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Abstract: In the present study, the efficiency of a biomimetic approach by coating demineralized
bone matrix (DBM) amorphous calcium phosphate (DBM+CaP), including its combination with
serum albumin (DBM+CaP+BSA), was investigated. The intact structure of DBM promotes the
transformation of amorphous calcium phosphate (CaP) into DPCD with a characteristic plate shape
and particle size of 5-35 um. The inclusion of BSA in the coating resulted in a better and more
uniform distribution of CaP on the surface of DBM trabeculae. MG63 cells showed that both the
obtained forms of CaP and its complex with BSA did not exhibit cytotoxicity up to a concentration
of 10 mg/ml in vitro. Ectopic (subcutaneous) implantation in rats revealed pronounced
biocompatibility, as well as strong osteoconductive, osteoinductive, and osteogenic effects for both
DBM+CaP and DBM+CaP+BSA, but more pronounced effects for DBM+CaP+BSA. In addition, for
the DBM+CaP+BSA samples, a pronounced full physiological intrafibrillar biomineralization and
proangiogenic effect with the formation of bone-morrow-like niches, accompanied by pronounced
processes of intramedullary hematopoiesis, indicating a powerful osteogenic effect of this
composite.

Keywords: bioactive materials; bone grafts; remineralization; coatings; bone tissue engineering;
demineralized bone matrix; biomimetic scaffolds; calcium phosphate-albumin composite; bone
marrow biomimetic

1. Introduction

Ideal bone substitutes are presented by highly porous materials with high biocompatibility,
osteoinductivity, osteoconductivity, and osteogenic potential [1-4].

In current orthopaedic surgery, bone tissue autografts remain the gold standard, as this material
already contains all the necessary components for full biontegration of the implanted tissue (living
cells, signalling molecules, regulatory extracellular matrix (ECM), etc.). However, well-known
complications and inevitable autograft deficiencies have stimulated the development of modern
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methods of bone tissue engineering, focusing on the creation of bone tissue biomimetics. Such
mimetic constructs are required to contain ECM (or its full analog), which simultaneously provides
haptotaxis (chemical cues on the surface), durotaxis (mechanical substrate compliance), and topotaxis
(geometric features of the substrate) [5], as well as biological and chemical nature-like agents that
provide chemotaxis, guided migration, and subsequent differentiation of the patient’s cells. Despite
the abundance of synthetic scaffolds, in the above-mentioned context, the demineralized bone matrix
has the most pronounced conformity for the provision of topotaxis, haptotaxis, and durotaxis because
of its initial optimal geometry, the presence of all necessary signalling functional peptides on the
surface of its collagen trabeculae, and because it is a physiological base for the precipitation of
amorphous calcium phosphate, resulting in an optimal and specific hydroxyapatite for natural
mechanisms of biomineralization. In addition, biological and chemical agents used for chemotaxis
and differentiation of the recipient’s cells should also be natural, but remain affordable and
controllable in terms of their activity (which is an issue, for instance, in the case of thBMP-2 or stem
cells) [6-9]. Thus, the utilized bioactive agents can be represented by calcium phosphates preceding
the final form of hydroxyapatite (amorphous calcium phosphate, DCPD, TCP, OCP, etc.), as well as
bioactive molecules, proteins, and lipids, which participate in the regeneration processes and normal
osteogenesis [7-10].

Considering the deficiency of allogenic tissues in obtaining natural bone substitutes, it appears
logical to use demineralized and antigen-free xenogeneic bone tissue [11-13]. The demineralized
bone matrix consists almost entirely of type I collagen [14,15]. In addition to that, “hole zones” of
bone collagen fibrils are not shielded by glycosaminoglycans leading to nearly non-energy-
consuming adsorption of amorphous calcium phosphates with a formation of hydroxyapatite
crystals being the terminal and bioinert structure, mechanically stabilizing the supporting bone tissue
and presenting the main depot of calcium and phosphates in the organism [16,17]. The triple helix
zone of collagen demonstrated a high degree of evolutionary stability, with variations in the amino
acid content in different species of mammals not exceeding several percent [18]. It is worth noting
that antigenicity and immunogenicity of collagen are caused in the first place by the release of
antigenic determinants, which are normally hidden epitopes that interact with antibodies only after
the triple helix is unfolded; that is, immunogenic factors can be only damaged and/or denatured
collagen [19,20]. Another important consideration is the use of low-temperature calcium phosphates
because of the inability of high-temperature synthesis in the body, which would be atypical for the
organism and may mediate foreign body reactions and fibrous encapsulation [21,22]. The low-
temperature synthesis of calcium phosphate imitates the physiological inorganic components of
native bone tissue. At the same time, the use of hydroxyapatite precursors, but not hydroxyapatite
itself, appears to be the most logical, as amorphous calcium phosphates are not only used to form
tissue-specific hydroxyapatite but also directly drive the differentiation of migrating recipient’s cells
[23,24].

Therefore, composite biomimetic bone tissue-like materials may be an effective osteoplastic
material as a balanced complex of low-temperature calcium phosphates (precursors of
hydroxyapatite) and additional bioactive natural proteins and lipids precipitated on the highly
purified intact and non-immunogenic extracellular bone matrix with a preserved fibrillar structure.
Such biomimetics of bone tissue should act as a kind of “primers” for the triggering of all processes
necessary for bone tissue regeneration but performed directly by the body itself.

In our previous study, we took the first attempted to develop a material based on demineralized
extracellular bone matrix with maximum preserved ultrastructure and the possibility of fine
regulation of the physicochemical parameters of low-temperature DCPD deposition [25]. In the
present work, the efficiency of the proposed approach was investigated in vitro and in vivo by
exploiting precipitation of demineralized bone matrix amorphous calcium phosphate, including its
combination with serum albumin.
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2. Materials and Methods

2.1. Preparation of Demineralized bone matrixes

Initial reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used exactly as
delivered. Except as noted below, all compounds and solvents used in this study were bought
commercially and used without additional purification.

Using the author’s method, demineralized bone matrix (DBM) was produced (patent RU
2686309 C1, 04.25.2019). Adult bovine xenogeneic cancellous bone tissue underwent a multistage
processing procedure that included complete decellularization and demineralization of the bone
tissue while maintaining the greatest amount of microarchitectonics and structure of the fibrillar
collagen matrix. Decellularized and demineralized three-dimensional porous bone-collagen blocks
with axial dimensions of 1 x 1 x 0.5 cm were produced after carrying out all required operations.

For in vitro and in vivo experiments, the obtained blocks were sterilized by incubation in sterile
phosphate-buffered saline (PBS) with the addition of antibiotics and antimycotics. The blocks were
submerged in PBS containing antibiotics (gentamicin sulfate (0.02 mg/mL) (Sigma-Aldrich, Saint
Louis, MO, USA), fluconazole (0.04 mg/mL) (Pfizer, Paris, France), ciprofloxacin (0.008 mg/mL)
(Sigma-Aldrich, Saint Louis, MO, USA)) and incubated for 48 h at 37°C in a shaker incubator (Biosan,
Riga, Latvia, USA) with continuous shaking. The blocks were washed three times in sterile PBS with
a pH of 7.4 following a 24-hour period.

2.2. Quantification of Calcium and DNA Content

Using a Merck pestle microhomogenizer (Millipore-Sigma, USA), 10 mg tissue fragments (n = 5)
were obtained from each group of samples before and after decellularization and homogenized in
microtubes. The DNeasy Blood & Tissue Kit (QIAGEN, Limburg, Netherlands) was used to extract
DNA from the tissue homogenate. Identical procedures were performed on an empty test tube used
as a control, as they were on the experimental test tubes. The DNA in the resulting solutions was
measured at 260 nm using a NanoVue Plus spectrophotometer (Biochrom, Holliston, USA).

Using absorption spectroscopy, the calcium concentrations of the control (native bone) and DBM
samples both before and after implantation were identified. The material samples were dried in a
hot-air sterilizer (Binder, Tuttlingen, Germany) for 12 h at 90°C before their dry weights were
calculated. Subsequently, for 24 h at 20-25 °C, each sample was dissolved in 1 ml of 1M HCI. Calcium
AS DiaS Arsenazo Il kit (DiaSys, Holzheim, Germany) was used to measure the amount of dissolved
calcium. The microplate reader Infinite F200 (Tecan, Mannedorf, Switzerland) was used to quantify
the optical density. Calcium mineralization values in the samples (ug calcium per mg of sample dry
weight) were computed according to the manufacturer’s instructions.

2.3. Remineralization of DBM

The preparation of calcium phosphate coating was carried out under conditions that mimic
physiological conditions as much as possible. The investigated samples were obtained as follows. In
sterile conditions, samples (5 x 5 x 5 mm) were obtained by cutting bone blocks (DBM) with similar
porosity and size. Separate solutions for remineralization were prepared, each with a volume of 30
ml. The components were added in the following order: distilled water, phosphate ion solution (0.588
M NHsH2POs), bovine serum albumin (BSA)* (4% solution, *for DBM+CaP+BSA samples), the
calcium ion solution (1 M Ca(NOs)2x4H20). The resulting suspensions were rapidly mixed and used
to fill fragments of DBM in 50 ml test tubes. The contents of the test tubes were subjected to
vacuuming for 30 minutes at 20 mbar using a Millivac Maxi membrane pump (Millipore, USA). After
vacuuming, the test tubes were sealed and placed in a shaking incubator at a temperature of 37°C
and 60 RPM.

doi:10.20944/preprints202309.1989.v1
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2.4. X-ray Diffraction Analysis and FTIR Spectroscopy

The phase compositions were investigated using a Shimadzu XRD-6000 diffractometer
(Shimadzu, Tokyo, Japan) equipped with an automated imaging system that allowed data collection,
graphical processing, and identification of the phases obtained from the JCPDS 2003 data bank.
Powder-dried materials were subjected to X-ray phase analysis for general phase analysis using
CuKa monochromatic radiation.

The normalized Chang technique was used to calculate the mass fractions of the samples. The
Jana 2006 program was used to fully analyze the diffraction pattern for this purpose (WRp = 1.89%).
The JCPDS 2003 data bank descriptions of the corundum number phases and nonoverlapping main
peak intensities were used. Lattice constants were calculated in CelRef program using several peaks:
(020), (021), (041), (-221), (151). Calculated results are in good agreement with values obtained in
Jana2006.

The infrared (FT-IR) spectra of the tablets were recorded on an Avatar 330 FT-IR spectrometer
(Thermo Nicolet Corporation, Madison, WI, USA) in the 4000-400 cm-1 wavelength region.
Potassium bromide was combined with a small amount of powder (1 mg of powder in 50 mg of
spectroscopic-grade KBr), and the mixture was pressed into a pellet. The pellets were examined at
20°C in the transmission mode of the main box.

2.5. MicroCT and Microstructure Analysis

In order to provide a detailed analysis of the morphological and density characteristics of
porosity and thickness of materials in the Comprehensive TEX Archive Network (CT-an) program,
microcomputer tomography (microCT) was performed on microtomography “SKYSCAN 1275”
(Bruker micro-CT, Kontich, Belgium), with a resolution of 4.5 microns. The images were taken using
a 13.76 m voxel size and 0.73° with NReconTM v.1.6.8.0, SkyScan, 2011 (Bruker, Kontich, Belgium).
In the reconstruction, ring artifacts and beam-hardening corrections were made. The Data Viewer
TM 1.4.4.0 program (Bruker, Kontich, Belgium) was then used to realign the reconstructed images.
The quality of the specimens and their interior architectonics were investigated using this technique.

Scanning electron microscopy (Tescan VEGA III, Brno, Czech Republic) and energy-dispersive
spectroscopy (EDS; INCA Energy Oxford Instruments, Abing-don, UK) were used to analyze the
microstructure and morphology of the sample surfaces and slices. Before analysis, the samples were
coated with gold using a Sputter Coater Q150R (Quorum Technologies, Lewes, UK). At pressures of
7.3 10-2 Pa in the column and 1.5 10-1 Pa in the chamber, surface pictures of the materials were
produced. Calcium-to-phosphorus ratios were calculated using energy-dispersive X-ray
spectroscopy and Oxford AZ-tecO 4.3 software (Oxford Instruments NanoAnalysis, High Wycombe,
UK).

2.6. Cell Culture

Human osteoblast-like cells, MG-63, were obtained from the ATCC (Manassas, VA, USA). The
cells were cultivated in the EMEM nutrient medium (Sigma-Aldrich, Milwaukee, WI, USA),
supplemented with heat-inactivated fetal bovine serum (Gibco, Waltham, MA, USA) to a final
concentration of 10% and 40 ug/mL gentamicin sulfate (Sigma-Aldrich, St. Louis, MO, USA), under
conditions of 5% CO: content in the air and at 37 °C. The cell cultures were tested for mycoplasma
infection using the MycoFluor™Mycoplasma Detection Kit, and no mycoplasma was detected.

2.7. Cell Viability Assay

In vitro experiments with human osteoblast-like MG-63cells were seeded in an amount of 5 x
103 cells in 100 puL of complete growth medium into 96-well plates at different concentrations of
calcium phosphate compounds (Corning Inc., Corning, NY, USA). After 24 h of cultivation, the
medium was replaced with 100 uL of medium containing the above-mentioned CaP or CaP+BSA, at
concentrations of 10, 3, 1, 0.3, and 0.1 mg/mL, and the cultivation was continued for 24 and 96 hours.
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The cells in the control conditions were cultured in the medium without the addition of CPC. CaP
and CaP+BSA samples were pre-sterilized with 75% ethanol according to the indicated method [26].

Cell viability after incubation with CaP and CaP+BSA was evaluated by AlamarBlue (Invitrogen,
Carlsbad, CA, USA). 100 pg/mL of AlamarBlue was added to the cells after 24 and 96 hours of
incubation. The cells were then incubated for 4 hours at 37 C and 5% CO2 content in the air, then the
fluorescence intensity was measured at an excitation wavelength of 560 nm and an emission
wavelength of 595 nm using an Infinity F 200 plate reader (Tecan, Mannedorf, Switzerland). Cell
viability was assessed by the mean fluorescence intensity (MFI) of the resulting resofurin product.
The viability of control cells not incubated with CaP and CaP+BSA was taken as 100%. Cell viability
after incubation with CaP and CaP+BSA was calculated as a percentage relative to control by the
formula: Cell viability% = (MFI cells after incubation with CaP and CaP+BSA/MFI control cells) *
100%. Evaluation of the effect of CaP and CaP+BSA on cells was conducted using a trypan blue
exclusion assay [27].

2.8. Fluorescence microscopy

After 96 h of CPC incubation, the morphological state of the cells in culture was examined by
staining the cells with the fluorescent dye Hoechst 33342 (blue nuclei of living and dead cells),
Propidium lodide (PI, red nuclei of dead cells), and Calcein AM (green cytoplasm of living cells).
Hoechst 33342 1 pug/mL (Sigma-Aldrich, St. Louis, MO, USA), PI 1 ug/mL (Sigma-Aldrich, St. Louis,
MO, USA), and Calcein AM 2 mM (Sigma-Aldrich, St. Louis, MO, USA) were added to the growth
medium and incubated for 30 min at 37°C in a CO:z incubator (Binder GmbH, Tuttlingen, Germany).
The cell-filled plate and investigated samples were moved into a microscope chamber at 37°C and
5% COz content. Microscopic analysis of the stained cell cultures and micro-images was performed
using a Nikon Eclipse Ti-E microscope (Nikon, Tokyo, Japan).

2.9. Animals and Surgical Procedures

We used 18 Wistar male rats, aged two months and weighing 180-200 g. The animals were kept
separately in temperature-controlled rooms (22°C) and fed a normal diet with unrestricted access to
food and water. Experiments were conducted according to the Rules for Studies with Experimental
Animals (Decree of the Russian Ministry of Health on August 12, 1997; No. 755). The Institute of
Theoretical and Experimental Biophysics Commission on Biological Safety and Ethics approved this
protocol in February 2018 (Protocol N15/2018). The rats were divided into three groups, with six rats
in each group, and independent replicates were performed for each group.

This was performed using a widely known model of ectopic (subcutaneous) biomaterial
implantation. This model most accurately captures the desired outcomes for confirming the
osteoinductive and osteogenic capabilities of materials because it offers findings initiated by the
substance alone rather than under the impact of the natural bone microenvironment [25,28-30].

The surgeries were performed under general anesthesia with Xylazine 13 ug/kg (Interchemie,
Netherlands) and Zoletil 7 pg/kg (Virbac, Carros, France). To implant the samples, a 1.5-cm-wide
transverse skin incision was made in the dorsal inter-scapular area and subcutaneous pockets were
formed parallel to the skin using a smooth trocar, followed by implantation of the specimens at a
depth of at least 2 cm from the incision line. Samples were implanted with full interstitial contact
without restriction chambers or meshes. The first group of rats was implanted with DBM. The second
group was implanted samples of DBM+CaP, and the third group was implanted samples of
DBM+CaP+BSA. The animals were placed in front of a heating plate until they awakened for post-
surgical recuperation.

doi:10.20944/preprints202309.1989.v1
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Seven weeks (50 days) following the surgical treatment, the animals from each group were split
at random and put to death using the carbon dioxide protocol. Immediately after humane euthanasia,
to prevent autolysis, samples of implanted materials with surrounding recipient’s tissues were
washed for 30 s with a cold (14 °C) isotonic solution and fixed for 48 h in neutral buffered formalin
(NBF) at a tissue-fixator volume ratio of 1:30.

2.10. Histological Analysis

After the termination of fixation, the fragments of samples were washed with distilled water (3
x 3 min) to remove excessive phosphates and placed for no less than 12 h in medium Optimum
Cutting Temperature (O.C.T.) Compound Tissue Tek (Sakura, Tokyo, Japan). Cross slices of DBM-
samples (9 pm) were prepared by cryosectioning (MEV SLEE medical GmbH, Germany). The
staining of samples was performed by a conventional method using H&E (Mayer’s Hematoxylin and
Eosin Y), and differential staining for calcium deposits Alizarin red S (by the McGee-Russell method
[31]) and collagen/non-collagen structures (by Lillie's trichrome method) [31]. The micrographs of
stained histological samples were obtained on a Nikon Eclipse Ti-E microscope station (Nikon,
Tokyo, Japan) and processed using the software NIS Elements AR4.13.05 (Build 933).

2.11. Statistical Analysis

Results are presented as the mean + standard deviation (M = SD). Each of the in vitro experiments
was carried out at least four times (n > 4). The statistical significance of the difference was determined
using Mann-Whitney U test.

The design of the experiment and related statistics (U test) were carried out using Python 3 (ver.
3.10.10) in development environment Spyder (v. 5.4.1) with libraries Pandas (v. 1.5.2), Numpy
(v.1.24.2) and Scipy (v. 1.10.0). Plots were created using Python 3 (ver. 3.10.10) with libraries Seaborn
(v. 0.12.2) and Matplotlib (v. 3.7.0).

3. Results

3.1. Results of efficiency evaluation of Bone matrix demineralization

After multistep treatment of xenogenic bone matrix (decellularization and de-mineralization of
bone tissue protocol), it was found that residual calcium content in the samples did not exceed
0.83+0.41 pug/mg of tissue dry mass, with a residual donor cell DNA content of 2.38+0.76 ng/mg tissue
mass, indicating a high degree of purification of the xenogenic collagen bone matrix.

3.2. Results of physico-chemical analysis and morphology

The phase compositions of the obtained samples were investigated by X-ray diffraction (XRD)
and Fourier-transform infrared spectroscopy (FTIR). Full-profile analysis was performed using
Jana2006 software, and refinement and indexing were carried out using WinXPow software. In both
experiments, a single-phase crystalline DCPD was obtained, and the diffraction patterns
corresponded to card Ne 9-0077 of the XRD base ICDD (Powder Diffraction File, Alphabetical Index
Inorganic Compounds, Pennsylvania: JCPDS, 1997). The main peaks of DCPD ((020), (021), (041), (2
21) etc.) are shown in Figure 1. The calculated lattice parameters are listed in Table 1. The lattice
parameters for the BMD+CaP+BSA samples did not significantly differ from the tabulated values,
indicating that BSA was absorbed on the surface of phosphates and no fragments were embedded in
the structure [32].

doi:10.20944/preprints202309.1989.v1
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Figure 1. XRD (A) and FTIR (B1, B2) data of samples DBM + CaP + BSA and DBM + CaP.

Table 1. Calculated lattice constants of samples.

a A b, A q A a,° B, ° Y, ° V, A3
Card Ne9-0077  6.36 15.19 5.82 90.00 118.50 90.00 493.93
CaP 6.362(3) 15.1609(24)  5.8083(14)  90.00 118545(21)  90.00  492.13(18)
CaP+BSA 6.361020)  15.168(3) 58121(12)  90.00 118571(24)  90.00  492.47(18)

The IR spectroscopy results were in good agreement with the XRD results. DCPD spectrum has
characteristic modes of the HPO4* group at 875 and 987 cm™ (v1), 987, 1059, and 1135 cm! (v3), and
525, 576, and 662 cm! (v4). The stretching modes of the O-H bond of lattice water appear at 3550-3160
cm’, bending modes at 1649 cm'. H2O libration peak was observed at 791 cm™. The peaks of absorbed
water were observed at 2385 and 1718 cm [33]. For the DBM+CaP+BSA samples, the modes
characteristic of the Ca?-BSA complex appear in the range of 1700-1200 cm!. The peptide bonds of
BSA exhibit three bands in the carbonyl absorption region, known as amides I, II, and III (indicated
by blue lines in Figure 1) [34]. The band at 1648 belongs to the lattice water and amide I (C=O
stretching), amide II appears as a mode at 1538 cm™ (C-N stretching coupled to N-H bending), and
peaks of amide III are observed at 1384 cm (C-H in-plane bending vibration) and 1221 cm™ (C-N
stretching) [35,36]. The peak at 1221 cm also corresponds to P-OH bending.

Scanning electron microscopy data confirmed the results obtained by spectral methods. Figure
2 shows that typical brushite particles are deposited in the DBM porous matrix. DCPD particles are
represented by a lamellar form that is characteristic of calcium phosphate. The particle size varied
from 5 um to 35 um. According to the MicroCT data, the inclusion of BSA in the coating composition
led to a more uniform distribution on the surface of the sample pores. Violation of the matrix and
destruction of the walls during the deposition process were not observed.
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Figure 2. MicroCT - images and SEM of the surface of the samples.
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Figure 3. Results of morphological analysis of DBM after demineralization and remineralization
procedures; (A, C, E) SEM images of samples surface; (B, D, F) Alizarin red S Staining (McGee-Russell
method: calcium deposits are colored red, ESM are colored light orange; light microscopy.

3.3. In vitro cytocompatibility evaluation results

The influence of CaP and its complex, CaP+BSA, on MG-63 cell viability was investigated. It was
shown that the viability of cells incubated with CaP, as well as with CaP+BSA, did not differ from the
control cells incubated without calcium phosphates in all the ranges of studied concentrations and
experimental time points (24 and 96 h) (Figure 4a,b).

Morphological analysis of MG-63 cells cultivated with CaP and CaP+BSA confirmed these
results. Figure 4c shows microscopic images of cells cultivated with CaP and CaP+BSA at maximum
concentrations of 10, 3, and 1 mg/mL. The absence of dead cells stained with PI was observed in all
concentrations. Moreover, cells cultivated with calcium phosphates had a normal fusiform-elongated
morphology, which indicated the absence of calcium phosphate-related stress. Thus, the obtained
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Figure 4. Results of cell viability assays (a-b) and morphological analysis (c) of CaP and CaP+BSA
samples. Cell viability of MG-63 cells after 24 h (a) and 96 h (b). Fluorescence micrographs of MG-63
cells after 96 h of cultivation with different concentrations of CaP and CaP+BSA (c); live cells are
stained with Calcein AM (green), dead cells are stained with PI (red), nuclei of living and dead cells
are stained with Hoechst 33342 (blue); fluorescent microscopy.
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3.4. Results of the assessment of biocompatibility, osteoconductive, and osteoinductive potential of sammples
in vivo

3.4.1. DBM implantation results

The high biocompatibility of the implanted DBM and the absence of its osteoinductive and
osteogenic potential were defined after 7-week ectopic implantation (Figure 5a-c). Preservation of the
collagen matrix after decellularization and demineralization of bone tissue was indicated by the
absence of both enzymatic and cell-mediated resorption of the implanted DBM (Figure 5a-c). No
leukocyte or foreign-body giant cell (FBGC) invasion was observed in the implanted material, as well
as degenerated mast cells in or around the specimens (Figure 5b). Signs of neocollagenesis were
extremely poor, were observed only at the periphery of the sample, and were initiated by the
remodeling processes of the peri-implant tissue (influence of the host tissue), but not by the DBM
itself (Figure 5c). Additionally, there was weak growth of reactively altered connective tissue inside
the specimen from the periphery of the peri-implant tissue. Complete involution of the fibrous
capsule by the studied implantation period was identified, which evidences the biointegration of the
implanted material. However, no signs of DBM mineralization were found, indicating the absence of
both synthetic and mineralizing activities of osteoblasts (Figure 5a). Therefore, pure demineralized
collagenous bone matrix is a highly biocompatible, non-immunogenic, osteoconductive, and
biologically stable scaffold with no osteoinductive and osteogenic properties.

3.4.2. DBM+CaP implantation results

In contrast to the DBM specimens, in the implantation of DBM+CaP, a different pattern was
observed (Figure 5d-f). In this group, a high degree of intratrabecular biomineralization without any
signs of mineralized matrix degradation by osteoclasts was observed, that is, the nature of
biomineralization was purely physiological (Figure 5d). Biovisualization of the obtained histological
images showed that the grade of intratrabecular mineralization of the DBM was >70%. In addition,
there were no signs of synthetic activity of cells migrating in the matrix, and the cell response was
steady and balanced (Figure 5f). At the same time, no negative adipocyte differentiation or positive
osteoblast differentiation was observed (synthetic phenotype) (Figure 5e). It seems that in this pattern
of remineralization, the matrix is accepted by the body as its own, and mineralization is carried out
passively, with no mineralizing osteoblasts taking part. In addition, among the migrated cells, there
were no histio-lymphocyte cells, mast cells, or FBGC; all cells observed in the matrix were
mesenchymal cells (Figure 1e). Involution of the fibrous capsule by the observation period was also
completed, which indicated the pronounced biocompatibility of the studied materials. Thus,
remineralized by the proposed approach, DBM is an efficient material with a high degree of
osteointegration and is a full-fledged osteogenic primer to initiate further regenerative processes in
peri-implant tissue.

3.4.3. DBM+CaP+BSA implantation results

A remarkable pattern was found after seven weeks after implantation of the DBM + CaP +BSA
specimens. The materials of this group were completely and physiologically intratrabecularly
mineralized, and biovisualization of the obtained histological images showed that the degree of
intramolecular mineralization of the bulk DBM collagen was almost 90% (Figure 5g).

The specimens of this group demonstrated extraordinarily active processes of chemo- and
haptotaxis, migration, intense proliferation, and synthetic activity of cells inside the implanted
materials (Figure 5g-i). Wherein, in the structure of the material, the formation of multicellular
endosteal bone-marrow-like niches with a large number of myeloid precursors and erythroblastic
islands was observed, accompanied by pronounced processes of intramedullary hematopoiesis (the
samples were “sprinkled” of erythrocytes) with the formation of both a large number of venous
sinuses and mature definitive vessels [37]. At the same time, there were no signs of proteolytic and
cell-associated matrix degradation, or its destruction by aseptic utilization calcinosis, that is, this
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material, despite the active cell response, was indeed favored by the body. In contrast to our previous
results, where we observed the indications of pronounced synthetic activity of osteoblasts and DBM
remodelling in conformity with the host body, in this case, the matrix itself did not undergo
remodelling and was accepted in full, and the synthetic cell activity was mostly connected to the
formation of bone marrow-like structures and a complete vascular network. At the same time, given
that the newly formed multicellular intertrabecular structures contained relatively large newly
formed definitive blood vessels, it can be assumed that immature osteoblasts and M2 macrophages
differentiated on the matrix actively produce angiogenic factors [38—41]. In addition, no negative
signs of alterations in healthy tissues surrounding the implant or ectopic aseptic calcification of the
peri-implant tissue were found, which indicates a strict material-associated localization of the
identified effects.

In Figure 6, in the high magnification, it is visible that the formation of the multi-cellular
endosteal bone marrow niches has been carried out (as in normal scenario) in the center of the
intertrabecular space (Figure 6a,b, arrows indicate erythroblastic is-lands) surrounded by relatively
“calm” mesenchymal cells, wherein the formation of neocollagenous matrix was observed mostly for
the newly-formed complete blood vessels and sinuses (Figure 6¢, arrows indicate formed definitive
vessels).

Thus, remineralized with low-temperature CaP and BSA DBM possesses a high degree of
biointegration and is an extremely bioactive osteogenic material that can fully integrate into the
recipient’s bone tissue and initiate further regenerative processes, localizing its “on itself.”

Figure 5. Histological analysis of the implanted DBM specimens of control and experimental groups.
(a-c) DBM without remineralization; (d-f) DBM+CaP specimens; (g-i) DBM+CaP+BSA specimens. (a,
d, g) Alizarin red S staining (calcium depositions are stained orange-red), (a) due to the absence of
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the staining by Alizarin red S, the specimens were stained with Toluidine blue for visualization; (b, e,
h) Haematoxylin & Eosin staining (H&E, cell nuclei are stained blue, erythrocytes are stained red,
matrix components are stained pink); (¢, f, i) Lillie’s trichrome staining (collagen is stained blue,
venous sinuses and neocollagenous tissues are stained red, cell nuclei are stained violet-brown); light
microscopy.

‘-\“‘?isb
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Figure 6. Histological analysis of the implanted samples in the DBM+CaP+BSA group, magnified
areas. (a-b) Hematoxylin & Eosin staining (H&E, cell nuclei are stained blue, erythrocytes are stained
bright red, stroma components are pink, green arrows indicate erythroblastic islands); (c) Lillie’s
trichrome (collagen is stained blue, aggregations of synthesizing cells are stained red, cell nuclei are
violet-brown, yellow arrows indicate mature definitive vessels); light microscopy.

In summary, we can assume that our proposed method of remineralization of highly purified
demineralized bone matrix using low-temperature calcium phosphate compounds (HAp
precursors), including the addition of serum albumin, is an effective and promising approach for
obtaining osteoplastic materials with a pronounced osteogenic effect.

Such an active cellular response requires a separate and thorough study to determine whether
this approach is acceptable for clinical use. For instance, these materials are hardly applicable in
traumatology and maxillofacial surgery, where the formation of bone tissue with potential bone
marrow is undesirable. It may be tentatively assumed that the use of such bioactive materials in spinal
surgery or surgical correction of nonunions may be useful because such materials can simultaneously
be both an effective osteogenic scaffold and a source of progenitor cells without additional costs for
preliminary isolation, replication, and introduction of isogenic progenitor cells of the recipient in the
scaffold.

On the other hand, as described by Torisawa et al. (2014), obtaining bone marrow mimetics for
studying hematopoietic niche physiology in vitro [42] points to the fact that the approach used in our
work may both decrease costs and increase the production efficiency of “bone marrow-on-a-chip”
constructs in vitro, which also requires additional detailed investigations.

4. Discussion

The data obtained indicate that the biomimetic approach in the creation of osteoplastic materials
is promising and should be based on three main “pillars”: (1) the use of a highly purified non-
immunogenic extracellular bone matrix with preserved fibrillar structure and spatial architectonics,
(2) the use of low-temperature calcium phosphate compounds as precursors of hydroxyapatite, and
(3) the use of natural bioactive agents necessary for bone tissue regeneration.

The exploitation of intact demineralized bone collagen matrix is of utmost importance because
this material can be completely purified and controlled for infections. At the same time, the intact
extracellular bone matrix is non-immunogenic and can therefore undergo full remodelling and be
incorporated into the body without the stage of intermediate resorption, which can significantly
reduce the time of bone tissue regeneration.
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Although various bone structures differentiate depending on the type of bone tissue (compact,
spongy, etc.), the structure of the mineralized fibrils is conservative; thus, it acts as a universal
elementary building block of bone [43]. Therefore, the proposed approach can be extended to other
types of demineralized bone tissues to create a wider range of osteogenic materials.

Interesting results are presented by data on the implantation of a material remineralized with
albumin, which makes us appreciate this simple protein as a promising tissue engineering material.

Albumin is the dominant plasma protein, constituting approximately 50% of the total protein
concentration in blood plasma and up to 75% of colloidal activity. Albumin is a monomeric
multidomain macromolecule that determines the oncotic pressure of plasma and the distribution of
fluid between organs and tissues of the body, according to the classical Starling principle [44—46].
Under physiological conditions, there is a net movement of albumin from the intravascular to the
interstitial space and back through lymphatic vessels [47]. Simultaneously, albumin itself can directly
affect the integrity of blood vessels by binding to the interstitial matrix and subendothelium and
changing the permeability of these layers for large molecules and solutes [48,49].

The concentration of albumin in the blood plasma is approximately 0.6 mM (4% wt/wt), but for
clinical use, even 20% (wt/wt) solutions are utilized. Albumin is a classic pleiotropic protein that
performs several important functions in the body. Under physiological conditions, HSA has the
exceptional ability to bind ligands, providing a depot and carriage of endogenous and exogenous
compounds such as metal ions, cholesterol [50], thyroxine [51], bilirubin and bile acids [52-54], nitric
oxide [55], amino acids, and fatty acids [56]. In addition, almost 35 proteins and many peptides are
associated with HSA (e.g., angiotensinogen, apolipoproteins, ceruloplasmin, clusterin, haemoglobin,
plasminogen, prothrombin, and transferrin) [57], while the fraction of such peptides and proteins are
collectively called “albumin” [58]. In addition, after acute hemolysis (due to trauma or post-ischemic
reperfusion), albumin binds to the released heme and promotes its transfer to hemopexin, which
provides receptor-mediated reuptake of heme by parenchymal liver cells [57,59] and which may be
important for orthopaedic surgery and traumatology.

In addition, albumin can bind to almost all known drugs, as well as many nutraceuticals and
toxic substances, largely determining their pharmacokinetics and toxicokinetics [60,61]. Albumin is
known to provide the highest antioxidant capacity in human plasma. In addition, albumin is the main
extracellular source of reduced sulthydryl groups, which are present in the unprotected cysteine
residue at position 31. These sulfhydryl groups, called thiols, are active scavengers of reactive oxygen
species (ROS) and nitrogen species (RNS), especially superoxide hydroxyl and peroxynitrite radicals
[45,62]. Albumin can also limit the production of these reactive compounds by binding to free Cu?,
an ion known to be particularly important for accelerating free radical production [66]. In addition,
albumin is involved in the modulation of the immune response [45], neutralizes and removes
potential toxins [57,61], and exhibits (pseudo)enzymatic properties and peroxidase activity [63]
toward lipid hydroperoxides [44,64-73].

The role of albumin in calcium distribution is important. Normally, it is albumin that is an
important carrier of Ca? in blood plasma, however, the affinity of albumin for Ca? binding is
relatively weak (Kd 0,67 MM, Ka = 1,5x103 M), and only about 45% of 2.4 mM circulating Ca?* binds
to albumin [74]. It has long been believed that albumin transports Ca? through carboxylate side
chains on its surface [75,76]. In 1971, Pedersen showed that calcium can bind reversibly to serum
albumin via 12 + 1 independent binding sites with an association constant of 90-100 L/mol at 37°C in
unbuffered solutions at pH 7.4, and an ionic strength of 0.15-0.16 [77]. Despite the work of Pedersen,
only three selective Ca?-binding sites in BSA were identified in 2012, all of which are located in
domain I [78]. Only recently [79], almost 50 years after Pedersen’s work, 19 free and 11 stable bound
Ca? docking sites (including the original three from the crystal structure) were additionally revealed,
and a calcium-dependent change in albumin conformation was identified. This work clearly shows
that the amount of Ca?* ions binding to BSA increases with an increase in calcium concentration with
a logarithmic-type dependence. However, in the proposed approach, the material worked not only
as a calcium-binding and antioxidant protein, but also as a powerful osteogenic calcium-protein
complex.
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Based on the results of a literature analysis, it was revealed that albumin is physiologically
present in the bone tissue and is the first protein secreted by bone cells in the case of bone damage.
To obtain a graft that is very similar to the native tissue, it is necessary to replenish the albumin
content in bone grafts [80]. It was also shown that during the healing of fractures in the femoral-
diaphyseal tissues of rats, the expression of albumin significantly increased in the area of the fracture,
while the content of albumin during cultivation significantly increased in the presence of parathyroid
hormone (1-34), IGF-1, and zinc acexamate [81]. Albumin is also been shown to be expressed in
osteoblasts and plays a role in regulating the expression of Runx2 or alphal(I) collagen mRNA, which
may be mediated by the intracellular mitogen-activated protein kinase (MAP-kinase) cascade in
osteoblasts [82]. The number of osteoblast cells significantly increased when cultured in the presence
of albumin (1.0 mg/ml) in vitro for 24-72 h, whereas this effect of albumin was completely eliminated
in the presence of PD98049, staurosporine, or dibucaine, which are inhibitors of various protein
kinases, and cycloheximide or 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB), which are
inhibitors of transcriptional activity [83].

Many studies have also shown that the application of an albumin coating on the surface of
hyaline cartilage xenografts causes a weakening of immune and inflammatory responses at the
cellular, protein, and gene levels, and significantly fewer inflammatory cells (including neutrophils,
macrophages, and lymphocytes) in coated xenogeneic materials, accompanied by significantly lower
expression of genes encoding inflammation-associated cytokines, including MCP-1, IL-6, and IL-1[3
[84]. It has also been shown that albumin coatings improve bio- and immune compatibility, tissue
formation, corrosion resistance, and antibacterial and anti-clotting properties of materials [85-92].
Albumin has been described in most studies as a protein that inhibits cell adhesion on inert surfaces;
however, it is a potent cell adhesive in more physiological scaffolds such as mineralized bone
allografts [93-95].

Kang et al. [96] showed that Ad-MSCs from adipose tissue showed a more homogeneous
distribution and osteogenic differentiation on a porous albumin scaffold with collagen I gel than
without collagen I gel. ALP activity and mineralization of the extracellular matrix in the construct
with type I collagen were significantly higher than in the construct without type I collagen (p < 0.05).
Thus, the combination of collagen I gel and serum albumin scaffolds has been shown to enhance
osteogenic differentiation and homogeneous distribution of Ad-MSCs. Another study [89] showed
that after in vitro incubation with MSCs, albumin-coated grafts recruited approximately twice as
many cells as uncoated grafts.

Several studies have shown that albumin improves biointegration by improving the adhesion
and proliferation of MSCs on mineralized human bone allografts and stimulating regeneration
processes in peri-implant tissue [97-101]. In a double-blind randomized trial [102] it was
demonstrated that albumin-coated grafts had the lowest level of postoperative pain, and after 6 and
12 weeks, there were signs of tissue remodelling, while uncoated xenografts were still separated from
the host bone; after a year of implantation, complete remodelling and integration with the natural
trabecular structure were revealed. Another study [97] focused on the co-cultivation of hADSCs and
monocytes in vitro and showed that monocytes have the ability to degrade uncoated bovine bone
pellets and that the albumin coating protects such grafts from degradation. Simultaneously, for
samples coated with albumin, a significant decrease in the production of ROS and RNS and
mitigation of gene expression of mitochondrial electron transport chain complexes was observed.
Among the five complexes of the electron transport chain, the sites with the highest ability to produce
ROS are complexes I and III [103]. Complex I produces ROS in the matrix, whereas complex III
produces ROS both in the matrix and on the inner side of the membrane [103,104]. Moderate levels
of mitochondrial ROS have recently been found to directly stimulate the production of
proinflammatory cytokines, thus regulating the inflammatory response [105]. Cytokine analysis
showed that the cultivation of stem cells and monocytes on albumin-coated grafts led to an increase
in the levels of targeted cytokines (HGF, PGE-2, and IL-10) compared with uncoated xenografts, even
under conditions that simulate inflammation [97]. Interestingly, the albumin coating was effective
only on mineralized allogeneic human bone materials and demineralized bovine bone but not on
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hydroxyapatite scaffolds [106,107]. Another study [108] showed that albumin adsorbed on
hydroxyapatite promotes significantly higher levels of cell adhesion than albumin adsorbed on
control surfaces.

Several studies have shown the antimicrobial properties of albumin coating by preventing
bacterial adhesion on the surface of implants coated with albumin [109-111]. Albumin also has
antithrombotic and anticoagulant effects, possibly owing to its ability to bind to nitric oxide (NO) to
form S-nitrosothiols [112], This inhibits the rapid inactivation of NO and prolongs its anti-aggregation
effect on platelets [113,114]. Preliminary application of albumin to the implant surface (“albumin
passivation”) effectively prevents platelet activation by creating a thin protein layer on the surface,
which increases the hydrophilicity of the surface and prevents a biological reaction after contact with
the blood of a hydrophobic material [92,115,116]. Materials with adsorbed native albumin have been
shown to reduce the number of adherent platelets and their activation on surfaces. However, when
the albumin structure was altered by crosslinking, the platelets were able to fully adhere and become
activated to the modified albumin layer [88].

It has also been shown that the activity of the oxidative burst of neutrophils is noticeably lower
when incubated with albumin but much higher when incubated with artificial colloids and
crystalloids [117]. HSA has also been shown to suppress the respiratory release of neutrophils in
response to exposure to cytokines relevant to the pathogenesis of critical illnesses (in particular, TNF)
and complement components (e.g., C5A). Moreover, human serum albumin selectively and
reversibly inhibits TNF-induced neutrophil spreading and the associated decrease in cAMP [118].

All the above studies show that albumin, along with all the previously mentioned properties,
can also have pronounced positive effects, including (immunomodulatory functions) which are
crucial for healing and tissue regeneration [63]. Thus, based on literature analysis and our data, we
can assume that our proposed method of remineralizing highly purified DBM using low-temperature
HAp precursors and serum albumin may be an effective and promising approach for obtaining
osteoplastic materials with a pronounced osteogenic effect.

5. Conclusions

Composite bone tissue-like biomimetic constructs may be highly effective osteoplastic materials.
These materials are required to contain ECM (or its full analog), which simultaneously provides
haptotaxis, durotaxis, and topotaxis as well as biological and chemical nature-like agents that provide
chemotaxis, guided migration, and subsequent differentiation of the patient’s cells. In addition, these
biomimetic constructs must include low-temperature calcium phosphates (precursors of
hydroxyapatite), bioactive natural proteins, and lipids that precipitate on the extracellular bone
matrix. Such composite biomimetics should act as a kind of “primers” for triggering all processes
necessary for bone tissue regeneration but should be performed directly by the organism itself. In the
present study, the efficiency of a similar approach was investigated. The results showed pronounced
biocompatibility and strong proangiogenic and osteogenic effects for both DBM+CaP and
DBM+CaP+BSA, but more pronounced effects for DBM+CaP+BSA with the formation of bone-
morrow-like niches in this composite. Thus, it can be stated that the use of a triad in the form of an
intact demineralized bone matrix and low-temperature calcium phosphate compounds (HAp
precursors) in combination with albumin is a promising and inspiring approach that can provide
osteoinductive, osteoconductive, and angiogenic potentials, biological safety, easy market
availability, long shelf life, and reasonable cost.
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