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Abstract Terminal sterilization of bone allograft by
gamma radiation is required to reduce the risk of
infection. Free radical scavengers could be utilized to
minimize the deteriorating effects of gamma radiation
on bone allograft mechanical properties. The objective
of this research is to assess the changes in structural
and chemical composition induced by hydroxytyrosol
(HT) and alpha lipoic acid (ALA) free radical
scavengers in gamma sterilized cortical bone. Bovine
femurs specimens were soaked in different concen-
trations of HT and ALA for 7 and 3 days respectively
before irradiation with 35 KGy gamma radiation. The
attenuated total reflection-Fourier transform infrared
spectroscopy and the X-ray diffraction techniques
were utilized to analyze the changes in chemical
composition induced by irradiation in the presence of
free radical scavengers. A significant increase in the
proportion of amide I and amide II to phosphate was
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noticed in the irradiated group, while in the pretreated
groups with ALA and HT this effect was minimized.
In addition, gamma radiation reduced the mature to
immature cross links while ALA and HT alleviated
this reduction. No significant changes were noticed in
the mineral crystallinity or crystal size. Bone chemical
structure has been changed due to gamma irradiation
and these changes are mainly relevant to amide I,
amide II proportions and collagen crosslinks. The
deteriorating effects of gamma sterilization dose
(35 kGy) on chemical structure of bone allograft can
be alleviated by using (HT) and (ALA) free radical
scavengers before irradiation.

Keywords Bone allograft - Gamma sterilization -
XRD - FTIR - Hydroxytyrosol - Alpha lipoic acid

Introduction

Bone allograft is used to fill a bone cavity, to enhance
primary union or arthrodesis, reconstructive surgery,
tumor surgery and osteoarticular reconstruction (Mi-
namisawa et al. 1995). The risk of transmission of
infectious diseases with tissue allografts is a main
issue in the field of tissue banking (Kaminski et al.
2010). Microbial contamination can still exist after
aseptic tissue procurement and processing techniques,
so terminal sterilization of tissue allograft is necessary
(Kairiyama et al. 2009).
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Gamma radiation sterilization is utilized by many
tissue banks (Allaveisi et al. 2015) due to its good
penetrability inside matter; it enables the sterilization
of materials in closed wrappings which avoid recon-
tamination during packing and its high efficiency in
the inactivation of pathogens (micro-organisms)
(Bargh et al. 2020; Dziedzic-Goclawska et al. 2005).
Although a radiation dose of 25 kGy is the reference
dose recommended by the International Atomic
Energy Agency for the sterilization of tissue grafts
(Singh et al. 2016), greater doses are required to
sterilize against radiation-resistant viruses (Barth et al.
2011). Gamma radiation sterilization weakens the
bone mechanical properties which is a main clinical
concern because bone grafts are utilized in load
bearing applications (Akkus et al. 2005). The use of
free radical scavengers is one of the developing
strategies to overcome the detrimental effect of
gamma radiation without deteriorating the sterility of
bone graft (seema et al. 2008).

El-Hansi et al. 2020 found that the mechanical
properties of cortical bone preatreated with HT and
ALA before gamma sterilization can be preserved
with maintaining the sterility assurance level. Attia
et al. (2017) showed that the mechanical properties of
irradiation-sterilized cortical bone allografts could be
preserved by incubating the bone in a ribose solution
before irradiation. Furthermore, Allaveisi et al. 2015
found that N-Acetyl-L-Cystein free radical scavenger
can preserve the cortical bone against the damaging
effects of ionizing radiation and could be utilized to
enhance the material properties of sterilized allografts.
According to a study by Willett et al. (2015), it has
been found that irradiation-sterilized bone with
enhanced mechanical properties can be obtained by
pre-irradiation ribose treatment that led to a more
stable and connected collagen network. Akkus et al.
(2005) study indicated that blocking the activity of
free radicals with a thiourea scavenger decreases
collagen damage and helps to preserve the mechanical
strength of sterilized tissue.

However, these experiments examined only the
macroscopic behaviour of bone, making it difficult to
establish definite predictions about how the individual
phases (collagen and hydroxyapatite) are influenced
by radiation in the presence of radioprotectors.

Among the techniques to assess the bone quality,
Attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR) and X-ray diffraction
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(XRD) are the two major applied techniques (Sasso
et al. 2018; Querido et al. 2018; Rana M et al. 2017).
ATR-FTIR spectroscopy is commonly used in bone
characterization studies (Paredes et al. 2017) because
it provides useful information on the chemical com-
position and structure of both the organic and mineral
phases (Sasso et al. 2018). The periodic arrangement
of atoms in mineral crystals and the periodicity of the
gap-overlap region of collagen fibers provide the
efficacious use of X-ray diffraction (XRD) of bone
nanostructure studies (Almer and Stock 2007).

The purpose of the present research is to assess the
radiporotective effect of alpha lipoic acid (ALA) and
Hydroxytyrosol (HT) free radical scavengers on the
physicochemical properties of bovine cortical bone
allograft during gamma radiation sterilization at
microstructure level. XRD and ATR-FTIR techniques
were used to analyze the changes in crystallinity and
chemical composition induced by irradiation in the
presence of free radical scavengers.

Materials and methods
Specimen preparation

Fresh bovine femurs (aged between 18-24 months)
were acquired and kept frozen at — 20 C until
sectioning. Before cutting, bones were first cleaned
as previously mentioned by El-Hansi et al. 2020. The
specimens had a thickness of 3 mm, a width of
10 mm, and a length of 70 mm. All specimens were
taken from locations longitudinal to the bone long axis
(Fig. 1). Four groups (10 specimens for each group)
were assigned to each antioxidant: control, antioxidant
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Fig. 1 The preparation processes of Bovine bone specimens
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treated, irradiated and antioxidant

irradiated.

pretreated

Antioxidants treatment

The effect of HT and ALA on bone mechanical
properties was examined through a pilot study as
mentioned in El-Hansi et al. (2020).The concentra-
tions of 9 mM ALA for 3 days and 0.25 mM HT for
7 days bone soaking, have been chosen based on this
pilot study.

Gamma irradiation

Gamma cell unit (Cobalt-60, 1.85 KGy/hr) in the
National Center for Radiation Research and Technol-
ogy (NCRRT, Cairo, Egypt) were used for irradiation.
Three groups were irradiated, two of them were first
treated with HT (0.25 mM for 7 days) or ALA (9 mM
for 3 days) then irradiated to 35 KGy in the presence
of the antioxidant while, the other group was only
irradiated to the same dose. Specimens were frozen
before irradiation to reduce water mobility and
subsequently free radicals production.

ATR-FTIR analysis

The infrared spectra were acquired in a Fourier
transform infrared spectrometer using the platinum
ATR diamond mounted on FT-IR (Bruker Vertex 70).
Post irradiation, all samples were assessed in the
middle infrared frequency range (from 4.000 cm ™' to
400 cm™ ") which is the appropriate range to charac-
terize all bands from organic and inorganic com-
pounds found in non-irradiated and irradiated samples
(Zezell et al. 2015). All measurements were carried
out in 4 cm™ ! step.

ATR-FTIR evaluates the changes which occur in a
totally internally reflected infrared beam as the beam
comes into contact with a sample. ATR-FTIR has
advantages over FTIR in that it is a rapid, non-
destructive technique, spectra differences because of
sample preparation is reduced (Surovell and Stiner
2001).

Related to inorganic matrix, the considered absorp-
tion bands for this study in the bone ATR-FTIR
spectrum were the superposition of the vjand vivi-
bration modes of phosphate (1300-900 cm™"), the
vyvibration mode of phosphate (770—480 cm™!) and

the v, vibration mode of carbonate (890-850 cm_l).
The main organic absorption bands were amide I
(1680—1600 cm™"), amide II (15801480 cm™') and
amide IIT (1300-1200 cml). The areas under the bands
were calculated and the normalization of the sperctra
was performed for all aforementioned absorption
bands.

X-ray diffraction (XRD) analysis

Crystal structure measurements were carried out by
X-ray diffractometer (Shimadzu XRD-6000) at 40 kV
and 30 mA by using Cu- Ko radiation (4 = 1.5405 A).
The above mentioned operation conditions were
maintained during all the relevant measurements.
Each sample was scanned at 20 scan range from 4° to
90°. The crystallite size was determined using Winfit
software (Winfit 1.2-S. Krumm, Institiit fiir Geologie-
Erlangen). Peak width at half maximum (FWHM) and
peak centerline location for (002) diffraction peak
were calculated over the range 25°-26.5° 20 (Fig. 2).

Statistical analysis

The data in the current study are presented as
mean =+ standard deviation.SAS software (version 9)
was used in performing the statistical analysis and the
one way analysis of variance (ANOVA) was used in
determining the significance differences between
groups.
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Fig. 2 XRD pattern of bovine cortical bone and (002)

diffraction peak at 25.8°, which was used to determine the
average crystal size in the c-direction
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and IIT (1300-1200 cm-1) contents are relevant to the
content of collagen in the hard tissue organic matrix,
so the analysis of these bands may provide useful
information on the conformation and denaturation of
this molecule. The infrared bands of carbonate
(890-850 cm™') and phosphate (1300-900 cm ™"
and 770-480 cmfl) are relevant to the carbonated
hydroxyapatite, the main component of hard tissues
(Figs. 3, 4).

In addition, amides to phosphate (1300-900 cm ™)
band areas ratios are relevant to the proportion of
collagen and the hydroxyapatite, while carbonate to
phosphate (1300-900 cm™') band area ratio repre-
sents the carbonate substitution level in the hydrox-
yapatite crystal (Fig. 5).

Each peak in the ATR-FTIR spectrum was first
linearly baseline corrected between the two wavenum-
bers given above. The area under a band is directly
proportional to the concentration of the chemical
species which gives rise to the particular band.
Nevertheless, it is better to use ratios between
reference peak heights or areas, because the compar-
ison parameters resulting from single band is sub-
jected to uncertainty due to sample variations. Thus,
for a semi-quantitative comparison between groups,
the background signal was subtracted. After normal-
ization by vyand vsvibration modes of phosphate band
area (1300-900 cm™ "), the considered bands areas
were determined. The second derivative analysis was
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Fig. 3 ATR-FTIR spectrum of cortical bone specimens of
different Alpha lipoic acid (ALA) treated groups
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Fig. 4 ATR-FTIR spectrum of cortical bone specimens of
different Hydroxytyrosol (HT) treated groups

conducted to assess the presence and position of
infrared bands.

Figures 3, 4 showed the ATR-FTIR spectra from
400-1800 cm ™' (fingerprint region) for different ALA
and HT treatment groups respectively, which provides
information of vibration modes relevant to organic and
inorganic bone content. It is noted that there is no
significant change in the band’s detection or in the
positions of the band when comparing the spectra of
each group.

Figure 5a, b showed the proportion of organic
(amide I, amide II and amide III) relevant to phosphate
and Fig. 5b, d showed the proportion of carbonate
relevant to phosphate content of the irradiated groups
in the presence and absence of ALA and HT respec-
tively. In AL A experiment, it is observed a statistically
very highly significant increase (13.23%, P < 0.001)
in the proportion of amide I to phosphate and also
highly significant increase (23.81%, P < 0.01) in
amide II to phosphate of the only irradiated group.
There were not any significant changes in ALA treated
group and pre-treated irradiated. In HT experiment,
there was a highly significant increase (14.52%,
P < 0.01) in the proportion of amide I to phosphate
and also highly significant increase (28.57%,
P < 0.01) in amide II to phosphate of the only
irradiated group. While the pre-treated irradiated
group by the specific concentration of HT showed a
significantly increase in the proportion of amide I to
phosphate (4.84%, P < 0.05) (Fig. 5a,b).

The proportion of amide II to phosphate didn’t
show any significant change in HT treated and
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pretreated irradiated groups. Also, the proportion of
amide I to phosphate in HT treated group didn’t show
any significant change. As regards the amide III
content relevant to the phosphate band, no statistical
differences were observed in all groups (Fig. 5a, b).
The same findings were observed when evaluating the
ratio of carbonate relevant to phosphate (Fig. 5c, d).
The ATR-FTIR technique is also capable of
providing quantitative information on the maturation
of collagen in bones. The sub-bands of amide I bands
(1660 cm™" and 1690 cm™") were analyzed by con-
ducting the second-derivative curve-fitting of the
amide I peak. To deconvolute amide I band, the
relevant band is separated from primary spectra of
bone ranging from 1600 to 1700 cm™"'. And then, the
second-derivative spectral analysis has been used to
locate the position of the overlapping components
(Figs. 6, 7). The sub-bands of amide I bands
(1660 cm~! and 1690 cm_l), which are relevant to
the collagen cross links pyridinoline (Pyr) and
dihidroxinorleucine (DHLNL), were analyzed and
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the ratio of these bands area represent the proportion
between mature and immature collagen crosslinks.

Six Gaussian peaks have been selected to fit the
amide I band: 1610 cm ™' (aromatic rings), 1630 cm™!
(f-sheets), 1645 cm ™! (random coils), 1661 cm ™! (a-
helix), 1678 cm™! (f-sheets) and 1692 cm™ ! (turns)
(Figs. 6, 7). The above peaks were selected on the
basis of the second derivative of the average spectrum
of specimens and known peak-positions in the liter-
ature (Chadefaux et al. 2009).

In ALA experiment, the results indicated that
gamma irradiation led to very highly significant
(26.44%, P < 0.001) decrease in the collagen cross
links ratio of the irradiated group and a significant
increase (17.33%, P < 0.05) in ALA treated group
while the pre-treated irradiated group by the specific
concentration of ALA alleviated the aforementioned
reduction by a noticeable percentage (23.07%) com-
pared with the irradiated group (Table 1). In HT
experiment, there was a highly significant (18.29%),
P < 0.01) decrease in the collagen cross links ratio of
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Fig. 6 Curve-fitting analysis of ATR-FTIR amide I band of cortical bone specimen in Alpha lipoic acid (ALA) group

the irradiated group and a highly significant increase
(24.25%, P < 0.01) in HT treated group while the
reduction in this ratio was alleviated by noticeable
percentage (12.97%) in the HT pre-treated irradiated
group when compared with the irradiated group
(Table 2).

The crystallinity index (CI), which known also as
splitting factor (SF), is a function of the extent of
splitting of the two absorption bands at 597 cm™ 'and
551 cm™ ' correspond to A and B in Fig. 6 (Olsen et al.
2008). It provides a quantitative measure of structural
order based upon the broadening of bending vibration
bands of phosphate. And it is measured as described by
Nagy et al. (2008). In practice, on ATR-FTIR a
common baseline was made across the v,PO;~* band
(770-480 cm™") from which the heights of points A, B
and C were measured (Fig. 8).

The crystallinity index (splitting factor) was calcu-
lated according to the following equation:
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Cl= (I, +1Ip)/Ic

where Iss; = intensity of 551 cm~! band (A); Is97.
= intensity of 597 cm™! band (B); and 1555 = inten-
sity of 558 cm ™! band (C).

The changes in crystallinity (CI) as a result of
irradiation and antioxidants treatments are shown in
Fig. 9. The results revealed that the changes in mineral
crystallinity in all groups are not statistically
significant.

The X-ray diffraction patterns obtained from the
bovine cortical bone specimens in the absence and
presence of ALA and HT are shown in Figs. 10, 11
respectively. These figures presented a typical poorly
crystallized pattern of hydroxyapatite in a hexagonal
symmetry (Wang et al. 2010).

In order to investigate the effect of gamma radiation
and radioprotecors on the crystallinity of bone
allograft, the variation of the crystallite size values
was calculated. As the largest dimension in bioapatite
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Table 1 Collagen cross linking ratio of the control and Alpha
lipoic acid (ALA) treatment groups

Table 2 Collagen cross linking ratio of the control and
Hydroxytyrosol (HT) treatment groups

Collagen cross links 1660/1690

Collagen cross links 1660/1690

Control 9.988 + 0.253
Radiation 7.347 £+ 0.335%
ALA 11.719 £ 0.396*

ALA + Radiation 9.042 £ 0.095*

Control 8.621 4+ 0.322
Radiation 7.044 £ 0.243%
HT 10.712 £ 0.396F

HT + Radiation 7.958 £+ 0.342

Values indicate mean + SD
*P < 0.05, tP < 0.01, 1P < 0.001

crystals is typically parallel to the c-axis, the changes
in (002) data are relevant to the lattice parameters
along the crystal length. Thus, the characteristic peak
at 25.8° for the (002) plane was used to measure the
size of the apatite crystals (Wang et al 2010). So each
002 diffraction peak at about 25.8° (26) in the XRD

Values indicate mean + SD
*P < 0.05 tP < 001,iP< O

patterns was isolated from the neighboring peaks, and
therefore was able to measure the FWHM value for the
002 diffraction. Tables 3, 4 listed the obtained crystal
size values for the 002 diffraction peak along the
c-axis. It is worthy to note that the relative high
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intensity of the base-line observed in XRD patterns (as
clearly shown in Fig. 2) may be attributed to the
presence of amorphous material and/or overlapping
with the diffraction effect of collagen (Alessandro et al
2015). Statistical analysis showed that the changes in
all groups are non-significant (Table 3, 4).

Discussion

Bone is a multi-phase hierarchical structure compris-
ing of inorganic and organic components, and water
(Allaveisi et al. 2013). The organic fraction is
predominantly collagen with 20-30% in the entire
bone tissue and 90% in the organic component

(@
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Fig. 10 XRD patterns of cortical bone specimens of different
Alpha lipoic acid (ALA) treated groups

(Chadefaux et al. 2009). Type I collagen represents
85-90% of the total bone protein (Barth et al. 2011).
Bone also contains non-collagenous proteins, lipids
and water (about 10%). The major inorganic matrix
part is hydroxyapatite crystal, which has a structure
similar to calcium hydroxyapatite Cay (PO4)s(OH) ,
mineral (Paschalis et al. 2017) and it represents
60-70% of the bone tissue (Chadefaux et al. 2009).
The mechanical properties of bone are highly depen-
dent on its micro-structural properties (Potdevin et al.
2012). The degree of crystallinity and ion substitution
(carbonate substitution in HAP) of the hydroxyapatite
(HAP) regulates bone stiffness response (Chauhan
et al. 2018) while the collagen plays a major role in
impacting the postyield properties and the overall

(b)
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Crystallimity index

31
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Fig. 9 a,b Mean values of cortical bone crystallinity index at different Lipoic acid (ALA) and Hydroxytyrosol (HT) treatment groups
respectively. The error bars show the standard deviation of the means.* P < 0.05, P < 0.01, { P < 0.001

@ Springer



Cell Tissue Bank (2021) 22:305-321

313

Control
—— Radiation
— HT
—— HT + Radiation

20 25 30 35 40 45 50
20 (degree)

Fig. 11 XRD patterns of cortical bone specimens of different
Hydroxytyrosol (HT) treated groups

Table 3 Crystal size of the control and Alpha lipoic acid
(ALA) treatment groups obtained from XRD

Crystal size (nm)

Control 18.9 £+ 0.091
Radiation 18.95 £ 0.751
ALA 18.5 £ 0.319
ALA + Radiation 18.75 +£ 0.29

Values indicate mean = SD *P < 0.05, 1P < 0.01, {P <
0.001

Table 4 Crystal sizes of the control and Hydroxytyrosol (HT)
treatment groups obtained from XRD

Crystal size (nm)

Control 17.25 £ 1.328
Radiation 17.45 £ 0.405
HT 17.35 £ 0.29

HT + Radiation 17.15 £ 0.578

Values indicate mean & SD *P < 0.05, P < 0.01,
1P < 0.001

toughness of bone tissue (Wang et al. 2002). The
deterioration of either the collagen or the mineral may
have a major and unpredictable influence on the entire
mechanical and material properties of the bone,
making it difficult to determine the contribution of
each bone (Burr 2002).

Gamma irradiation is commonly used for terminal
sterilization of bone allografts. It detrimentally affects
the mechanical properties of bone allografts on a dose-
dependent manner (Nguyen et al. 2007). The deteri-
orated effects of gamma irradiated bone occur through
two mechanisms: direct and indirect effects. Directly,
gamma irradiation causes scission sites in the polypep-
tide chains (Dziedzic-Goclawska et al. 2005). Indi-
rectly, gamma rays induce water molecule radiolysis,
creating free radicals and attacking collagen rather
than minerals in the bone matrix (Akkus and Belaney
2005). Collagen contains a considerable amount of
water bound to its structure, which make it the main
object for radiation damage and consequently loss of
bone collagen connectivity and toughness (Atria et al.
2017). Cross-linking reactions have been observed
during the irradiation of collagen in the presence of
water (indirect effect), possibly because of the action
of highly reactive, short-lived hydroxyl radicals (*
OH) resulting from water radiolysis (Dziedzic-Go-
clawska et al. 2005).

The appropriate radioprotectant for bone allograft
treatment must: be biocompatible; penetrate into the
bone matrix; dissolve in water; and never protect the
pathogens (Kattaya et al. 2008). Additionally, its
molecular weight should be less than 300 Da because
compounds beyond this molecular weight could not
penetrate the bone tissue (Tami et al. 2003). ALA
(206.32 Da) is a natural antioxidant synthesized by
plants and animals; including humans (Self et al.
2000) also it has a high bioavailability in vivo and
in vitro (Bustamante et al. 1998). Smith et al. 2004
concluded that ALA has the capacity to regenerate a
variety of oxidized antioxidants to their active antiox-
idant forms. ALA stimulates the formation of bone
tissue in ovariectomized (OVX) rats in a dose-
dependent manner (Radzki et al. 2016) and it has the
capacity to stimulate the healing of femoral fractures
in rats (Aydin et al. 2014). In addition ALA has been
shown to stimulate osteoblast formation, suppress
osteoblast apoptosis and improve bone formation
in vitro and inhibit bone loss in vivo (Sun et al.
2014). ALA suppresses the activity of bone-resorbing
osteoclasts via its ability to scavenge reactive oxygen
species (ROS) in inflammation-driven osteoclastoge-
nesis models (Roberts and Moreau 2015).

Another natural antioxidant, Hydroxytyrosol (3,4-
dihydroxyphenylethanol-154.16 Da) is one of the
major phenolic components of olive oil found in the
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fruit and leaves of the olive (Vilaplana-Pérez et al.
2014) and it is an efficacious scavenger of many free
radicals (Martinez et al. 2018). Hagiwara et al. (2011)
investigated in vitro and in vivo the effects of
enormous polyphenols in olives on bone formation
and maintenance. The experiments demonstrated that
hydroxytyrosol induced the deposition of calcium and
reduced H,O, levels in dose-dependent manner.
Hydroxytyrosol has also been found to suppress the
formation of multinucleated osteoclasts in culture.
Puel et al. (2008) showed that HT avoided a decrease
in total femoral, diaphyseal and metaphyseal bone
mineral density. The study of Medina-Martinez et al.
(2016) showed that hydroxytyrosol has an antibacte-
rial effect against a wide variety of bacteria. Addi-
tionally HT has been described as a special class of
HIV-1 inhibitors that prevent HIV from penetrating
the host cell and binding the HIV-1 catalytic site,
inhibiting both viral entry and integration (Bedoya
et al. 2016). Our study tested the potential of both
antioxidants to enhance the chemical composition and
structure of mineral and organic phase of cortical bone
irradiated with gamma radiation.

Biological molecular bonds with an electric dipole
moment which would be altered by atomic displace-
ment caused by natural vibrations are infrared active
and thus are quantitatively measured by infrared
spectroscopy (Baker et al. 2014). Thus infrared
spectroscopy could be used in characterizing biolog-
ical materials and providing information on the
biochemistry of the analyzed tissue (Severcan and
Haris 2012). The intensity, position and width of a
vibrational band obtained with an infrared spec-
troscopy could be used in different conditions to
monitor a particular functional group or molecule
(Severcan and Haris 2012). ATR-FTIR technique is
used in analyzing compositional and structural
changes of mineralized tissue. Also it has been utilized
to assess different conditions which could alter bone
structure and composition which affect its mechanical
properties (Lopes et al. 2018). In this study, ATR-
FTIR spectroscopy has been utilized to analyze the
chemical changes in the sterilized cortical bone by
calculating parameters relevant to bone quality such as
amides to phosphate (matrix to mineral) ratio, colla-
gen maturity, carbonate to phosphate ratio and mineral
crystallinity.

Throughout this study, the ratio of organic compo-
nents (amide I, amide II and amide III) to phosphate
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(1300-900 cm-1) band area was determined in order
to verify changes in bone composition (Fig. 4a, b).
Amide I, amide II and amide IIT bands analysis are
relevant to bone organic content, which mainly
relevant to the type-I collagen.

Amide T (1600-1700 cm™') is the most intense
absorption band of collagen protein. Collagen has a
three-dimensional helical structure formed by
polypeptide chains, three of which coil together to
create a right-handed twist triple helix structure (Cox
and Nelson 2008). The intensity, position and shape of
this band encode the secondary configuration of
proteins that in native proteins is o-helix (Mavrogenis
et al. 2016). The amide I band is regulated by the
stretching vibrations of the C—N and C=0 groups in
collagen protein (Krimm and Bandekar 1980). Amide
II and amide III bands are also relevant to the organic
content of bone, and relevant to collagen secondary
structure. Amide II band is the next intense absorption
band at which is assigned to B-turns of the proteins
(Mavrogenis et al. 2016). Both amide II and amide III
are corresponding to the combination of N—H in-plane
bending and C-N stretching vibrations (Vidal and
Mello 2011). The distinction between amide II and III
is the relative contribution of these modes to the
respective mixed vibrations where the N-H bending
mode makes a greater contribution to amide II, the
opposite happens for amide III band (Figueiredo et al.
2012). Mavrogenis et al. (2016) found that the
vibrations formed by amide I and amide II groups
are very sensitive to ionizing radiation, especially
amide II is more sensitive to conformational changes.

In our study, it is observed a statistically very highly
significant increase (13.23%) in the proportion of
amide I to phosphate and also highly significant
increase (23.81%) in amide II to phosphate of the only
irradiated group in ALA experiment. In HT experi-
ment, there was a highly significant increase (14.52%
and 28.57%) in the proportion of amide I and amide II
to phosphate of the only irradiated group respectively
in Fig. 5a, b.This indicated that gamma radiation has
induced changes in helical structure of collagen. Such
findings support the results of Zezell et al. 2015, who
reported that the amide II significantly increased as the
doses of gamma increased 0.01- 75 KGy. Also Barth
et al. 2010 showed that Deep UV-Raman spectra
display a very marked increase in amide I peak after
x-ray exposure (70 KGy) resulting in severe collagen
damage as the dose of irradiation increase.
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Collagen cross-links can be divided into: enzymatic
immature divalent cross-links, mature trivalent pyridi-
noline and pyrrole cross-links, and non-enzymatic
cross-links (advanced glycation end products) (Saito
et al. 2010). Buehler (2011) reported that intermolec-
ular cross-linking provides viscoelasticity and tensile
strength for the fibrillar matrices. The cross-links hold
the array of type I collagen in conformity; thus
collagen’s capacity to absorb energy declines when
cross-links increase and break apart when they
decrease (Barth et al. 2011). Collagen maturity is
evaluated by the 1660/1690 cm ™' sub-bands ratio of
the amide I band where component of the amide I band
at 1660 cm™' has been reported to be related to
enzymatic mature type I trivalent cross-link pyridino-
line ( Pyr) (Gamsjaeger et al. 2017), and that at
1690 cm ™' is related to enzymatic immature divalent
cross-links dihidroxinorleucine (DHLNL) (McNerny
et al. 2015).The relative percentage of the two sub-
bands area ratio gives a semi-quantitative measure of
the profile cross-linking in collagen matrix and is
relevant to the abundance of these cross links collagen
in mineralized tissue (Barth et al. 2011).

Results showed that the 1660:1690 peak areas ratio
decreased by (26.44%) and (18.29%) in ALA and HT
experiments respectively with 35 kGy of irradiation,
revealing significant changes in the cross-linking
amide I region (Tables land 2). Any reduction in
mature cross-links or an increase in immature cross-
links could disrupt the mature cross-links integrity,
contributing to premature mechanical failure of the
bone (Barth et al. 2011).

Results obtained in this study are in agreement with
a previous study of Barth et al. (2011) who found that
the non-reducible to reducible crosslinks ratio in the
collagen decreased in irradiation-damaged bone at
dose of 70 kGy. The deviation from the normal
distribution of these cross-links lead to gradually
disruption in the mature cross-links integrity, resulting
in lower fracture loads. Bone toughness is mainly
provided by the organic matrix, and the collection of
covalent collagen cross-links is responsible for stabi-
lizing this polymeric network (Garnero 2012;
McNerny et al. 2015). Collagen crosslinks add stabil-
ity to the organic matrix, avoiding microfibrils from
slipping past each other (Unal et al. 2018) and affects
mainly the post-yield properties of bone, as pre-yield
strength is mainly dependent on the mineral phase
(Garnero 2012). In the mouse model of lathyrism

(Iysyl oxidase inhibition by toxin), McNerny et al.
(2015) found a positive correlation between the ability
of the cortical bone to resist crack growth (notch
produced in the femur diaphysis to determine fracture
toughness) and the ratio of mature to immature
enzymatic crosslinks Mata-Miranda et al. 2019 con-
cluded that bone fractures exhibited changes in its
biochemical composition, indicating bone immaturity.
The cross-link ratio relevant to matrix maturity was
found to be lower in the stress fracture group
compared to the healthy bone.

In our study the pre-treated irradiated group by the
specific concentrations of ALA and HT alleviated the
reduction in collagen maturity by a noticeable per-
centage (23.07% and 12.97%) respectively compared
with the irradiated group (Tables land 2). Our results
showed that irradiation-sterilized bone with enhanced
mechanical properties could be obtained by applying
ALA and HT pre-irradiation treatment, that provides a
more stable and connected collagen network than that
found in irradiated controls. Blocking free radical
activity with ALA and HT scavengers reduces the
degree of collagen damage and helps to preserve the
mechanical strength of the sterilized tissue.

Daniele et al. 2017 concluded that ALA has the
capacity to recapture many free radicals such as
hydroxyl radical, hypochlorous acid and peroxyl
radicals. HT is an efficacious scavenger of several
free radicals (Martinez et al. 2018) and is also a
powerful scavenger of hydroxyl radicals (Rietjens
et al. 2007). There are two probable mechanisms that
could preserve the bone: (1) ALA and HT protect the
bone from free radicals which originate during irra-
diation. Gamma irradiation induces radiolysis of water
molecules and hence produces free radicals (Akkus
et al. 2005; Nguyen et al. 2007) which are the main
contributor to the loss of collagen connectivity and
bone toughness (Akkus et al. 2005; Seto et al. 2009).
Our study showed that the ALA and HT pre-treatment
protect the helical structure of collagen in the irradi-
ated samples due to their powerful capacity in
recapturing many free radical species. (2) ALA and
HT induced crosslinking resulting in increased stabil-
ity and connectivity of the collagen network that could
preserve the collagen from the chain scission during
gamma sterilization. This is indicated in ALA and HT
treated groups which led to significant increase
(17.33%, P < 0.05) and highly significant increase
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(24.25%, P < 0.01) in collagen cross links ratio
(Tables 1 and 2) respectively.

Carbonate ions account for around 6-7% of the
total mineral ions in bone minerals, therefore a non-
negligible proportion. Carbonate ions could be incor-
porated into bone mineral by substitution in the apatite
lattice of either PO43-(major site, type B carbonate) or
OH-(minor site, type-Acarbonate) and the third site of
CO;>~ ion corresponds to labile carbonates that
decrease with the maturation of the apatite crystal
(Rey et al. 1991). In infrared spectroscopy, carbonate
content is evaluated using out-of-plane bending
vibration mode of the v,COj3 band (around 780) and
was generally calculated as CO3/PO, area ratio (Farlay
and Boivin 2012). Carbonate to phosphate ratio
represents the degree of carbonate incorporation into
the lattice of hydroxyapatite (Lopes et al. 2018) and
provides information on the quality of minerals or the
chemical composition of bones which changes with
bone morphology, age and mineral crystallinity (Yer-
ramshetty et al. 2006). Akkus et al. (2004) stated that
in the mouse model test, the bone stiffness and
bending modules were significantly dependent on the
degree of mineralization, mineral crystallinity, and
B-type carbonate substitution. In our study, there was
not any statistical difference between CO3/POy, ratios
of gamma irradiated or antioxidant treated groups
Fig. 5c, d. The same finding was found in the study of
Zezzel et al. (2015) who used mid-infrared spec-
troscopy to determine the effect of ionizing irradia-
tions (0.01-75 KGy) on hard tissue chemical structure.
They did not observe any statistical difference in CO3/
PO, ratio.

Bone mineral is a poorly crystalline; nanocrys-
talline carbonated apatite with no other observable
calcium phosphate phases present and includes several
ion and cationic substitutions, such as HPO4, Na, and
Mg (Glimcher 1998). Mineralized bone matrix prop-
erties play a critical role in assessing bone quality and
fracture resistance. Donnelly et al. (2010) found that
the mineral nanocrystals have major effects on bone
strength. Also Boskey (2003) discussed the relation-
ship and the significance of apatite crystallinity to
bone mechanical properties. ATR spectroscopy pre-
sents powerful tool to evaluate bone mineral crys-
tallinity. With ATR spectra, three approaches are
commonly used as directly proportional to apatite
crystallinity: the splitting resolution of the two v4PO,
bands (asymmetric bending vibration) (Weiner and
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Baryosef 1990), the ratio of the peak height intensities
of the 1030 and 1020 cm™'subbands of the vsPO,
band (asymmetric stretching vibration) (Camacho
et al. 1999) and from the inverse of bandwidth at the
half peak intensity of the prominent PO,>~ band at
960 cm ™' (Freeman et al. 2001).

In this study, crystallinity was evaluated by calcu-
lating the splitting factor (SF) which is a measure of
the order of the crystal structure and composition
within bone (Fig. 8), the higher the SF the more
crystalline the structure (Fredericks et al. 2012). The
change in crystallinity of osteoporotic cortical bone
led to the alteration of nanomechanics, and the
increasing of crystallinity was complainant with the
duration of estrogen withdrawal (The estrogen with-
drawal induced by ovariectomized surgery, affected
the mineral and collagen properties of cortical bone)
(Wen et al. 2015) Yerramshetty and Akkus (2008).
reported that tissue strength and stiffness increased
with increasing crystallinity, while the ductility
decreased.

In this work, the use of 35 kGy gamma irradiation
and radioprotectors treatment showed no significant
change in crystallinity of cortical bone hydroxyapatite
(Fig. 9). Results obtained in this study are in agree-
ment with a previous study of (Zezzel et al. 2015)
where they used FTIR technique to assess the effects
of various doses of gamma radiation (0.01-75 KGy)
on bone tissue. They found that low doses of gamma
radiation reduced bone crystallinity but the crys-
tallinity is not altered after 0.1 kGy. Also by evalu-
ating the effects of gamma radiation on the bone by
Raman spectroscopy, Kubisz and Polomska (2007)
showed that no changes in the inorganic component
were observed at any dose used (from 10 kGy up to
1000 kGy) Veloso et al. (2013). also suggested that
until 0.1 kGy the dose affects the hydroxyapatite
crystal in order to disorganize it, however the crystal
returns to be organized at highest doses values (1-
75KGy).

In this study, X-ray diffraction has been used in
conjunction with ATR spectroscopy to obtain the
maximum amount of structural information about the
effect of radioprotectors treatment on sterilized corti-
cal bone. In X-ray diffraction pattern, the crystallite
size could be represented by the diffracting plane
(002) of HAP at 20 = 25.50°, since this miller index
corresponds to the c-axis length which is the direction
of maximum elongation. The full width at half



Cell Tissue Bank (2021) 22:305-321

317

maximum (FWHM) of the 002 reflection is inversely
proportional to the crystallite length along the ¢ unit
cell direction (c-axis length) (Pleshko et al. 1991).
Bone mineral crystal size and perfection impair the
ability of bone composites to react to loads where
bones with a prevalence of larger crystals than optimal
will have decreased resistance to load (i.e. would be
more brittle) (Boskey 2003). When Noor et al. (2011)
analyzed the structure of hydroxyapatite crystals by
X-ray diffraction (XRD), they found a larger crystal
size in osteoporotic bone relative to normal bone,
suggesting higher porosity. The materials with a
higher porosity level have poorer mechanical proper-
ties, possessing greater fragility, lower hardness, and
lower flexibility, in consequence of the weaker bonds
between the bone crystals (Noor et al. 2011). The
increased crystal size could affect the crystallinity
detected by FTIR (Paschalis et al. 1996).

In this work, the XRD analysis revealed that there
were not any significant change in crystal size between
irradiated and antioxidant pre-treated groups (Tables 3
and 4). This is in agreement with Rana et al. 2017 who
studied the effect of 25 kg gamma irradiation on the
extracted HA from bovine and human bone. The XRD
patterns of the HA have not shown any significant
differences between the control and irradiated
samples.

The chemical structure of bone tissue is highly
correlated with its mechanical properties. In this way,
changes in chemical structure also promote changes in
mechanical properties of bone tissue (Barth et al.
2011). Wang et al. (2001) concluded that denaturation
of collagen without a change in bone mineral signif-
icantly reduces the toughness and overall strength of
the bone, while having minimal effects on elastic
modulus. This emphasizes the positive contribution of
collagen in raising the energy needed for bone failure.
Another study of Zioupos et al. (1999) concluded that
collagen may not contribute significantly to the
strength and stiffness of the whole bone, or bone
matrix. It is apparent from the respective elastic
moduli of hydroxyapatite (114 GPa) and collagen (1.5
GPa). Wang and coworkers (2002) reported that
collagen could be the main toughening mechanism
in bone, which has a greater effects on bone toughness
than on strength or stiffness (Zioupos et al. 1999).
Previous studies have concluded that the macroscopic
elastic properties of tissues, calculated by three-point
bend tests, remain unchanged at radiation doses up to

630 kGy (Barth et al. 2010) as they are mainly
influenced by the properties of the mineral phase that
are less susceptible to radiation damage (Franzel and
Gerlach 2009).

Data of present study demonstrated that the pre-
treatment with HT and ALA before irradiation alle-
viated the damage of collagen, while crystallinity and
crystal size were not significantly affected by gamma
irradiation nor indeed the combination of antioxidants
pre-treatment and irradiation.

Conclusion

The effect of gamma irradiation sterilization in the
absence and presence of the HT and ALA free radical
scavenger, on the physicochemical properties of bone
constituents (mineral and collagen) of bovine cortical
bones was studied using ATR-FTIR and XRD spec-
troscopy. Bone molecular structure has been changed
due to gamma irradiation and these changes are mainly
relevant to amide I, amide II proportions and collagen
crosslinks. The deteriorating effects of gamma steril-
ization dose (35 kGy) on microstructure of bone
allograft can be alleviated by using the proposed
concentrations of HT and ALA free radical scavenger.
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