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Algorithm for identifying different forms of allogeneic collagen-containing
material as a basis for bioink using optical analysis methods
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The results of a study assessing the composition of different forms of allogeneic collagen-containing material
(hydrogel) as a potential component of bioink in a promising direction tissue engineering using optical methods
(Raman and IR spectroscopy). As a result carried out studies using the Raman spectroscopy method, it was
established that in non-hydrolyzed form of collagen, the relative content of proline and hydroxyproline is less
than in the hydrolyzed form, which may indicate disturbances in the structural organization of collagen-containing
material (according to the spectral features of proline and hydroxyproline). Based on analysis of variance there was
an algorithm has been developed for identifying different forms of allogeneic collagen-containing material using
decision tree. It has been established that using Raman and IR spectroscopy methods it is possible to carry out
express analysis of the composition and types of collagen materials, as well as control the degree of denaturation

collagen in the development of bioinks.
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Introduction

The use of optical analysis techniques for qualitative and
quantitative assessment of the composition of hydrogels [1]
is a currently relevant aspect of tissue engineering (specif-
ically, 3D bioprinting with regard to the development and
analysis of bioinks). Bioinks may be based on materials of
various origin. Allogeneic biomaterials, which are known
to have a number of advantages (such as a low immune
response, biomimeticity, and biodegradability [2,3]), are
currently regarded as promising candidates for these appli-
cations. For example, scaffolds used in bone and cartilage
tissue engineering should have an interconnected porous
structure, fine biocompatibility, and mechanical properties
matching the ones of their natural counterparts. Collagen-
containing materials (collagen is the key component of the
extracellular matrix [4,5]) are considered promising in this
context.

An unbiased assessment of the quality of hydrogels and
bioinks requires data on the structure of their components.
Therefore, the evaluation of structural and qualitative char-
acteristics and the state (hydrolyzed or non-hydrolyzed) of
a collagen-containing material appears to be important.

Optical methods have been used in a number of stud-
ies [6,7].

Raman spectroscopy has several advantages over other
optical methods, since it allows for prompt control and
has a wide variety of uses in biomedical applications.

21"

Specifically, Raman spectroscopy has been used to examine
the characteristics of the extracellular matrix in tissue
samples. Raman spectroscopy has also been applied in bone
marrow studies [8], and it has been found that the primary
contributions to Raman spectra of bone marrow from BM-
MSCs were produced by nucleic acids (isolated purine
and/or pyrimidine bases and DNA/RNA structure), proteins
(individual amino acids, amide groups of the secondary
structure of proteins, and various vibrations within the
C—C or C—N bonds), and lipids (vibrations within the
hydrocarbon chain).

Thus, Raman spectroscopy is an efficient method for
assessing cell populations and compositions of biomaterials.

Fourier-transform infrared spectroscopy, which is suited
for rapid and high-quality chemical structural characteriza-
tion of collagen properties [9], is no less promising than
Raman spectroscopy. This method is also used widely, since
it allows for precise determination of the chemical structural
properties of collagen from various sources. Using a non-
destructive technique such as FTIR, one may obtain valuable
molecular-level data on the types of functional groups,
types of bonds and molecular conformations, and charac-
terize easily and distinguish the quality of collagen-based
biomaterials in human biological tissues [10]. This was
confirmed by the authors of literature review [11], where the
application of FTIR for the examination of collagen-based
biomaterials extracted from various sources and for the
characterization of collagen-based materials used in wound
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healing, as skin substitutes and collagen-containing drug
delivery agents, in tissue engineering, bone regeneration,
osteogenic differentiation, etc., was highlighted.

The aim of the present study was to perform Raman and
FTIR analysis for evaluating the composition of different
forms of a collagen-containing material intended to be used
as a basis for bioinks.

Materials and research techniques

The following two groups of samples were examined:

group 1 — collagen-containing material, non-hydrolyzed
form,;

group 2 — collagen-containing material, hydrolyzed form.

The starting material for production of the collagen-
containing material was mineralized allogeneic spongy bone
tissue, which was cleaned of blood, lipids, bone marrow
stroma, and other components using the patented original
HLioplast® technology ® (TU-9398-001-01963143-2004)
with subsequent lyophilization. Demineralized tissue was
then obtained from mineralized bone tissue by removing the
bone mineral component (BMC) (hydroxyapatite) chemi-
cally. The next step was to prepare a gel form or hydrogel
of the collagen-containing material from demineralized bone
tissue by extracting the protein complex with acid and
neutralizing the resulting gel with alkali. A buffer solution
was added to maintain a stable hydrogel pH value. The ob-
tained hydrogel was of medium viscosity, slow-flowing, and
transparent; its pH value was 7.2—7.4. The next step was
lyophilization of this hydrogel (preparation of a lyophilisate).
Collagen hydrolysate was obtained enzymatically using
the trypsin enzyme (OOONPP ,PanEco,” trypsin 1:250,
activity: 349 U/mg, Cat. No. P032, WA200226).

Raman spectroscopy was performed on a test
stand [12] fitted with a semiconductor laser (LML-785.0RB-
04,450 MW), a spectrograph (SharmrockSR-303i) with an
integrated digital camera cooled to —60°C, an optical
Raman module (PBL785), and a computer.

The SharmrockSR-303i spectrograph provides a wave-
length resolution of 0.15nm at a low level of intrinsic noise.
Raman spectra were recorded with an optical probe [13].

The obtained spectra were processed [14]. The spec-
tral analysis was confined to the 450—1800cm™! range.
Normalization and smoothing of the Raman spectra were
performed using the SNV and Maximum Likelihood Esti-
mation Savitzky—Golay filtering (MLE-SG) (= 4) methods.

The method of subtracting the fluorescence component
by the I-ModPoly polynomial approximation with a polyno-
mial degree of 11 was used to filter out autofluorescence
from the Raman spectra.

Fourier IR spectroscopy of samples was utilized as an
additional biomaterial analysis technique. An FT-801 instru-
ment (,,SIMEX,“ Russia) was used in these experiments.
IR spectra of samples were recorded using a multiple-
reflection ATR (attenuated total reflection) accessory with a
zinc selenide element. The reflection method (with three

reflections) and the ZaIR3.5 software were used. The
measurement resolution was 4cm~!, and the range was
500—4000 cm .

IR spectra are used to identify compounds and determine
the degree of their purity (qualitatively); they are also
suitable for qualitative analysis of mixtures in monitoring
the progress of a reaction. However, the prevalent and
most important mode of application of IR spectra is the
clarification and verification of the tentative structure of
compounds. The mentioned instrument allows one to
determine the presence of almost any functional group in
a molecule.

Results

Figure 1 shows the averaged normalized Raman spectra
of the samples under study.

It can be seen that the hydrolyzed form of collagen
is characterized by high intensities of Raman lines in
the 800—1464cm™! spectral range; the most notable
Raman lines in the spectra of this sample are those
at 854 and 876cm~! (C—C stretching, proline and
hydroxyproline (collagen assignment)), 1003/1036 cm™!
(Phenylalanine (Breathing mode) (collagen assignment)),
1094cm~!  (Phospholipids), 1270cm~! (Amide Ill/a-
helix), 1449 cm~! (CH, bending and scissoring modes of
collagen and phospholipids).

The authors of [15] have noted that the relative amount
of proline (854 cm~! in the Raman spectra) affects collagen
synthesis directly, since the most important stage in protein
synthesis (post-translational modification) follows on the
chemical reaction of proline hydroxylation. In its hydrolyzed
form, the collagen-containing allogeneic material preserves
a complex of amino acids (the key protein components
of bone tissue: proline, phenylalanine, hydroxyproline)
that are used by the body as building blocks in the
process of collagen synthesis when the implanted structure
is substituted by the body’s own tissues.

Optical methods allow one to evaluate the quality of
the hydrolyzed collagen-containing material by verifying the
preservation of the complex of essential amino acids.

Thus, changes in the percentage of proline and hydrox-
yproline may serve as indicators of the biomaterial quality.

An increase in the concentration of hydroxyproline (the
854 cm~! line), which is a part of the collagen protein and
is associated with bone matrix peptides, in the hydrolyzed
form of collagen may be indicative of suppression of
resorptive processes [16].

The wave number of 1036cm™! corresponds to vibra-
tions in the phenylalanine molecule [17]. This amino acid
is relevant to the study of osteoresorption, since it is also
involved in the process of collagen synthesis and governs
such properties of collagen fibrils as elasticity and resilience.
The intensity of the line at this wave number decreases in
the spectra of non-hydrolyzed collagen.
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Figure 1. Averaged normalized Raman spectra of the samples
under study: group 1 (red curve); group 2 (blue curve).
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Figure 2. Resulting model of decomposition of the Raman

spectrum by Voigt lines (black solid curve — original spectrum;
red dotted curve — simulated spectrum; blue dotted curve —
difference between the original and simulated spectra).

The most significant differences between the two exam-
ined groups are found in the 1559—1736cm™! spectral
region. Specifically, the hydrolyzed form of collagen features
a peak at 1663 cm~! (Amide I/a-helix), which is fairly faint
in the spectrum of non-hydrolyzed collagen. At the same
time, the lines at 1559 cm~! (amid II Parallel/Antiparallel
B-sheet structure) and 1736cm~! (phospholipids) are the
most pronounced in the non-hydrolyzed form of colla-
gen.

In order to extract more information from the obtained
Raman spectra, they were decomposed (Fig. 2) into a sum
of 66 spectral Voigt profile lines characterized by formula
(1). The composition of spectral lines was determined by
automatic multi-iteration modeling of 21 Raman spectra.

(1- a)Ae[f(xfxo)z/Zagz]
ogV2m

LA [(;} , (1)

I X—X())2—|—O'2

f(X; A Xo,0,a) =

where oy =0/v2In2 is the FWHM value, A is the
amplitude, « is the coefficient setting the relative weight
of Gaussian and Lorentzian components (o =0 and
a =1 correspond to Gaussian and Lorentzian profiles,
respectively), and X is the position of the line maximum.
The limited-memory BFGS (L-BFGS-B) method was
used to optimize the model. The average values of
parameters of the Raman spectra obtained as a result of
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decomposition were as follows: R? = 99.68%, x> = 11640,
aic = 633, bic = 849.

The line amplitudes obtained after decomposition were
analyzed using ANOVA (analysis of variance). The
amplitudes of seven most informative lines are shown in
Fig. 3.

The distribution of amplitude of any of these seven lines
allows one to distinguish clearly between the spectra of
the Ist and 2nd groups; therefore, all these lines may be
used to construct a decision tree. The most significant
differences are observed in the amplitude distribution for
the ~ 1736 cm™~! Raman line (phospholipids).

With the analysis of variance factored in, one may
establish the criterion for differentiation between the spectra
of groups 1 and 2 based on a single line with the use
of a decision tree (Fig. 4). If the line amplitude is
below 284.265rel. units, the examined Raman spectrum
corresponds to the hydrolyzed form of collagen.

The primary functional groups characteristic of the colla-
gen structure are found in the FTIR spectra of the non-
hydrolyzed collagen-containing material (Fig. 5) (Group
2). The FTIR spectrum features peaks corresponding
to amide I (1631cm™"), amide II (N—H group bending
at 1534cm~!), and amide III stretching vibrations at
1231em~!. A pronounced hydroxyl band in the region of
3300 cm ™!, which corresponds to the stretching vibrations
of N—H, is also seen. One may also note the presence of -
COOH and -OH groups that are characterized by the peaks
at 1739, 1645, and 1073cm™" [18]. In light of literature
data [19], this verifies the presence of a collagen structure
in the sample under study.

In the hydrolyzed form of the collagen-containing mate-
rial (Group 2), the intensity of the amide I and amide III
peaks and the vibration of proline side chains present in the
collagen-containing material (1325—1340cm~!) decreases
after enzymatic treatment. This is indicative of unfolding of
triple helices due to collagen denaturation. The triple helical
structure of collagen is verified by the intensity of the peak
characteristic of amide III at 1447 cm™!.
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Figure 3. Amplitudes of the most informative lines: / — first
group; 2 — second group.
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Figure 4. Decision tree.

—_
o
(=]

A N X0
oS O O

Absorbance, % —

[y}
oS O

1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

< Wavenumber, cm!

Figure 5. Averaged FTIR spectra of the studied samples:
group I — non-hydrolyzed form of the collagen-containing
material (red curve); group 2 — hydrolyzed form of the collagen-
containing material (blue curve).

Conclusion

Raman spectroscopy data revealed that the percentage of
proline and hydroxyproline in the non-hydrolyzed form of
collagen is lower than in the hydrolyzed form. This may
be indicative of abnormalities in the processes of collagen
synthesis. At the same time, an increase in the concentration
of hydroxyproline (the 854cm™! line), which is a part of
the collagen protein and is associated with bone matrix
peptides, in the hydrolyzed form of collagen suggests a
possible suppression of resorptive processes.

The results of mathematical processing of Raman spectra
demonstrated that the greatest difference in the distribution
of line amplitudes is observed for the ~ 1736 cm~! (phos-
pholipids) line.

An algorithm for identifying different forms of collagen
for bioinks with the use of a decision tree was developed
based on the analysis of variance. It was demonstrated that
if the amplitude of the 1736cm™!' Raman line is below
284.265rel. units, the examined spectrum is the one of a
lyophilized gel of hydrolyzed collagen.

The FTIR method was used successfully to character-
ize the peaks of the non-hydrolyzed collagen-containing
material sample corresponding to amide I (1631cm™!),
amide 11 (1534cm™!), and amide III (1447 cm~!). It was
found that the intensity of these peaks increases significantly

(due presumably to the denaturation of collagen) when the
sample becomes hydrolyzed.

Thus, a combination of two optical non-destructive
screening methods — IR and Raman spectroscopy —
provides an opportunity to perform qualitative express
analysis of the composition and types of collagen in the
course of development of bioinks for 3D bioprinting with
the use of biological materials.
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