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Abstract—Presents the results of the spectral analysis using the method of Raman scattering spectros-
copy (RS) of dura mater (DM) samples, manufactured by technology “Lioplast” practised in the
clinic in the area of atrophic processes at multiple gum recessions. The method of Fourier deconvolu-
tion and selection of the spectral profile by the method of least squares is used to increase the resolu-
tion and informativity of the spectrum. With the help of mathematical methods of separation of over-
lapping spectral contours, the main bands corresponding to the main components of the implants
were found: amides, proteins, glycosaminoglycans, DNA/RNA. On the basis of the two-dimensional
spectral analysis, the coefficients reflecting the composition of the dura mater with different methods
of its treatment were introduced. It has been established that Raman spectroscopy can be used to eval-
uate implants from the dura mater.
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1. INTRODUCTION

In modern dentistry, the problem of restoring the tissues of atrophied gums, both in the region of the
exposed neck of the teeth, and in the case of adentia, is extremely urgent [1]. According to different
authors, the prevalence of gingival recession varies widely and amounts to 16—89% of all periodontal dis-
eases [2].

To eliminate gum recessions in the world, the Zucchelli surgical method is recognized as a two-layer
technique with the use of an autograft taken from a patient in the area of the hard palate [4]. However, the
size of the autologous material limits the possibilities of treating patients with multiple gum recessions (in
the region of 3 or more teeth).

For the first time in the world practice, in this pathology, it is proposed to use the allogeneic dura mater
(DM) of a human, made as the plastic material by the original domestic technology “Lioplast” ®. The
use of dura mater, in this case, is the most profitable solution, since it can be used for multiple recessions.
The successful outcome of such operations depends on the quality and technology of production of mate-
rials, while preserving the necessary biological substances, such as collagen, glycosaminoglycans, proteo-
glycans [6, 15] and the removal of cellular components (DNA, RNA).

At present, the evaluation of bioimplants can be assessed in vitro using a set of morphological, mor-
phometric, biochemical and optical methods of investigation, including Raman spectroscopy [6, 7].

Optical methods of biomaterial control at the modern level of development of science and technology,
unlike destructive methods of analysis, have enough possibilities for successful solution of the problem,
due to its simplicity, non-invasiveness and efficiency and the absence of additional sample preparation
and cost-effectiveness [7].

Raman spectroscopy has certain advantages and allows real-time non-destructive, quantitative and
qualitative analysis of the composition of biological objects and provides information on the molecular
structure with high spatial resolution. So in article [6] it is shown that this method is used to investigate
spinal cord injuries. Raman spectra showed distinct differences between damaged and healthy spinal cord.

Since implants made on the basis of the dura mater are a multicomponent complex, their RS bands
can overlap each other. Such overlap leads to a significant decrease in the information contained in the
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Fig. 1. Experimental stand for research: 1—researched object; 2—Raman probe RPB785; 3—LuxxMaster Raman laser

module Boxx; 4—power supply laser module; 5—spectrometer Shamrock sr-303i; 6—built-in camera cooling DV420A-
OE; 7——computer; 8, 9, 10—information electrical cables; 11—transmitting fiber optics; 12—receiving optical fiber.

spectrum. Therefore, in order to carry out a full-scale spectral analysis, it is necessary to apply mathemat-
ical methods for the decomposition of the spectral contour [16]. To separate such a complex into compo-
nents and improve the resolution of bands in the Raman spectrum, Fourier deconvolution and spectral
profile (spectrum modeling) methods can be used.

Purpose of the work: to study the composition of implants from the dura mater by the method of
Raman spectroscopy using the methods of decomposition of the spectral contour at various stages of its
production.

2. METHODS

The subjects of the study were dura mater (DM) samples measuring 10 X 10 mm. All samples were
divided into 3 groups: 1 group-lyophilized, processed by the technology “Lioplast” ® (TU-9398-001-
01963143-2004) after radiation irradiation (sterile); 2 group — before sterilization (non-sterile) and 3
group — native samples.

In the process of production of bio-implants from the dura mater using the technology “Lyoplast” ®,
at the first stage the process of obtaining implants includes special ultrasonic cleaning from antigenic
structures for primary sterilization of the material and viral inactivation. After the primary treatment, the
tissues are lyophilized, and then the hermetically sealed material is finally sterilized by the radiation
method at the final stage. The use of chemical factors in the manufacture of used in the minimum amount
to reduce allergic reactions and complications.

As the main method for the analysis of bioimplants, the Raman spectroscopy method was imple-
mented using an experimental stand (Fig. 1), which includes a high-resolution digital spectrometer
Shamrock sr-303i, combined with a LuxxMaster LML-785.0RB-04 laser module (power up to 500 mW,
785 nm wavelength) and built-in cooled DV420A-OE camera providing a spectral resolution of 0.15 nm
(spectral range 200—1200 nm) [8]. The spectrums were taken from each side of the sample at five different
spots.

The Raman probe 2 focused the laser radiation at object 1 (the spot diameter was 0.2 mm at a distance
of 7.5 mm from the exit window of the tube), collected the radiation scattered by the object and focused
the radiation filtered out in the spectral range 790—1200 nm onto the input end of the receiving optical
fiber, through which it was transported to Input slit of the Shamrock sr-303i 5 spectrometer with built-in
cooled chamber 6. To reduce the noise level, the camera 6 matrix was cooled to —60°C, providing a spec-
tral resolution of 0.15 nm (~1 cm™"). Spectrum processing was carried out in the software environment
Wolfram Mathematica 10 and consisted in removing the noise by a smoothing median filter of 7 points.
Then the selected range 300—2200 cm~! using iterative algorithm [9, 10] the approximating line (the fifth-
degree polynomial) of the auto-fluorescent component was determined and then this component was
subtracted, obtaining a separate Raman spectrum. The error of the coefficients used did not exceed 4%
[11].
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Fig. 2. Average RS spectra for samples of the dura mater, where the numbers represents the group number: 1 group-lyo-
philized, processed by the technology “Lioplast” ® (TU-9398-001-01963143-2004) after radiation irradiation (sterile); 2
group — before sterilization (non-sterile) and 3 group — native samples.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the characteristic averaged Raman spectra of groups of samples of the dura mater. Anal-
ysis of the Raman spectra is presented in Table 1. The differences appear in the Raman lines 814, 1002,
1101, 1167, 1240, 1420 and 1560 cm~', Molecular vibrations of glycosaminoglycans, proteoglycans, phenyl
assignment, deoxyribose (B, Z-marker), amide III and amide II (C—N—H valence) (deformation vibra-
tion of N—H) [4, 6, 12—16].

Table 1. Deciphering RS spectra for samples of dura mater

Raman frequency W
. 4 Fragment, oscillation
shift, cm
814 Phosphodiester bands in RNA/DNA (C5—O—P—0—C}) (o-—form helix, Phoshpate) [12]
835 Tyrosine (H-bonding of indole ring) [13]
847 a-glucose, (C—0O—C) skeletal mode [4]
856, 870 Benzene ring of proline and hypro (collagen assignment) (C—C stretching) [4]
915 Ribose (RNA) (C—0O and C—C stretching) [14, 17]
940 GAGs (C—0O—C linkage) [18]
1002 Aromatic ring breathing of phenylalanine v{(C—C), (protein assignment) [4, 6]
1030 Phenylalanine (CH,CH; bending modes (collagen assignment)) [4, 6]
1063 Skeletal C—C stretch of lipids [6]
1101 B-DNA and Z-DNA marker, deoxyribose [14, 15]
1130 v(C—C) skeletal of acyl backbone in lipid (trans conformation) [6]
1167 GAGs, CSPGs [4]
1230—1289 Amide III random coil (disordered) and o-helix [4, 13]
1398 Lipids [4]
1420 Deoxyribose, (B,Z-marker) [16]
1440—1447 Lipids and proteins, CH, scissoring & CH; bending [4, 6]
1555—1565 Amide II (Parallel/Antiparallel B-sheet structure) [4, 6]
1655—1675 Amide I (C=0 bending mode) o-helix [4, 6]
1738 Phospholipids (C=O0 ester group) [4, 6]
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Fig. 3. Modeling of spectral characteristic outline for samples of dura mater.

It can be seen from Fig. 2 that during processing, the line at the wave number of 1167 cm~! is preserved
in the samples, which indicates the preservation of glycosaminoglycans and proteoglycans (GAGs,
1 CSPGs) during processing that play an important role in implant engraftment.

The collagen component, in addition to the CP lines of proline and hydroxyproline, is represented by
amide III groups (in the 1230—1289 cm~! region), amide II (in the 1555—1565 cm~! region) and amide I
(in the 1655—1675 cm~' region), As well as a 1030 cm™~' Raman line corresponding to the CH2-CH3
vibrations of phenylalanine.

In addition, in all groups of samples, there is a Raman line at a wavenumber of 814 cm~! corresponding
to the phosphodiester linkage of DNA/RNA, which, possibly, indicates the destruction of nuclei and
incomplete removal of DNA/RNA residues from the samples.

For sterile and non-sterile samples, the average correlation coefficient between the two groups is R, =
99.42%, indicating that there is no noticeable destructive effect of sterilization by the radiation method on
the implant. The calculated correlation coefficient between the group of native samples and samples of
the first, second group was R; = 70.95%, which indicates a significant difference in the quantitative com-
ponent of the composition.

Since the test samples have a multicomponent composition, the analysis of the RS lines corresponding
to proteins and DNA based on the data in Fig. 2 is difficult without additional mathematical processing.
Therefore, using the method of selecting the spectral contour and deconvolution of the Gaussian function
in the MagicPlotPro 2.7.2 software environment, nonlinear regression analysis of the spectral curve based
on its fitting by the least squares method was performed, followed by expansion into spectral lines (Fig. 3).
As a trial function, the Gaussian function described by the function [21] was used:

2
y = aexp(—1n2(x _xoj ],
dx

where: a is the amplitude, dx is full width at half maximum FWHM, X, is the maximum position.

The criterion variable was the amplitude of the lines, which depends on the values of the independent
variables (regressors) dx and x,,, which determine the initial analysis conditions. The average value of the
determination coefficient of the resulting spectrum, modeled by trial functions, from the initial Raman
spectrum in the range 750—1800 cm~" is R> = 0.997.

The degree of processing and quality of implants is determined by the complete removal of cellular
components (DNA, RNA) and the preservation of the created extracellular matrix (EM), the main com-
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Fig. 4. Two-dimensional diagrams of the introduced coefficients.

ponents of which are collagen, glycosaminoglycans, proteoglycans [6, 15]. The quality of the implant
directly depends on the content of the components in it.

Of greatest interest in the analysis of Raman spectra are the 835 cm~! wave lines (Tyrosine), 855 cm™!
(proline), 940 and 1167 cm~! (GAGs, CSPGs), 1240 cm~! (amide III), 1560 cm~! (amide II).

To control these parameters and more complete relative quantitative assessment of the component
composition of the bioimplant surface on the basis of the dura mater, we introduced relative coefficients.
Relatively constant component in the studied samples of the dura was amide I [6], corresponding to the
wave number of 1660 cm™!, therefore it was used as a denominator (/;44,) in the introduced coefficients (k):
I

l

k= )
Ti660

where /;is the intensity values at the wave numbers of the components being analyzed.

Figure 4 presents two-dimensional diagrams of the introduced coefficients, on which the differences
between samples of different groups are seen.

It is also seen from Fig. 4a that the coefficients characterizing the relative concentration of amide 111
and amide II for sterile samples are less than for non-sterile ones, indicating a small destructive effect
of sterilization by the radiation method of Amide III and Amide II. So for sterile specimens, the values
(1.8 < 1 ipu0/ L1660 < 2.1 and 1.16 < 1560/ 11660 < 1.58) are characteristic, and for non-sterile samples (1.22 <
Iise0/ 11660 < 1.61).
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The values of the coefficients reflecting the relative concentration of glycosaminoglycans and proteo-
glycans, 1o40/1 1660 a0d 1167/ 11660, Tange from (0 < lo,0/ 11660 < 0.4, 0.1 < 11147/ 11660 < 0.6) for native and (0.3 <
Loso/ Tisgo < 0.75 0.6 < 1167/ 11660 < 0.9) for samples processed using the “Lioplast” technology (Fig. 4b),
which reflects an increase in the relative concentration of GAGs, CSPGs with respect to collagen struc-
tures (amide I). In the manufacturing process and indicates the preservation and production of a qualita-
tive extracellular matrix, and for non-sterile samples, the values obtained were higher.

The ratio Igs¢/ 1,460 shows the difference in the ratio of the peaks of benzene proline rings and the sec-
ondary structure of collagen I, caused by deformations in the collagen structure [20], and it makes it pos-
sible to clearly differentiate the native (0.1 < Igs¢/ 11460 < 0.26) Technology “Lyoplast” (0.93 < Igse/ 11660 <
0.85). For the first and second group of samples, the values of the ratio /5s¢/ 1440 Were in the same intervals.

From the analysis of the diagram 4c, it can be seen that the value of the optical coefficient Igss/1;640
depends on whether the radiation was sterilized or not.

Thus, when using spectral analysis of Raman spectra with mathematical methods to improve the res-
olution of spectral contours for the evaluation of implants made on the basis of the dura mater, it is shown
that when they are processed, components that negatively affect their quality are removed, while the
required level of the extracellular matrix remains.

CONCLUSION

A comparative spectral evaluation of the component composition of the surfaces of implant samples
based on the dura mater, manufactured using the “Lioplast” technology, carried out sterilization and
without it, as well as native samples was carried out.

Deconvolution of spectra by the method of selection of the spectral contour and deconvolution of the
Gauss function allows to carry out an expanded component qualitative and quantitative analysis of bio-
implants on the basis of the dura mater of the main indices of biomatrix: collagens, proteins, glycosami-
noglycans, proteoglycans, DNA/RNA

It was established that the main differences are in the the wave numbers of 835 cm~' (Tyrosine), 855 cm™!
(proline), 940 and 1167 cm~' (GAGs, CSPGs), 1240 cm~! (amide III), 1560 cm~! (amide 11).

The coefficients were introduced and a two-dimensional analysis was performed which showed that
the processing retains the main components and removes DNA/RNA, which increases the quality of the
material, which provides the possibility of a good clinical effect in the treatment of multiple gum reces-
sions.
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KonnareHoeje
meM6pany;
TMO (dura mater)

*neT PyHAAMEHTaNbHbIX HAY4YHbIX UC-
cnefoBaHWA Ha 3emne 1 B Kocmoce
*leT KIMHNYeckoro o60CHOBaHMSA BO BCeX

*AMCCepTaLMii Ha COMCKaHNe YYeHOW cTeneHn
[OKTOPa MeANLIMHCKNX HayK

*NPOAYKTOB Anst ctomartonoruu, JIOP - xnpypruu,
YX 1 MUKPOXMPYPrn MONOCTY pTa

NMPENMYLLECTBA «JIMONNACT-C»® N AOBEPUE KAYECTBY

1. HATMBHOCTb CTPYKTYpPbI. COXpaHEHME NePBUYHO MPUPOAHO NPOCTPAHCTBEHHON CTPYKTYpPbI
MaTepuranoB B NpoLecce NPOM3BOACTBA N0 TEXHOMOMMN «/Tnonnact-C»®.

2. CpoAcTBO OpraHU3My YesoBeka. Makc1ManbHOe COOTBETCTBME BUOXMMUNYECKMX U GU3MONIO-
rMYecKnx NapaMeTpoB Mpu COXPaHEHN FOMEOCTasa peLunmneHTa.

3. MonHoe 100%-Hoe 3amMeLleHune. bronmMnaaHTaTbl 3aMeLLLAOTCA COBCTBEHHbLIMU TKAHAMU Opra-
HM3Ma B YCTaHOB/IEHHble CPOKM UK 6e3 MNO6OYHbIX peakunuii N NPOAYKTOB 3aMeLleHUs.

4. Buonormnyeckasi akTUBHOCTb. «BUAVMOCTb» 1 peakTMBHOCTbL OpraHu3mMa Ha MaTtepuan. Coxpa-
HeHVe COBCTBEHHOro BAVSIHUS Ha KAETOUHble W FymMoOpasbHble MeXaHW3Mbl WMMYHUTETA.

5. MHAyKU.I/ISI N KOHAYKLUUA pereHepauuvu. Bblpa>KeHHaF| KOHAYKTUBHOCTb, a TakxXe MHAYKTB-
HOCTb MaTepuana, 6e3 Mo60oYHbIX anneprmnyeckmnx n MaTosiorm4ecKknx peaKLl,VIVI.

6. iccnepgoBaHe XUMMN4YeCcKOro coctaBea. PaCKprTVIe MONIHOW FreHOMUKU U NPOTEOMUKN MaTePU-
azoB, N3y4vyeHme CBOWCTB 1" noBeAeHNA B Pa3/INYHbIX Cpefax OpraHM3Ma N Ha KYJbType TKaHeNn.

7.36 NeT KANHNYECKOro npuMeHeHus . [priMeHeHVe BO BCeX 061aCTAX KOCTHOW 1 COEANHUTENb-
HO - TKaHHOWM xupyprun. bonee 2000 rocyfapCTBEHHbIX W YACTHBIX NIeYebHbIX YyypeXaeHWA.

8. Bce BMAbI XUpyprum nonoctuy pra. KoHcepBauusi yHOK, pesekuunn, LUCTIKTOMUS, UMMIaHTa-
LMs, KOCTHast ayrMeHTaLuns, MyKO-TMHTMBaNbHasa XUPYPrusi, CUHYC-TNGTUHT.

9. MepcoHUMLMpOBaHHas MegULMHA. YeTKIi anropnt™ Nog6opa NeveHns KaxaoMy nalmeH-
Ty C yyeToM GEeHOTUMUYeckMX MokasaTtenei, npoduns 1 CTaTycoB KAMHUYECKOW CUTyaLun.

10. 36 neT pyHAAMEHTaNbHbIX NCNefoBaHNA. KneTouHble, 1abopaTopHble, 6roxuMmnyeckmne,
GU3NKO-XMMMYECKME, KOCMUYECKME U KNTUHNYECKE NCCNeA0BaHNS.
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OpToneauns» anbBeonsipa ¢ RBB» LeCHbI» lyoplast.com



