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HIGHLIGHTS

GRAPHICAL ABSTRACT

« FTIR spectroscopy with PLS-DA
enable the differentiation of the
multiple ionizing doses on bone.

« FTIR spectroscopy can detect
differences not only between the
control group and ionizing radiation
dose on bone but can also
discriminate between the high and
low radiation doses.

« The spectral features of carbonate
accumulation, carbonate to mineral
and mineral to matrix play an
important role for bone dose
response.
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The health care application of ionizing radiation has expanded worldwide during the last several decades.
While the health impacts of ionizing radiation improved patient care, inaccurate handling of radiation
technology is more prone to potential health risks. Therefore, the present study characterizes the bone
dose response using bovine femurs from a slaughterhouse. The gamma irradiation was designed into
low-doses (0.002, 0.004 and 0.007 kGy) and high-doses (1, 10, 15, 25, 35, 50 and 60 kGy), all samples
received independent doses. The combination of FTIR spectroscopy and PLS-DA allows the detection of
differences in the control group and the ionizing dose, as well as distinguishing between high and low
radiation doses. In this way, our findings contribute to future studies of the dose response to track ion-
izing radiation effects on biological systems.

© 2022 Published by Elsevier B.V.

1. Introduction

The health care application of ionizing radiation has expanded
worldwide during the last several decades [1]. It is estimated that
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more than 3,600 million diagnostic radiology examinations are
performed annually, in which 7.5 million radiotherapy treatments
are administered [2]. An established beneficial effect occurs on liv-
ing organisms, such as improving the immune system [3], anti-
inflammatory [4,5], radiation hormesis[6], cell growth stimulation
[7], and lower mortality rate [8,9]. Additionally, radiation steriliza-
tion relies on ionizing radiation to deactivate microorganisms such
as bacteria, fungi, viruses and spores [10,11]. It also could be a
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common method for the sterilization of connective tissue allo-
grafts, for example skin, cartilage, bone, tendons, heart valves
and corneas [12]. Because of its effectiveness, ionizing radiation
render as an essential technique for minimizing disease transmis-
sion and infection [12].

Advances in radiation technology have led to earlier diagnosis
and less invasive treatments of human disease. However, even
with the significant benefit of ionizing radiation in improving
patient care, a thorough knowledge of the ionizing radiation con-
sequences may reduce the overall health risk. Despite multiple
studies investigating the health impacts of ionizing radiation,
the effects of dose-rate and its possible implications are still
not fully described [13]. Furthermore, recent developments in
the field of biodosimetry have demonstrated that biological
response to ionizing radiation depends not only on the radiation
type and dose, but also on the type of biological system exposed
and their response time [14]. Therefore, in the event of a large-
scale radiological accident, sensitive and high-throughput
diagnosis of victims is essential to evaluate the extent of radia-
tion damage efficiently aiming to initiate medical treatment
when necessary [15].

In the bone dose response context, the assessment of the molec-
ular and cellular mechanisms of action induced by ionizing radia-
tion can lead to the development of novel therapeutics capable of
enhancing the efficacy of radiotherapy and adding support to irra-
diated autograft surgery [13]. Novel delivery methods are driven
by an understanding of the fundamental physical interactions of
radiation within biological tissue and the dependence of radiation
damage response on those initial physical damages [15]. In this
sense, Fourier transform infrared (FTIR) spectroscopy is an optical
method that has been widely adopted in biomedical research as
it provides high-speed background-free information regarding
the vibrational modes of biological molecules, and thereby enables
a correlation between spectral features and structural changes
[16,17].

Biomolecules such as lipids, proteins, nucleic acids, and car-
bohydrates play an important role in the FTIR spectrum [18].
Their biochemical activities can be evaluated through alter-
ations in peak positions, band shapes, intensities, and band
area values [18,19]. Therefore, the aim of this study is to pro-
file subtle changes in the biochemical content of bone dose
response using FTIR spectroscopy combined with chemometric
analysis.

2. Material and methods
2.1. Bone processing

The specimens of bovine femurs were purchased from a slaugh-
terhouse that is certified to process bones and kept at —20 °C.
Experimental procedures were conducted under the guidance of
the institutional Ethics Committee for Animal Research (CEUA IPEN
120/13). The bone sample assessment was performed using a total
of five bovine femurs, one from each animal, which amounted to
two fragments of each femur per group.

From the selected bovine femurs, the soft tissues associated
with the bone were manually removed with a scalpel and thereby
the diaphysis region was extracted. After this cleaning step, sam-
ples were designed into an area of 10 mm? using a water refriger-
ated low speed 0.3 mm diamond saw blade (Accutom-5, Struers s/
3, Ballerup, Denmark). Additionally, the bone samples were ground
until they reached a thickness of 2 mm|[20]. After packing the
femur diaphysis in Eppendorf tubes with cotton (moist with dis-
tilled water), up to 110 samples were randomly distributed
between the groups (n = 10) and placed in a freezer at —20 °C for
further independent irradiation experiment.
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2.2. Irradiation procedure

Ionizing radiation was applied to bone samples (dose rate of
0.79 kGy/h) using a multipurpose irradiator equipped with a
Cobalt-60 source (Gammacell, model 220, series 142, manufac-
tured by Atomic Energy of Canada Limited). The gamma irradiation
was designed into low-doses (0.002, 0.004 and 0.007 kGy) and
high-doses (1, 10, 15, 25, 35, 50 and 60 kGy), all samples received
independent doses. Fig. 1 illustrates the processing of bone.

2.3. FTIR spectroscopy

Spectral data were acquired using an FTIR system (Thermo
Nicolet 6700, Waltham, MA) which was equipped with an attenu-
ated total reflectance accessory (Smart Orbit, Thermo Scientific,
Waltham, MA). This FTIR spectroscopy study was conducted in
the MID-infrared region (4000-400 cm™') with spectral resolution
of 4 cm™! and 100 scans. Bone samples were mounted into a dia-
mond crystal with an area of 2.25 mm?. The most relevant bands
present in the spectrum are shown in Table 1.

Prior to analyzing the raw spectra datasets, the 400-1800 cm™
and 2800-3100 cm™! regions were truncated and the quality con-
trol procedure resulted in 82 spectra per group. As a preliminary
step, we applied a Savitzky-Golay smoothing filter (a second order
polynomial with 11 points) followed by baseline correction (itera-
tive polynomial fitting algorithm). Afterwards, spectral data were
normalized by a robust normal variate for further absorbance
ratios calculation [25-27] . The absorbance ratios and areas under
the examined bands are summarized in Table 2.

1

2.4. Chemometrics

Partial least squares discriminant analysis (PLS-DA) is a method
for multivariate data discrimination. A wide variety of applications
have been developed in chemometrics, as well as in areas such as
genomics, proteomics, metabolomics, and particularly for vibra-
tional spectroscopy [19,32].

Prior to the development of the PLS-DA model, Student’s two-
sample t-test analyses were performed to maximize the differ-
ences between doses of ionizing radiation with the control group
(supplementary material)[33]. As a result of this process, the fol-
lowing parameters were determined as the most discriminative
spectral markers: Carbonate Accumulation, Carbonate to Mineral,
Mineral to Matrix, Mineral Maturity, Crystallinity, Secondary
Structure of Protein, Area 3070 cm~!, Area 1201 cm', Area
1240 cm™!, Area 1317 cm™!, Area 1547 cm™ .

Furthermore, the variable importance in projection (VIP) score
was employed in our spectral markers. Basically, VIP summarizes
the effect of a feature based on the calculation of a weighted
sum of the squared correlations between the PLS-DA components
and the original variable. The weights correspond to the percent-
age variation explained by the PLS-DA component, which indicates
how well a group of variables can be considered more important to
describe a given model. For a straightforward interpretation of the
PLS-DA results, VIP calculation is based on estimating the impor-
tance of each spectral marker in the projection used in our PLS-
DA model. The advantage of the use of VIP scores is that spectral
markers with a high contribution to the model are easily identified
for further evaluation. To obtain consistent and representative
results, the spectral markers were split into a training set (70 spec-
tra) and a test set (12 spectra) using leave one out cross validation.
The Leave One-Out cross validation estimates are obtained by aver-
aging N iterations, where N is the size of the given sample. For each
interaction, one of the cases in the sample is left out as a test set
and the workflow is applied to the remaining N-1 cases. This pro-
cess is repeated for all cases, for N instances. All chemometrics
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Fig. 1. Schematic bone processing.

ATR-FTIR
Table 1
Bands recorded in bone spectra.

Native (cm™) Assignment Ref

563, 604 PO3 v, [21-23]
870 Cco% v, [21-23]
956 PO3 v, [21-23]
1000 PO3 vs3 [21-23]
1201 Collagen proteins-amide III [21-24]
1220 PO3 asymmetric [21-24]
1281 Collagen; Amide III; [21-24]
1317 Collagen; Amide III; [21-23]
1340 CH, wagging; Collagen; [21-23]
1406 CH3; asymmetric deformation [21-23]
1444 3(CHy), lipids, fatty acids [21-23]
1547 Amide 11 (3N-H, vC-N) [21-24]
1635 B-sheet structure of amide I [21-24]
1741 v(C=0) [21-23]
2854 vs CH, [21-23]
2870 vs CH3 [21-23]
2924 Vas CHy [21-23]
2958 vas CH3 [21-23]
3070 Amide B [21-23]

assessments were conducted using MATLAB (MathWorks, Natick,
MA).

3. Results

Fig. 2 shows average processed FTIR spectra, highlighting the
wavenumber regions that represent the most characteristic FTIR
bands of bone. All comparisons between ionizing doses with con-
trol groups demonstrate a concordance between the band posi-
tions, as indicated in our supplementary material (Fig. S1).

The bone is a biological material that contains both inorganic
and organic constituents. Firstly, as shown in Fig. 2, the main inor-

ganic components in the bone FTIR spectrum are phosphate (900-
1300 cm™'), carbonate (1300-1600 cm~! and 870 cm™'). Secondly,
related to the organic matrix, the main components were amide I
(1600-1680 cm™1), amide II (1480-1580 cm™!), amide III and col-
lagen (1200-1300 cm™!). Lastly, stretching vibrations related to
the CH, CH, and CHs groups are presented in the range 2800-
3000 cm~! [20,21,31]. Based on these considerations, differences
in the IR spectra were evaluated by the assessment of spectral fea-
tures using PLS-DA.

PLS-DA model using FTIR spectra was built considering the
prominent relations and area results. To enable overall sample sep-
aration, the scores projection has been implemented for the classi-
fication and identification of potential spectral markers, as shown
in Fig. 3.

Fig. 3A depicts not only that PLS-DA scores are capable of distin-
guishing between control group and ionizing doses, but also of dif-
ferentiating high doses from low doses. As shown in Fig. 3B, the
intra-group differences at low doses (0.004 - 0.007 kGy) were
noted. Once the PLS-DA has demonstrated its capability to discrim-
inate low doses, a significant difference was found between the
0.007 kGy dose and the other low doses. In fact, the 0.007 kGy
are more closely associated with high doses than with low doses.

A depiction of the high doses is given in Fig. 3C. There are three
distinct clusters of these ionizing doses. The first region relies on
doses of 1 kGy and 10 kGy, showing noticeable differences in terms
of classification. Whilst the overall classification for a bone dose
response demonstrated high performance metrics, such as the dis-
crimination of low doses from high doses and ionizing doses from
the control group, it may be found that the score projection
decreases the detection rate between 15 kGy and 25 kGy. Further-
more, the radiation doses targeting the doses of 15 kGy and 25 kGy
show strong links among the first and third clustering, which may
suggest a transitional phase in dosimetric responses. Meanwhile, a
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Table 2

Biological assignment for bone spectra.
Absorbance ratio Spectral markers Ref
604 cm~' /553 cm™! Mineral Maturity [28-30]
1/ FWHM (1000 cm™1) Crystallinity (1/FWHM) [23,29-31]
1635 cm™' / 1240 cm™! Secondary Struct. of Proteins [29,31]
1000 cm~' / 1635 cm™! Mineral to ECM matrix ratio [29,31]
870 cm™' /1635 cm™! Carbonate Accumulation [29,31]
(553 +597) [ 1635 Mineral to Matrix ratio [29,31]
(870)cm™' /(553 cm™! + 597 cm~! + 1000 cm™!) Carbonate to mineral [29,31]
1635 cm™! / 1000 cm™! Amide I to phosphate [29,31]
1547 cm ™' / 1000 cm ! Amide II to phosphate [29,31]
(1201 cm™' + 1240 cm™! + 1281 cm™') / 1000 cm™! Amide III + Collagen to phosphate [29,31]
(1547 cm™' + 1635 cm™!) / 1000 cm™! Amide I + Amide II to phosphate [29,31]
(1201 cm ' + 1240 cm™' + 1281 cm™' + 1635 cm ™! + 1547 cm ') / 1000 cm ™! Amides + Collagen to phosphate [29,31]
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Fig. 2. Representative FTIR spectra of bone.
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Fig. 3. PLS latent variables (LV) scores from selected spectral features with groups labeled by different colors. (A) LV 1 vs. LV 2 discriminative of all groups. (B) LV 1 vs. LV 2 of
low-doses. (C) LV 1 vs. LV 2 of high-doses.

different tendency occurs in the third cluster at doses of 35- The key objective of using PLS-DA modelling was to identify the
60 kGy. There may be other remarkable dose-response patterns significant spectral features and thereby improve the interpreta-
that may be contributing to this change in scores projection. tion of bone dose response. As shown in Fig. 4, model performance
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Fig. 4. Performance estimation using Leave One-Out cross validation.

is evaluated according to sensitivity, specificity, and accuracy. For
the purposes of assessing its predictive ability, these metrics are
supported by the leave-one-out approach.

The Fig. 4 illustrates the stability of the PLS-DA results. As indi-
cated by the red line in Fig. 4, the threshold for beginning the
groups comparison is based on metrics higher than 80%. However,
while the model may be stable, the critical spectral information
remains to be assessed. According to the results of the PLS-DA
model, satisfactory changes in bone response could be distin-
guished by scoring distributions. Despite this, score distributions
do not provide sufficient information regarding the predictive sig-
nificance of spectral features. The variable importance of the pro-
jection (VIP) scores, therefore, was applied to rank PLS-DA
features, whereby the highest ranked features were likely to pro-
vide the most descriptive information for the overall ionizing radi-
ation classification. The evaluation of VIP score is shown in Fig. 5.

The VIP can be used for ranking the spectral features according
to their predictive importance in the PLS-DA model. As shown in
Fig. 5, with the determination of 1.1 as the threshold value, the
spectral features were categorized into two different groups. Those
variables for which the VIP scores are less than 1.1 are considered
to have a non-significant contribution to the PLS-DA model. The
highest contributions (VIP score >1.1) were used to further explain
the relationships under the PLS-DA results.

Carbonate Accumulation ®
Carbonate to Mineral - ®
Mineral to Matrix 1 ®
Area 3070 (]
Mineral Maturity A ®
Area 1240 - ®
Area 1281 - ®
Area 1547 L]
Crystallinity 1 °
Area 1201 - ]
Secondary Struct.Prot A °

Area 13174 @

08 09 10 11 12 13
VIP scores

Fig. 5. The VIP score for the PLS-DA analysis. Weighting the predictor variables
determines VIP, which is the statistical contribution of the variable to the overall
PLS model.

4. Discussion

FTIR spectroscopy identifies subtle changes in the biochemical
content of bone material. Because of the inherent complexity of
spectra, frequently it becomes challenging to evaluate absorbance
variations from the raw data. To overcome this problem, in the pre-
sent study, pre-processing steps were used for the PLS-DA model to
explore the similarities and hidden patterns among ionizing doses.
The chemometrics results obtained through VIP scores, indicate
carbonate accumulation (CA), carbonate to mineral (CM), and min-
eral to matrix (MM) as critical spectral features for bone dose
response [31].

The effects of bone exposure to ionizing radiation are mediated
by two mechanisms: direct and indirect. Firstly, the direct effects
are related to the scission sites in the polypeptide chains [23,34].
Secondly, the indirect effects are based on water molecule radioly-
sis. Free radicals produced by this reaction interact with a wide
variety of biomolecules, causing changes in their structure and
function [35] . Depending on the dose exposure, this process affects
the collagen network of the bone and thereby alters its mechanical
properties [36,37].

Irradiated bones are susceptible to side effects [38] which
directly alter the activity of cells and repopulation. An aspect of
bone recovery in which gluconeogenesis and nucleotide catabo-
lism are downregulated is known as metabolic bone repair.
According to Limirio et al, this adaptive response was correlated
to overexpression in terms of proliferation rate thereby increasing
their susceptibility to harmful effects at higher dose levels. Addi-
tionally, there is an increase in chemical reactions that lead to
the synthesis of amino acids, lipids, proteoglycans, and RNA [38].
In light of this, the motivation behind CA as the strongest VIP score
might be because this feature was related with turnover rate,
remodeling action, and mineral dissolution, necessary for the
reconstruction of new bone tissue [39,40]. According to Kourkome-
lis et al, CA is challenging to evaluate in many FTIR studies due to
CA itself does not fully describe each type of possible carbonate
content[28,29]. Based on these studies, our findings suggest that
CA contributes significantly to changes in the biochemistry of
bones after ionizing radiation.

Another essential factor is that ionizing radiation can lead to
modifications in the mineral and fiber composition of bone. Both
CM (inverse linearly related to elastic modulus) and MM (mineral
per amount of collagen present) are presented as important
parameters for bone dose response. They determine, in conjunction
with CA, the subsequent restoration processes contributing to
resorption and formation of bone neoformation [31,41]. Therefore,
it is possible that the increasing dose of ionizing radiation con-
tributed to the decrease in bone mineral content [42,43] .

At low dose radiation, the microstructure could be altered sig-
nificantly [37,44]. Through multimodal validation study, Mandair
et al report that these low-doses are related to a lower rate of bone
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formation. Also, accounting for this tendency to transient differ-
ences in collagen crosslink ratios. In fact, these findings exhibited
increased bone catabolic and decreased anabolic gene expression
[45]. Previous studies investigating the effects of ionizing radiation
have shown loss of mechanical properties in grafts associated with
Col’s fragmentation for 5 kGy [43]. In 2018, Rahman et al reported
no statistically significant difference in elastic modulus between
18.3 and 21.8 kGy while bone elastic properties significantly
decreased following 36.4 kGy [37]. In 2021, Gomes et al observed
significant structural changes in Col/HAp samples after receiving
17.5 kGy [43]. It also has been reported that changes in the elastic
behavior are not observed before 28 kGy, whereas bone strength
decreases by 64 % after 28 kGy [46]. Singh et al report that the ster-
ilization radiation dose of 25 kGy and 35 kGy did not differ in any
significant way, whereas our PLS-DA findings may differ greatly
from these results [47]. In fact, doses higher than 30 kGy are
required to inactivate HIV in frozen tissues [48,49]. Several studies
have shown that ionizing radiation can unfavorably affect the
mechanical properties of allografts as well as its chemical compo-
sition, but the intrinsic mechanisms responsible for these effects
and their consequences in vivo are not fully understood [50].

While these studies may have employed other strategies, our
results demonstrate that the combination of FTIR spectroscopy
with PLS-DA enable the differentiation of the multiple ionizing
doses. Through our analysis, we found an association between
CA, MM, MA and ionizing dose response. It has been shown that
PLS-DA provides accurate boundary classification of the projection
scores between 0.002 and 0.007 kGy. Similar trends were observed
for 1-10 kGy, 15-25 kGy and 35-60 kGy. Furthermore, the transla-
tional utility of our results was enhanced by the consistency in the
PLS-DA scores projections with prior studies of bone-ionizing radi-
ation, which have revealed many important dose response
patterns.

Assessing the state of bone after ionizing radiation is crucial to
highlight radiation dose-dependent changes, which is a critical
factor in health management following mass radiation exposure.
Toward this direction, a rapid and reliable diagnostic method will
be required to reduce the strain on medical resources by identify-
ing the real impact on individuals who have been exposed to radi-
ation [14,15,47,51,52] .

Even though our experimental design was not suitable for the
identification of specific molecules when compared to molecular
tests, our study indicate that FTIR spectroscopy can detect differ-
ences not only between the control group and ionizing radiation
dose but can also discriminate between the high and low radiation
doses. As a result, FTIR spectroscopy technology could promote the
integration of emerging high throughput biodosimetry techniques.
These findings can be regarded as a benchmark for future studies,
in which additional doses can be incorporated to increase the
effectiveness of the model.

5. Conclusion

FTIR spectroscopy technologies provide promising new possi-
bilities in dose response research. In this work, we examine the
biochemical effects of ionizing radiation on bone tissues by using
the FTIR spectral profile in combination with PLS-DA. Based on
these results, FTIR spectroscopy can distinguish the molecular
basis for the effects of ionizing radiation and provide comprehen-
sive, objective, and accurate molecular information for diagnosis
and treatment evaluation.

In this way, the results presented in this paper contribute to
future studies of the dose response to track ionizing radiation
effects on biological systems. The results also offer spectral mark-
ers, with the support of chemometrics validation, aiming to facili-
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tate the integration of emerging high throughput biodosimetry
methods.
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