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Abstract

Assessment of the state of bone tissue during biopsy examination
of the material of patients with degenerative or traumatic diseases
is a very urgent task of modern medicine. Such an assessment
makes it possible to characterize the regenerative processes at the
site of the bone defect and to choose the most effective treatment
strategies. Currently, in the study of bone tissue, methods of X-ray
examination and survey histological staining are used. Such
methods do not allow a highly sensitive analysis of individual
components of the cellular substance. One approach to solving this
problem can be the use of Raman spectroscopy. In contrast to
infrared spectroscopy, Raman spectroscopy records in the optical
range, which ensures high sensitivity and ease of use. Raman
spectroscopy is a non-contact, non-destructive testing method
suitable for working with substances in any phase. In this scientific
work, a study of the distribution of hydroxyapatite in a section of
the regenerative material of the parietal bone of the rat skull is
carried out. As a result, it was shown that the Raman spectroscopy
method can be used to determine the characteristics of the
formation, mineralization, and maturation of bone tissue, to
identify loci with maximum and minimum mineralization.
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Introduction

At present, in the study of bone tissue, the emphasis is mainly on
the structural analysis of the components of the regeneration using
methods such as X-ray examination and survey histological
staining (Domenyuk et al., 2018; Kimoto et al., 2021). Such
approaches make it possible to assess the qualitative composition
of the tissue under study, but do not make it possible to conduct a
highly sensitive analysis of individual components of the cellular
substance (Eldzharov et al., 2021). One approach to solving this
problem can be the use of Raman spectroscopy. The method is
based on the registration of Raman scattering of light (Raman
effect) - an inelastic scattering of optical radiation on the molecules
of a substance (solid, liquid, or gaseous), accompanied by a change
in the radiation frequency (Unal et al., 2021; Fosca et al., 2022).
The Raman spectra are specific for each molecular compound,
which can be used to detect and identify molecules in various
mixtures (Lunin et al., 2016).

Raman spectroscopy has several advantages over other analytical
methods: unlike infrared spectroscopy, registration is carried out
in the optical range, which ensures high sensitivity and ease of use
(Blinov et al., 2021). Raman spectroscopy is a method of non-
contact, non-destructive testing, suitable for working with
substances in any phase, does not require special sample
preparation, and analysis is quite fast (from seconds to minutes)
(Hosu et al., 2019). Modern Raman spectrometers provide the
possibility of constructing maps of the distribution of molecular
components over the surface of the samples under study (Goodyear
& Aspden, 2012). In this case, the spectrometer is combined with
an optical microscope.

Raman spectroscopy has a variety of applications in biology and
medicine. It is successfully used in histology for cytodiagnostics
of surgical material (Castoldi et al., 2020; Blinov et al., 2022).
Raman spectroscopy has also found its place in morphological
studies in osteology and regenerative medicine (Maisigov et al.,
2021). Thus, it was used to study the differentiation of osteoblasts,
to study the distribution of proteins and lipids at different stages of
oocyte division (Butler et al., 2016; Esmonde-White ef al., 2022).
Some studies have shown that Raman spectroscopy can be used to
monitor bone biochemistry in the study of diseases such as
osteoporosis (Khalid et al., 2018; AlHumaidi ef al., 2022). At the
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same time, tests were carried out on drugs developed to combat
this disease (Maher et al., 2011).

The objectives of this scientific article were to study the process of
bone tissue mineralization by Raman spectroscopy and to assess
the potential of using modern Raman spectroscopy to determine
the characteristics of bone tissue formation and maturation (Deana
et al., 2022; Albhair & Bugis, 2023).

Materials and Methods

To study the structure and mineralization of the newly formed bone
tissue, bone tissue samples of the parietal bones of the skull in rats
(n=10) were used. Under combined anesthesia (Zoletil/Rometar),
trepanation of the parietal bones of the skull was performed using
a 5 mm trephine with preservation of the dura mater.

Tissue samples were removed 30 days after injury and fixed in 4%
neutral formalin (BioOptica, Italy) for 24—72 hours. The samples
were then washed, dehydrated, and embedded in methyl
methacrylate. First, primary sections 200 pm thick were made
from the obtained blocks, and then secondary sections 40—50 pm
thick were obtained from them by grinding. The cut thickness was
controlled with a standard drum-type mechanical micrometer.

The Raman spectra were recorded on a Nicolet Almega XR
spectrometer (Thermo Scientific, USA) using the 785 nm line of a

semiconductor laser as excitation. For microscopic observation, an
MPlan N 10x/0.25 BD objective was used, for which the
irradiation area is 3 pm. The studied frequency range was 200—
2000 cm™, the spectral resolution was 4.5 cm’!.

Mapping was used to study and characterize the composition of the
cut. A two-dimensional array of spectra was recorded over the cut
surface at points with a given step. The analysis of bone tissue was
carried out according to the spectrum of their main mineral
component, hydroxyapatite. To select the analytical band, the
spectra of hydroxyapatite and polymethylmethacrylate were
preliminarily recorded, since the latter was used as an embedding
medium for obtaining tissue microsections (Béhme et al., 2022).

Results and Discussion

The  Raman  spectra  of  the studied  sample,
polymethylmethacrylate, and hydroxyapatite are shown in Figure
1. A strong hydroxyapatite band, associated with symmetrical
vibrations of the phosphate group, centered at about 960 cm™,
present in the spectrum of the sample, is due to the presence of
hydroxyapatite in bone tissue. This band is weakly masked by
polymethylmethacrylate lines. It was chosen for analysis and was
used to map the distribution of hydroxyapatite.
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Figure 1. Raman spectra of the studied sample.

The upper graph is the spectrum of the sample, the middle graph is
the spectrum of polymethylmethacrylate, and the lower graph is
the spectrum of hydroxyapatite. The band corresponding to the
peak of hydroxyapatite in the spectrum of the sample is highlighted
in blue.

Figure 2 shows a micrograph of a sample section, a map of the
distribution of hydroxyapatite, and a hybrid map of the
combination of the distribution map with the photograph. The area
under study, on which the distribution map was built, is marked in
Figure 2a. Its size was 650 by 1600 pm’. The spectra were
recorded with a step of 50um. The diameter of the probing
radiation beam was lpm. The obtained results correspond to the
results of Shah (Shah, 2021).
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Figure 2. Micrograph of a sample section with a selected area,
which was used to build a distribution map (a), a map of the
distribution of hydroxyapatite (b), and a hybrid map (c)
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Figure 3. Color scale (left) and graphs of the relative amount of

The map shows the intensity of the selected hydroxyapatite band,
which is directly proportional to its amount in the spectrum
registration area and, accordingly, is proportional to the bone tissue
density. The area where hydroxyapatite is absent is colored blue.
As the intensity of the hydroxyapatite band increases, the color
changes to red.

Graphs of the relative amount of hydroxyapatite along the three
lines selected on the map are shown in Figure 3. To quantify the
distribution of hydroxyapatite, the figure shows a color scale that
shows the correspondence of the color on the map and the intensity
of the hydroxyapatite band in the spectrum.
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hydroxyapatite along three selected lines in the sample area

under study

Thus, for each point of the surface under study, quantitative values
of the presence of the selected molecular component can be
obtained. A complete three-dimensional model of the distribution
of hydroxyapatite in the study area of the sample is shown in
Figure 4.
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Figure 4. Three-dimensional model of the distribution of

hydroxyapatite over the sample cut surface

Thus, the research results showed that Raman spectroscopy can be
applied to study the mineralization of bone regeneration. This is
especially important at the current stage of the development of
medicine, including dentistry. With the further development of this
direction, the combination of Raman spectroscopy with other
methods of bone tissue identification, for example, microcomputer
tomography, seems promising (Bartos ef al., 2018; Pefia Fernandez
et al.,2018; Nagdalian et al., 2021). With a combination of several
methods, it is also possible to connect 3D technologies, which will
allow further detailed diagnostics and modeling of decision-
making processes, as well as making recommendations of a
preventive and hygienic nature (Remizova et al., 2021; Yusupova
etal.,2021).

Conclusion

Raman spectroscopy was used to study the distribution of
hydroxyapatite in a section of regenerative material from the
parietal bone of a rat skull (Najim et al., 2023; Nurcahyo et al.,
2023).

As a result, it was shown that the method of combined scattering
spectroscopy can be successfully used to determine the
characteristics of the formation, mineralization, and maturation of
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bone tissue, to identify loci with maximum and minimum
mineralization. The method proposed and used by us, in
combination with methods for determining the rate of bone tissue
formation, can not only show the static characteristics of
mineralization in bone regeneration but also determine the time
intervals of mineralization with high accuracy. density is carried
out on a histological preparation. Subsequently, the data obtained
by Raman microscopy can be compared with histological and
morphometric data and characteristics of bone regeneration,
depending on experimental and clinical tasks.

Acknowledgments: The authors are thankful to the specialists
of the Department of Dentistry of North Ossetian State Medical
Academy.

Conflict of interest: None
Financial support: None

Ethics statement: The protocol for experiments with
laboratory animals complied with the requirements of the
European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes.

References

Albhair, H. A., & Bugis, B. A. (2023). Impact of break hours on
work quality among respiratory care providers in Saudi
Arabia's eastern province. Journal of Advanced Pharmacy
Education and Research, 13(1), 142-152.
doi:10.51847/JGZs6WxiSu

AlHumaidi, M. A., AlJahdali, S. L., AlGab, M. K. M., AlRizqi, A.
A., AlShammeri, A. N., & AlQarni, A. A. (2022). A survey-
based study on dentists' knowledge and practices regarding
lasers in Riyadh City. Annals Journal of Dental and Medical
Assisting, 2(1), 8-13. doi:10.51847/E6TbIOHfXU

Barto§, M., Suchy, T., Tonar, Z., Foltan, R., & Kalbacova, M. H.
(2018). Micro-CT in tissue engineering scaffolds designed
for bone regeneration: Principles and application. Ceram.-
Silik, 62(2), 194-199. doi:10.13168/cs.2018. 0012

Blinov, A. V., Gvozdenko, A. A., Kravtsov, A. A., Krandievsky,
S. O., Blinova, A. A., Maglakelidze, D. G., Vakalov, D. S.,
Remizov, D. M., & Golik, A. B. (2021). Synthesis of
nanosized manganese methahydroxide stabilized by
cystine. Materials Chemistry and Physics, 265, 124510.

Blinov, A. V., Nagdalian, A. A., Povetkin, S. N., Gvozdenko, A.
A., Verevkina, M. N., Rzhepakovsky, I. V., Lopteva, M. S,
Maglakelidze, D. G., Kataeva, T. S., Blinova, A. A., et al.

(2022).  Surface-oxidized  polymer-stabilized silver
nanoparticles as a covering component of suture
materials. Micromachines, 13(7), 1105.

doi:10.3390/mi13071105

Bohme, N., Hauke, K., Dohrn, M., Neuroth, M., & Geisler, T.
(2022). High-temperature phase
hydroxylapatite and the formation of silicocarnotite in the
hydroxylapatite—quartz—lime system studied in situ and in
operando by Raman spectroscopy. Journal of Materials

transformations  of

Science, 57(32), 15239-15266. doi:10.1007/s10853-022-
07570-5

Butler, H. J., Ashton, L., Bird, B., Cinque, G., Curtis, K., Dorney,
J., Esmonde-White, K., Fullwood, N. J., Gardner, B.,
Martin-Hirsch, P. L., et al. (2016). Using Raman
spectroscopy to characterize biological materials. Nature
Protocols, 11(4), 664-687. doi:10.1038/nprot.2016.036

Castoldi, R. C., Ozaki, G. A. T., Garcia, T. A., Giometti, 1. C.,
Koike, T. E., Camargo, R. C. T., dos Santos Pereira, J. D.
A., Constantino, C. J. L., Louzada, M. J. Q., Camargo Filho,
J. C. S, et al. (2020). Effects of muscular strength training
and growth hormone (GH) supplementation on femoral bone
tissue: Analysis by Raman spectroscopy, dual-energy X-ray
absorptiometry, and mechanical resistance. Lasers in
Medical Science, 35, 345-354. doi:10.1007/s10103-019-
02821-5

Deana, N. F., Seiffert, A., Aravena-Rivas, Y., Alonso-Coello, P.,
Muiioz-Millan, P., Espinoza-Espinoza, G., Pineda, P., &
Zaror, C. (2022). Review of available studies and guidelines
in the field of prevention of COVID-19 infection in dental
centers. Annals  Journal of Dental and Medical
Assisting, 2(1), 1-7. doi:10.51847/4VXEtFTh77

Domenyuk, D. A., Zelensky, V. A., Rzhepakovsky, 1. V.,
Anfinogenova, O. 1., & Pushkin, S. V. (2018). Application
of laboratory and x-ray gentral studies un early diagnostics
of metabolic disturbances of bone tissue in children with
autoimmune diabetes mellitus. Entomology and Applied
Science Letters, 5(4), 1-12.

Eldzharov, A. V., Niazyan, D. A., Esiev, R. K., Toboev, G. V.,
Uzdenova, J. K., Shabanova, Z. M., Abakarov, Z. A.,
Abrekov, A. B., Babatkhanov, A. S., & Mishvelov, A. E.
(2021). Clinical and Immunological Characteristics of
Patients with Odontogenic Maxillary Sinusitis. Journal of
Pharmaceutical Research International, 33(50A), 184-195.
doi:10.9734/JPR1/2021/v33i50A33394

Esmonde-White, K. A., Cuellar, M., & Lewis, 1. R. (2022). The
role of Raman spectroscopy in biopharmaceuticals from
development to manufacturing. Analytical and

Bioanalytical Chemistry, 414(2), 969-991.
doi:10.1007/s00216-021-03727-4

Fosca, M., Basoli, V., Della Bella, E., Russo, F., Vadala, G., Alini,
M., Rau, J. V., & Verrier, S. (2022). Raman spectroscopy in
skeletal tissue disorders and tissue engineering: present and
prospective. Tissue Engineering Part B: Reviews, 28(5),
949-965. doi:10.1089/ten. TEB.2021.0139

Goodyear, S. R., & Aspden, R. M. (2012). Raman microscopy of
bone. Bone  Research  Protocols, 1914, 527-534.
doi:10.1007/978-1-4939-8997-3_35

Hosu, C. D., Moisoiu, V., Stefancu, A., Antonescu, E., Leopold, L.
F., Leopold, N., & Fodor, D. (2019). Raman spectroscopy
applications in  rheumatology. Lasers in  Medical
Science, 34(4), 827-834. doi:10.1007/s10103-019-02719-2

Khalid, M., Bora, T., Ghaithi, A. A., Thukral, S., & Dutta, J.
(2018). Raman spectroscopy detects changes in bone

quality and

staphylococcus infected human bone. Scientific

Reports, 8(1), 9417. doi:10.1038/s41598-018-27752-z

mineral collagen  cross-linkage in


https://doi.org/10.51847/JGZs6WxiSu
https://doi.org/10.51847/JGZs6WxiSu
https://doi.org/10.51847/E6TbI0HfXU
https://doi.org/10.51847/4VxEtFTh77

J Biochem Technol (2023) 14(1): 22-26

26

Kimoto, N., Hayashi, H., Lee, C., Maeda, T., Ando, M., Kanazawa,
Y., Katsumata, A., Yamamoto, S., & Okada, M. (2021). A
novel algorithm for extracting soft-tissue and bone images
measured using a photon-counting type X-ray imaging
detector with the help of effective atomic number
analysis. Applied Radiation and Isotopes, 176, 109822.
doi:10.1016/j.apradiso.2021.109822

Lunin, L. S., Lunina, M. L., Kravtsov, A. A., Sysoev, I. A,, &
Blinov, A. V. (2016). Synthesis and study of thin TiO 2 films
doped with silver nanoparticles for the antireflection
coatings and transparent contacts of photovoltaic
converters. Semiconductors, 50, 1231-1235.

Maher, J. R., Takahata, M., Awad, H. A., & Berger, A. J. (2011).
Raman spectroscopy detects deterioration in biomechanical
properties of bone in a glucocorticoid-treated mouse model
of rheumatoid arthritis. Journal of Biomedical Optics, 16(8),
087012-087012. doi:10.1117/1.3613933

Maisigov, J. B., Kuznetsova, G. V., Magomedov, A. M.,
Adzhigova, F. Z., Magomedova, A. S., Burdukova, S. A.,
Mishvelov, A. E., & Povetkin, S. N. (2021). Anthropometric
Analysis of Digital Models of the Dentition Using 3D
Technologies in Orthodontics. Journal of Pharmaceutical
Research International, 33(39B), 101-105.
doi:10.9734/jpri/2021/v33i40A32225

Nagdalian, A. A., Rzhepakovsky, I. V., Siddiqui, S. A., Piskov, S.
I., Oboturova, N. P., Timchenko, L. D., Lodygin, A. D.,
Blinov, A. V., & Ibrahim, S. A. (2021). Analysis of the
content of mechanically separated poultry meat in sausage
using computing microtomography. Journal of Food
Composition and Analysis, 100, 103918.
doi:10.1016/j.jfca.2021.103918

Najim, S. M., Abd, M. R., Fadhil, A. A., & Hassan, A. F. (2023).
Fimasartan attenuates edema and systemic changes in egg

albumin-induced paw inflammation in rats. Journal of
Advanced Pharmacy Education and Research, 13(1), 127-
133. doi:10.51847/EdWlwyapjy

Nurcahyo, H., Riyanta, A. B., Febriyanti, R., Sutanto, H., &
Herdwiani, W. (2023). Hypolipidemic activity of Ceciwis
ethanol extract on wistar rats induced by high fat in vivo.
Journal of Advanced Pharmacy Education and Research,
13(1), 100-104. doi:10.51847/enXilQzXM1

Pefia Fernandez, M., Dall’Ara, E., Kao, A. P., Bodey, A. J., Karali,
A., Blunn, G. W., Barber, A. H., & Tozzi, G. (2018).
Preservation of bone tissue integrity with temperature
control for in situ SR-microCT experiments. Materials,
11(11),2155. doi:10.3390/mal1112155

Remizova, A. A., Sakaeva, Z. U., Dzgoeva, Z. G., Rayushkin, I. L.,
Tingaeva, Y. L., Povetkin, S. N., & Mishvelov, A. E. (2021).
The role of oral hygiene in the effectiveness of prosthetics
on dental implants. Annals of Dental Specialty, 9(1), 39-46.
doi:10.51847/HuTuWdDOmB

Shah, F. A. (2021). Characterization of synthetic hydroxyapatite
fibers using high-resolution, polarized Raman spectroscopy.
Applied Spectroscopy, 75(4), 475-479.
doi:10.1177/0003702820942540

Unal, M., Ahmed, R., Mahadevan-Jansen, A., & Nyman, J. S.
(2021). Compositional assessment of bone by Raman
spectroscopy. Analyst, 146(24), 7464-7490.
doi:10.1039/d1an01560¢

Yusupova, M. I, Mantikova, K. A., Kodzokova, M. A.,
Mishvelov, A. E., Paschenko, A. 1., Ashurova, Z. A. K.,
Slanova, R. H., & Povetkin, S. N. (2021). Study of the
possibilities of using augmented reality in dentistry. Annals
of Dental Specialty, 9(2), 17-21.
doi:10.51847/BG1ZazgXRc


https://doi.org/10.51847/EdWlwyapjy
https://doi.org/10.51847/enXiIQzXM1

