use of the grafts, sterilization
is necessary to inhibit any type of antigenicity that may
cause damage to patients.?” One of the first sterilization
techniques used ethylene oxide as a substrate. However,
over time, its use was substituted due to its toxic effects.?®
Gamma radiation doses equal to 25 kGy have shown to be
promising for sterilization of bone bacteria, with no resis-
tance loss;%'827-22 however, there are cases in which the
permanence of prions (infectious protein particles) and of
the HIV virus could only be eliminated with higher doses of
radiation.?’ Loss of mechanical resistance is observed when
higher doses of gamma radiation are used.3%3' The auto-
clave process, which stipulates the use of temperatures
higher than 120°C to exterminate infection risks to the
recipient, can be used as an option for steriliza-
tion.>'421:26.27 In  contrast, this process significantly
reduces the mechanical resistance of the bone graft.'® There
is still no consensus on the best method to sterilize lyophi-
lized bones.?®

Additionally, the ethylene oxide sterilization process is
normally performed with temperatures in the range of 40°C
to 60°C, relative humidity with an optimum point between
40% and 80%, and a gas concentration usually above 400mg/L
(optimal point of efficiency) with an average cycle duration
from 3 to more than 10 hours.>° This method was used due to
the low temperature in the sterilization process, in which the
deformation of the used inputs does not occur.

Comparing previous studies with ours, it was possible to
verify that there was no statistically significant difference in
flexural strength between specimens from the control and
ethylene oxide-sterilized groups (p=0.0764), control and
autoclave-sterilized (p =0.5816), ethylene oxide and auto-
clave sterilized (p =0.4182), ethylene oxide and gamma ray
sterilized (p =0.9954), and gamma ray and autoclave steril-
ized groups (p =0.3230). However, there was a statistically
significant difference in maximum flexion of the specimens
sterilized via gamma rays when compared with the control
group (p =0.0245). Although there was no significant differ-
ence in the control group, ethylene oxide caused loss of
resistance of the material. Therefore, autoclaving seems to be
a better option for sterilization of the studied biomaterial, as
it did not result in significant losses of resistance either to
compression or flexion.

Conclusion

The present study evaluated the influence of the sterilization
processes (autoclave, ethylene oxide, and gamma rays) on
biocomponents containing hydroxyapatite and chitosan in
the proportion of 50% weight. The different processes of
sterilization evaluated can cause different losses of resis-
tance compared with the non-sterilized biomaterial. The
autoclave sterilization process did not result in significant

Rev Bras Ortop

loss of resistance to compression and flexion, proving to be a
good option for the sterilization of the hydroxyapatite-based
biocomponents studied here.
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