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Abstract
Purpose—Adjuvant radiotherapy in the management of head and neck cancer remains severely
debilitating. Fortunately, newly developed agents aimed at decreasing radiation-induced damage
have shown great promise. Amifostine (AMF) is a compound, which confers radio-protection to
the exposed normal tissues, such as bone. Our intent is to utilize Raman spectroscopy to
demonstrate how AMF preserves the mineral composition of the murine mandible following
human equivalent radiation.

Methods—Sprague Dawley rats were randomized into 3 experimental groups: control (n=5),
XRT (n=5), and AMF–XRT (n=5). Both XRT and AMF groups underwent bioequivalent radiation
of 70 Gy in 5 fractions to the left hemimandible. AMF–XRT received Amifostine prior to
radiation. Fifty-six days post-radiation, the hemimandibles were harvested, and Raman spectra
were taken in the region of interest spanning 2 mm behind the last molar. Bone mineral and
matrix-specific Raman bands were analyzed using one-way ANOVA, with statistical significance
at p<0.05.

Results—The full-width at half-maximum of the primary phosphate band (FWHM) and the ratio
of carbonate/phosphate intensities demonstrated significant differences between AMF–XRT
versus XRT (p<0.01) and XRT versus control (p<0.01). There was no difference between AMF–
XRT and control (p>0.05) in both Raman metrics. Computer-aided spectral subtraction further
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confirmed these results where AMF–XRT was spectrally similar to the control. Interestingly, the
collagen cross-link ratio did not differ between XRT and AMF–XRT (p<0.01) but was
significantly different from the control (p<0.01).

Conclusion—Our novel findings demonstrate that AMF prophylaxis maintains and protects
bone mineral quality in the setting of radiation. Raman spectroscopy is an emerging and
exceptionally attractive clinical translational technology to investigate and monitor both the
destructive effects of radiation and the therapeutic remediation of AMF on the structural, physical
and chemical qualities of bone.
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Introduction
The clinical management of head and neck malignancies conventionally involves surgical
extirpation of the tumors, adjuvant radiation and facial reconstruction. Radiotherapy has
contributed with impressive strides to the cure rates observed in patients afflicted by such
illness. Nonetheless, radiation is associated with acute and late toxicities to the adjacent non-
cancerous tissues and organs. Those unfortunate complications involve oral mucositis,
xerostomia, pathologic fractures and osteoradionecrosis, which are severely debilitating to
the patients. We have undertaken to investigate a chemical protectant that would be able to
remediate both the early and late ravaging sequelae induced by radiation. Amifostine or
AMF (WR-2721, Ethyol, MedImmune, Gaithersburg, MD) is one such chemical, of
thousands screened by the Walter Reed Army Institute of Research that demonstrated a
range of radioprotection properties [1–3]. Among all those compounds, AMF was found to
selectively protect the normal tissues from the unwarranted effects of both radiation and
antineoplastic agents [3]. AMF’s superior protection to the normal cells was associated with
acceptable toxicity. The mechanism of action of the pro-drug AMF or WR-2765 resides in
its conversion by the cell membrane-bound alkaline phosphatase into the cyto-protective
thiol metabolite WR-1065 [1–5]. The active free sulfyhydryl WR-1065 reverses radiation-
induced damage to the tissue cellular constituents. In the setting of ionizing radiation, free
radicals are generated on cellular DNA, which subsequently breaks or may create reactive
species that further adversely interact with DNA [1–5]. WR-1065 scavenges those free
radicals, and donates hydrogen ions that will contribute to DNA repair and stabilization [1–
5]. The selectivity of AMF to normal tissue quickly led to clinical trials for chemotherapy
and radiotherapy and ultimately FDA approved labeling for protection against cisplatin-
induced nephrotoxicity in ovarian cancer or non-small-cell lung cancer and radiation-
induced xerostomia in head and neck cancer [6,7]. AMF was of great interest to our
laboratory, as we could strategically utilize its pharmacokinetics to effectively mitigate the
devastating effects of radiation on bone healing and repair and ultimately optimize bone
regeneration via distraction osteogenesis [8].

Utilizing micro-computed tomography, our laboratory evaluated AMF prophylactic therapy
on bone following a fractionated human equivalent dose of radiation (HEDR) [8–11].
Standard radiomorphometrics demonstrated a significant increase in bone mineral density,
tissue mineral density and bone volume fraction in the radiated specimens compared to the
AMF-pretreated ones. The results seemed counter-intuitive since radiation typically
weakens the bone by decreasing its mineral density. Looking beyond the standard
radiomorphometrics, specifically at bone mineral density distribution histograms we were
able to delineate and quantify some of the pernicious effects of radiation on bone mineral
profile. We learned that radiation blunted remodeling, inhibited new bone formation and
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caused a significant shift towards hypermineralization. On the other hand, AMF
demonstrated a significant increase in low mineralized bone compared to the irradiated
hemimandibles. However, the AMF level was only slightly over half of the normal non-
irradiated bone level in the lower spectrum. Therefore, AMF enabled the recruitment of
bone cells to remediate to some extent the radiation-induced deleterious effect on new bone
formation.

Because bone is a complex tissue, these important results prompted us to evaluate and
further quantify the effects of AMF on bone utilizing Raman spectroscopy. Raman
spectroscopy is a methodology that allows us to examine changes in composition,
crystallinity and other properties of the organic and inorganic components of bone [12,13]. It
has become increasingly popular among bone research over the past decade [12].
Developments in fiber-optic probes have shown the potential for non-invasive Raman
spectroscopy of bone tissue [12–18]. Shifts in peaks corresponding to particular components
of the bone give us insight into the detailed pathophysiology of the events that occur when a
bone undergoes radiation [12,19–21]. As a complex composite material, the bone contains a
mineral component, an organic matrix and water. The mineral is a poorly crystalline
hydroxyapatite (Ca10(PO4)6(OH)2) with partial substitution of phosphate (B-type) and
hydroxyl (A-type) by carbonate, and with small amounts of other cations and anions [22–
24]. The matrix is mostly type I collagen with contributions (~10%) from other proteins, and
proteoglycans, including bone sialoprotein, osteocalcin and osteopontin [25,26]. These non-
collagenous components are involved in controlling mineralization and some are also
responsible for binding the mineral to the matrix [27,28]. Water accounts for ~20% of the
weight of fresh bone tissue. Both mineral and organic parts give specific Raman features
which closely relate to bone quality and disease [12,19,20]. In particular, Raman
spectroscopy has been used to elucidate composition effects on bone biomechanics [29–33],
by utilizing co-localization of Raman spectroscopic and nano-indentation measurements
[34]. We hypothesize that Raman spectroscopy will illustrate and validate AMF’s
preservative capabilities both in the collagen matrix (organic) and mineral (inorganic)
components of bone quality and strength following human equivalent radiation. Non-
invasive Raman spectroscopy has already been demonstrated in model systems as well as in
animals and the technology is currently under intensive development [13–18]. This work
suggests the potential translational utility of spectroscopy to monitor the course of adjuvant
therapy in human subjects.

Materials and methods
Fifteen adult male Sprague Dawley rats weighing approximately 400 g were obtained
through the University of Michigan’s Unit for Laboratory Animal Medicine (ULAM). Prior
to handling, the animals had a 7-day acclimation interval period. These animals were
randomly assigned to three experimental groups. Group 1 (n=5) was a standard control and
did not receive any radiation and/or treatment. Group 2, XRT (n=5) underwent radiation;
Group 3, AMF–XRT (n=5) received a prophylactic treatment of AMF (100 mg/kg; Ethyol,
MedImmune, Gaithersburg, MD) subcutaneously 45 min prior to radiation [35,36]. The
animals were kept in a pathogen-free facility on a 12-hour light/dark schedule. Prior to
handling and radiation, the rats had a 7-day acclimation period. The University of
Michigan’s Committee for the Utilization and Care of Animals (UCUCA) approved all
studies.

Radiation
An oxygen–isoflurane mixture was used for anesthesia during radiotherapy. The rats were
positioned with the right side down and covered with a lead shield designed to solely expose
the left posterior mandible while protecting the remainder of the body.
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The left hemimandibles underwent a 5-day fractionated external beam irradiation at the
human equivalent radiation dosage of 70 Gy via a Philips RT250 orthovoltage unit (250 kV,
15 mA) (Kimtron Medical, Woodbury, CT). Our laboratory has previously established the
protocol to deliver fractionated radiation that is equivalent to 70 Gy, the conventional dosing
regimens for humans with HNC [8–11,35,36]. In addition this general radiation protocol has
been performed for several years in the Department of Radiation Oncology under ULAM
and UCUCA approved protocols [8–11,35,36].

Following radiation, the rats were provided soft chow and water ad libitum for 56 days. Rats
received subcutaneous injection of Buprenorphine (0.15 m/kg) with 10 cm3 lactated Ringer
solution when showing signs of radiation-induced discomfort and/or pain [8–11,35,36].

Tissue harvesting
All animals survived and the left hemimandibles were harvested and frozen at −20 °C until
imaging.

Raman spectroscopy
Raman spectra were obtained with a locally constructed micro-probe that has been
previously described [12–18]. Briefly, a 785 nm diode laser (Invictus, Kaiser Optical
Systems, Inc., Ann Arbor, MI) delivered approximately 250 mW line-focused radiation to
the specimen through a microscope (E600, Nikon, Melville Station, NY) fitted with a 10×/
0.5 NA objective (Nikon, S Fluor series). The backscattered Raman-shifted light was
focused on the entrance slit of a spectrograph (HoloSpec, Kaiser Optical Systems, Inc.),
operated at a 4 cm−1 resolution. The dispersed light was collected on a CCD (DU-401-BR-
DD, Andor Technology, East Windsor, CT). Eight spectra were collected on the
hemimandible surface over the region of interest previously described and established in our
laboratory (Fig. 1) [8–11]. Both bone mineral and matrix-specific Raman bands were
analyzed and band intensity ratios, such as carbonate/phosphate (1070 cm−1/958 cm−1) and
mineral/matrix including the phosphate/phenylalanine (958 cm−1/1002 cm−1) and
phosphate/(proline and hydroxyproline) (958 cm−1/(854+873) cm−1), collagen cross-link or
matrix maturity (1660/1690 cm−1) were calculated using GRAMS/AI software (Thermo
Nicolet, Middleton, WI) (Table 1).

Overlapped bands were fitted to mixed Gaussian/Lorentzian functions in GRAMS. A fit to

three bands was used for phosphate ( ) ν1. The phenylalanine/amide I region, 1580–
1710 cm−1 was fitted to six bands. Only the intensities of the major components of amide I
(approx. 1666 and 1686 cm−1) were used to calculate the collagen cross-link (matrix
maturity) ratio.

Statistics
One-way ANOVA with post-Tukey test was utilized for analysis of the aforementioned
radiomorphometrics (PASW version 18; SSPS, Inc., Chicago, IL). Statistical significance
was considered at a p value less than 0.05.

Results
Gross results

Following radiation, all animals recovered and survived. Although some animals in the
AMF–XRT group experienced some weight loss (13%) during the radiation week, they
significantly surpassed their original weight compared to the radiated and untreated rats. The
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AMF pre-treated animals also displayed much less signs of radiation-induced stress,
including alopecia and mucositis.

Upon harvest, significant loss of cortical density of the angular process of the mandibles was
evidenced in the XRT group compared to the control and AMF pre-treated mandibles.

Raman spectra
We generated Raman spectra from the data collected from the surface of each murine
hemimandible within our region of interest highlighted in Fig. 1. The results and attribution
of the bands are detailed in Table 1 Part A. The Raman signatures of each group were
clearly identified with the main band assignments for bone minerals and proteins as seen in
Fig. 2. The most intense bands are attributed to the mineral part of the bone, such as
phosphate ν (approx. 958 cm−1), ν (588 cm−1) and B-type carbonate (approx. 1070 cm−1).
The protein bands represent the organic part of the bone and consist mainly of the type I
collagen. In the XRT rats, the intense phosphate P–O band at 958 cm−1 shifted about 0.25
cm−1 to a higher wavenumber compared to the same band in both the AMF–XRT group and
the control group (Table 1, Part A and Fig. 2). Small band position shifts were observed
between the three groups. XRT reduced the intensity of collagen bands relative to mineral.
The collagen band intensity was only partially rescued by AMF. All derived spectroscopic
parameters are shown in Table 1 Part B, while Fig. 3 summarizes the results in a graphical
form to emphasize the partial rescue by AMF prophylaxis.

The full width at half maximum (FWHM) of the phosphate ν1 band was decreased with
XRT (p⪡0.05, Fig. 3A), demonstrating an increase in mineral crystallinity. In the AMF–
XRT group, FWHM of the phosphate ν1 band showed no difference from that of the control
(p=0.248; Fig. 3A), demonstrating an AMF rescue effect.

This finding is confirmed by the carbonate/phosphate ratio, which showed the same pattern.
The ratio of carbonate/phosphate intensities for AMF–XRT showed no difference compared
to that of the control (p=0.147); whereas the ratio for XRT was significantly different from
those of the AMF and control groups (p⪡0.05 and p⪡0.05 respectively, Fig. 3B).

The mineral to matrix ratios were calculated as phosphate ν1 intensity divided by the
combined intensities of the proline and hydroxyproline bands ((854+873)cm−1) and as
phosphate ν1 intensity divided by the intensity of the phenylalanine band (1002 cm−1). The
same results were obtained with both methods. Only the phosphate/phenylalanine data is
shown in Fig. 3C. Significant differences were seen between all 3 groups for that parameter
as well. In fact, the ratios for both XRT and AMF–XRT were increased compared to the
control; however, the ratio for AMF–XRT was lower than the XRT (p=0.014) and closer to
that of the control (p=0.001; Fig. 3C). In summary, XRT increased the mineral/matrix ratio
and AMF only partially rescued this property.

The collagen cross-link or collagen maturity ratio (1660 cm−1/1690 cm−1) was increased
from 2.8 to 4.1 by XRT. Importantly, AMF–XRT did not differ from XRT (p=0.994) but
was significantly different from the control (p=0.004; Fig. 3D), showing that AMF
prophylaxis left the pathological cross-linking largely unchanged.

To further illustrate the changes, the spectra from each group were averaged then the
differences between XRT and control and AMF–XRT and control were calculated (Fig. 4).
The major differentials between XRT and control occurred in both the mineral spectral
region and in the protein spectral regions. With AMF prophylaxis, these spectral changes
were not reproduced, particularly in the mineral part of the bone.
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Discussion
Significant progress has been made in the field of radiation oncology in selectively targeting
tumor cells while selectively sparing the normal adjacent tissue [37]. In the clinical arena of
head and neck cancer (HNC), identifying such a “sensitizer” agent has been proven to be a
key to improving the success and specificity of the treatment plan as well as enhancing the
overall quality of care of the patient. In the craniofacial skeleton specifically, the cortical
mandible is particularly at risk for the devastating effects of radiotherapy, where late
pathologic fractures and osteoradionecrosis still represent a significant biomedical burden
[38].

The authors have previously shown that radiation therapy induced damage to the murine
mandible following a dose–response pattern [10,11]. The authors have also outlined a
protocol that delivers a human equivalent dose of radiation (HEDR) that mirrors the total
radiation dosage delivered to patients with HNC [9–11]. Furthermore, the author’s
laboratory has investigated the effect of AMF pre-treatment in a murine mandibular model
of distraction osteogenesis following the delivery of HEDR [35,36]. We demonstrated that
AMF pre-treated mandibles showed evidence of strong bony union of the regenerate. Our
gross findings were reproduced and quantified in both our histomorphometric data and
mineralization radiomorphometrics, where the mean osteocyte count, the ratio of mature
bone (bone volume/tissue volume), BVF, BMD, and TMD were significantly different in an
AMF pre-treated group compared to an irradiated distracted group [35,36].

Subsequently, we focused our experiment to evaluate the effect of AMF on a non-distracted
and irradiated mandible (with HEDR) using micro-computed tomography [8]. We
demonstrated that AMF pre-treated specimens mirrored the control specimens and exhibited
much less BVF, BMD and TMD compared to the radiated specimens. A closer look at the
bone mineral density distribution histogram [39] showed that the irradiated specimens had a
blunted remodeling and a shifted pattern towards hypermineralization. On the other hand,
AMF seemed to enable the recruitment of more bone cells but only partially remediated the
effects of radiation on the new bone formation [8]. In order to better understand how AMF
functioned to protect the bone from the ravages of radiation we directed our query to
specifically investigate the ability of this drug to preserve both the organic and inorganic
components of bone in the same animal model. To investigate these compositional changes
we employed Raman spectroscopy.

The microcharacterization of the cortical mandible bony constituents can provide a greater
understanding of the pathophysiology of the events that occur when the bone undergoes
radiation, and ultimately it may help circumvent the late effects of radiation on the bone, in
particular pathologic fractures and osteoradionecrosis. Some molecular studies have
reported radiation-induced changes within the mineral and organic components of the bone
[40]. Evidence shows that irradiation alters the degree of cross-linking within the collagen
[41,42]. This occurs as a result of side chain decarboxylation of the tissue, thus modifying
the interaction or binding between the organic matrix and the hydroxyapatite mineral
[42,43].

Utilizing Raman spectroscopy, we were able to better elucidate the changes induced by
radiotherapy and the protective effect of AMF on the bone constituents.

We demonstrated major spectroscopic differences in the mineral composition of the bone
where the irradiated tissue became hypermineralized, with an abnormally crystalline
mineral. This was evidenced by both a shift in the position of the major phosphate band to a
higher wavenumber and a decrease in the width of the band at 958 cm−1. Indeed, mineral
crystallinity is inversely proportional to the FWHM of phosphate. Therefore, the results
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implied an increase in mineral crystallinity secondary to radiation. These effects were
similar to the ones previously reported in human subjects by Lakshmi et al. [19]. It is also
possible that the cell damage caused by radiation results in impaired and abnormal
mineralization. It could be as simple as slowing the process, so that the resulting mineral has
time to develop larger, less carbonated crystallites than normal–or there could be a more
complicated mechanism that is yet to be investigated. AMF pre-treatment clearly restored
those parameters to nearly the control levels. Similarly, there was no difference in the
carbonate/phosphate ratio between AMF and the control (p=0.147); whereas the same ratio
was significantly reduced for XRT. This finding highlights once again the protective effect
of AMF against radiation-induced mineral damages in the murine mandible.

Quantification of the mineral/matrix ratio provides additional useful insight to the amount of
mineralization and to evaluate compositional trends in the bone [12]. Phenylalanine, proline
and hydroxyproline are the major amino acids contributing to the collagen or matrix content
in our murine model. The changes observed in the mineral/matrix of the irradiated
specimens suggest that either the mineral composition is increased and/or the matrix content
is decreased. We have already demonstrated that the former is likely true where radiation
affects the mineral composition of the bone. Kubisz et al. have shown that the content of
selected amino acids in bone, including proline and hydroxyproline was significantly
decreased with radiation exposure with a relative change that was higher for proline [20].
Our analysis of the ratios of phosphate divided by the combined proline and hydroxyproline
mirrored the results obtained with the ratio of phosphate divided by phenylalanine. Such
results allow us to conclude that radiation resulted in the diminution in the protein content.
Interestingly, the results obtained with AMF–XRT showed some improvement compared to
XRT; nonetheless, AMF–XRT differed from the control group. Those findings showed that
AMF was not able to fully remediate the radiation-induced alterations in the mineralization
content likely secondary to the interaction and role of both the major mineral phosphate and
the matrix constituents.

The 1660/1690 cm−1 ratio in the amide I region corresponds to the ratio of non-reducible/
reducible cross-links. The fact that no difference was observed between XRT and AMF–
XRT (p=0.954) whereas both AMF–XRT and XRT significantly differed from the control
(p= 0.0004 and p=0.001 respectively) indicates that the changes in cross-linking induced by
radiation are not remediated by AMF. Although the correlations are complex, the amide
band I changes with the secondary structure of the collagen backbone. It is difficult to
quantify cross-links, but deviations from control values are good indicators that radiation
changes the conformation of the collagen and AMF treatment does not result in complete
rescue. Our findings reveal clues to both the strengths and limitations of AMF treatment and
help to also tease out the mechanism of action by which the preservation of bone healing
and regeneration occurs.

Overall, we can conclude that radiation affects both the mineral and organic matrix of the
bone. AMF seems to specifically protect the mineral part of the bone. Amalgamating the
results of this study with those of our previous reports, we may safely conclude that AMF
mitigates the effect of radiation on bone at a cellular level and at the structural level of the
mineral, thus substantially preserving bone quality, as well as maintaining the capacity for
osseous regeneration and repair. Our data show that Raman spectroscopy can provide
information that cannot readily be obtained by conventional histology or by X-ray
techniques. Spectroscopy shows that changes in collagen cross-linking occur upon XRT and
are not rescued by AMF. While the chemical composition of the cross-links is not available
from the Raman data, their presence cannot be easily discerned by histology and is
completely invisible to plain X-rays or CT. Similarly, abnormal mineral crystallinity is not
reported by either histology or X-ray methods. These methodologies offer no clue to the
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increased brittleness of irradiated tissue. That brittleness is consistent with the presence of
extra cross-links that would inhibit sliding of collagen fibrils when the tissue is loaded.

A limitation of our study is that spectroscopic data were taken at only a single time point, 56
days post-irradiation. We have no spectroscopic information about immediate damage to the
tissue or about the temporal progression of tissue repair, however our model was developed
specifically for the adaptation and application to the clinical setting in order to improve
outcomes where the final end points are of the most translational importance.

Conclusion
We report utilizing a novel approach of Raman spectroscopy to demonstrate the ability of
AMF to prophylactically and specifically safeguard the inorganic component of the
mandible bone from the pernicious effects of radiation induced injury. Furthermore we
established the ability of Raman spectroscopy to reveal radiation-induced changes to both
the organic and inorganic constituents of bone. Ongoing development of a noninvasive fiber
optic Raman spectroscopy probe [12–18] holds the promise of moving this innovative
technology from the bench to the bedside to both monitor the harmful effects of radiation on
bone as well as the efficacy of therapeutic remediation using radioprotective drugs such as
Amifostine.
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Fig. 1.
Murine hemimandible with the region of interest (ROI) highlighted in black. The laser was
focused on the surface of the ROI and eight spectra were collected per hemimandible for
analysis.
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Fig. 2.
Murine mandible spectrum for a normal non-radiated bone (control), radiated (XRT) bone,
and AMF pre-treated bone (AMF–XRT) with signature bands of bone mineral carbonated
apatite and bone matrix collagen with minor contributions from other proteins, lipids, and
glycosaminoglycans. Major bands of the mineral are marked in purple. Major bands of the
matrix are marked in red.
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Fig. 3.
Comparisons of carbonate/phosphate ratio (A), phosphate/matrix ratio (B), collagen cross-
link ratio (C) and full width at half maximum (FWHM) of the major phosphate band at 958
cm−1 (D) for the control, radiated (XRT), and Amifostine pre-treated (AMF–XRT)
specimens.

Tchanque-Fossuo et al. Page 13

Bone. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Raman spectra of control (a) and Raman difference spectra of [XRT] minus [control] (b) and
[AMF] minus [control] (c). Major bands of the mineral are marked with violet shading.
Major bands of the matrix are marked with red shading.
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Table 1

Raman metrics

Part A. Raman band center wavenumber (BCW) and relative intensity (RI).

Groups Phospate ν1 Proline and Hydroxyproline Phenylalanine Carbonate Subbands in amide I
region

BCW (cm−1) RI (a.u.) BCW (cm−1) RI (a.u.) BCW (cm−1) RI (a.u.) BCW (cm−1) BCW (cm−1) RI (a.u.)

Control 957.99±0.01 17.43±0.22 853.09±0.07
874.28 ±0.09

1.84±0.11 1001.48±0.05 0.23±0.02 1070.74±0.15 1665.14±0.63
1685.61±0.40

1.27±0.38
0.50±0.18

XRT 958.26±0.06 17.55±0.17 852.64±0.39
873.63±0.79

1.66±0.08 1001.50±0.03 0.21±0.02 1070.60±0.21 1665.89±0.69
1686.73±0.56

1.09±0.31
0.30±0.11

AMF-XRT 958.05±0.05 17.19±0.22 852.92±0.10
874.07±0.24

1.71±0.07 1001.59±0.16 0.21±0.02 1070.74±0.15 1666.32±0.13
1686.45± 0.54

1.20±0.28
0.33±0.12

Part B. Derived spectroscopic parameters.

Groups

Mineral
crystallinity

FWHM PO4
3−

 ν1

(958 cm−1)

Carbonate/phosphate
1070 cm−1/958 cm−1

Phosphate/phenylalanine
958 cm−1/1002 cm−1

Phosphate/(proline and
hydroxyproline)
958 cm−1/(854+873)
cm−1

Collagen cross-
link
(matrix maturity)
1665 cm−1/1685
cm−1

Control 17.21±0.08 0.21±0.01 76.16±6.49 9.51±0.51 2.83±1.30

XRT 17.10±0.09 0.19±0.01 85.66±7.36 10.62±0.51 4.12±2.03

AMF-XRT 17.23±0.09 0.21±0.01 81.44±5.80 10.07±0.39 4.08±1.77
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