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ABSTRACT
[bookmark: _GoBack]In the article are presented the results of research on obtaining materials with antibacterial and wound healing properties by incorporating 1-(alkylamino) isoquinoline derivatives into PLA/HA-based resorbable biomaterials. It was found that the antibacterial properties increase with the increasing of the alkyl group from methyl to butyl in 1C of 1-(alkylamino) isoquinoline derivatives. According to the results of molecular docking to the enzymes 6COX (cyclooxygenase-2) and 3V99 (lipoxygenase-5), synthesized derivatives can occur binds between ligands and protein molecules hydrogen and hydrophobic bonds, as well as π-π staking interactions. It was shown that the release of drugs from their contents in an aqueous environment, included in the entire volume of the material, reaches its maximum value in 8-10 days. The synthesized materials have the properties of healing artificial wounds in vitro in fibroblast cell line L929 cells, and in 72-hour experiments was healed about 90% of the wounds.  
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1. INTRODUCTION
The problem with obtaining resorbable biomaterials is the occurrence of inflammation as a response by the immune system, and the solution to this problem is to improve their properties by introducing drugs with antibacterial properties into the composition of implant materials. Obtaining resorbable materials with both anti-inflammatory and antibacterial properties at the same time is one of the current tasks [15,16].
Recent studies have shown that the antibacterial properties of artificial bone substitutes can be enhanced by incorporating various nanoparticles, such as silver nanoparticles [1]. Studies conducted over a period of 25-40 minutes to 1 week have shown that the antibacterial properties of silver ions against Staphylococcus aureus are maintained.
Many studies have been conducted on the incorporation of standard drugs into biomaterials, which have been proven to have pronounced antibiotic and antibacterial properties. For example, when ciprofloxacin was incorporated into the materials, it was found that they inhibited E. coli and S. aureus even in 56-day experiments [2]. When vancomycin was incorporated into the materials, they retained their initial mechanical strength and demonstrated antibacterial properties against Staphylococcus aureus and S. epidermidis even in 60-day experiments [3].
At the same time, intensive research is being conducted on obtaining biomaterials with anti-inflammatory, osteoconductive, and antibacterial properties using newly synthesized preparations. It has been found that the introduction of polydopamine into the composition of the materials also exhibits antioxidant and anti-inflammatory properties, demonstrating >74% antibacterial efficacy against Staphylococcus aureus and Escherichia coli [4]. The introduction of carvacrol into calcium phosphate-based materials has been shown to accelerate the healing of infected bones, exhibit osteoconductive, and antibacterial properties [5]. It has been shown that the antibacterial properties of the material can be created by introducing 3,4-dichloro-5-hydroxyfuran-2(5H)-one into the composition of poly(methyl methacrylate) (PMMA)-based bone substitute materials [6,19,20]. It has been shown that the incorporation of sodium fusidate into bone biomaterials consisting of hydroxyaptite and carbonated apatite nanocrystals in stoichiometric ratios has properties such as being relatively active against Staphylococcus aureus, being non-cytotoxic towards human peripheral blood mononuclear cells, and not inducing IL-8, an inflammatory marker [7,17,18].
Based on the above, the development of biomaterials with improved physicochemical and mechanical properties, high biocompatibility, non-toxic to living tissues, and antibacterial properties against pathogenic bacteria is one of the urgent tasks of today.
This article presents the results of a study of the possibility of introducing some newly synthesized 1-(alkylamino) isoquinoline derivatives into resorbable materials based on PLA/HA to create anti-inflammatory and antibacterial properties in them while maintaining the required physicochemical and mechanical properties.

2. EXPERIMENTAL METHOD
Synthesis of biomaterials based on PLA-HA. The “solvent-casting” method was used to obtain resorbable biomaterials based on PLA/HA [8]. The physicochemical, mechanical, and biological properties of the synthesized materials were studied in detail [9, 10]. Based on the results obtained, bioresorbable materials with a Vickers hardness close to that of natural bone (26-50 HV), a biodegradation half-life of 70-130 days, and no cytotoxicity were obtained.
Synthesis of 1-(alkylamino)isoquinolines based on amino acids. 1-(alkylamino)isoquinoline heterocyclic compounds were synthesized to provide antibacterial, wound healing, and anti-inflammatory properties in the synthesized materials [11]. By this method, 2-((6,7-dimethoxy-3,4-dihydroisoquinolinyl) methyl) isoindoline-1,3-dione (I), 2-((6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-1-yl) ethyl) isoindoline-1,3-dione (II) and 2-((6,7-dimethoxy-3,4-tetrahydroisoquinolin-1-yl) isobutyl) isoindoline-1,3-dione (III) were synthesized and their structures were established using modern research methods[11].

3. results and discussion
Molecular docking tests. The biological activity of the samples was studied against the enzymes “cyclooxygenase-2” and “5-lipoxygenase”. Docking analyses were performed using the “Moestro Schrödinger” program. The 6COX (cyclooxygenase-2) and 3V99 (5-lipoxygenase) proteins were obtained from the PDB (Protein Data Bank). The isoquinoline derivatives were included in the analysis based on 3D models through the ligand preparation protocol. During the preparation of the 6COX and 3V99 proteins, water molecules were removed, and protonation was optimized. The isoquinoline derivatives were included in the analysis based on 3D models through the ligand preparation protocol. As a result of docking analyses performed using the Maestro Schrödinger program, the binding energies (i.e., ΔG values ​​- in kcal/mol) of the isoquinoline derivatives relative to the 6COX and 3V99 proteins were estimated to be in the range of -3.5 to -9.5 kcal/mol. Structural analysis revealed that hydrogen and hydrophobic bonds, as well as π-π interactions (Fig. 1, a, b) play a major role in the ligand binding sites. The results show that the binding efficiency of isoquinoline derivatives to 6COX and 3V99 proteins is moderate, indicating the need for further modification of the ligand structure. Further experimental studies and confirmation based on dynamic simulations are planned in the future. These results indicate the need to optimize the ligand structure and binding site and require additional experimental studies.
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Cyclooxygenase-5 (A)                              5-Lipoxygenase (B)
Figure 1. Molecular docking results of synthesized drugs with cyclooxygenase (A) and lipoxygenase (B)

Preparation of polylactide + hydroxyapatite-based resorbable materials containing 1-(alkylamino) isoquinolines. In order to increase the biological activity of PLA/HA-based resorbable biomedical materials, synthesized isoquinoline derivatives were included in the composition in an amount of 0.1; 0.5 and 1.0% relative to the total mass of the composite material. For this, a solution of polylactide in chloroform was prepared and left for 4 hours until a homogeneous solution was formed, modifiers and 1-(alkylamino) isoquinoline derivatives were added to the resulting solution and mixed for 2 hours using an overhead mixer.
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Figure 2. Incorporation of 1-(alkylamino)isoquinoline preparations into 
PLA/HA-based materials 
The mixture was dried in the open air for 3 days. To remove solvents and residues, it was washed in ethanol and distilled water, dried and ground into a fine powder. To shape the resulting material, it was extruded at a temperature of 140±5 ºC (Figure 2).
Study of the physicochemical and biological properties of the materials. IR-spectroscopic study. IR spectra of the samples were obtained on an FT-IR spectrometer (IRAffinity-1S, Shimadzu, Japan). To record the IR spectra of the samples, the samples were first dried and ground. The IR spectra obtained in the ATR mode were processed using a special program. The figure below shows the IR spectra of the samples included in the composition of PLA/HA-based compounds (Figures 3, a, b, c).
[image: ]  [image: ] [image: ]
                     a)                                             b)                                             c)
Figure 3. IR spectra of samples with antibacterial properties obtained from the inclusion of preparations I (a), II (b) and III (c) in the materials 

From the IR spectra data presented in Figure 3(a), the following conclusions can be drawn: the band at 3284.28 cm-1 is not sharp and its intensity is low, which suggests that it does not belong to amide N-H (since the material does not contain such a bond), but rather to adsorbed water or a small number of free O-H in PLA. The absence of such bands in both the I-preparation and the material+preparation compositions is explained by the release of adsorbed water after extrusion.
It is observed that the bands at 1744 cm-1, which belong to the carbonyl (C=O) of the ester groups in the material, shifted to the 1737.45 cm-1 region when the preparation (I) was introduced into the material, which in turn indicates the occurrence of interactions between the preparation and the material components. In the preparation itself, these bands are in the region of 1723.24 cm-1, which is explained by the fact that they are due to the nitrogen (N) of the phthalimide fragment. At the same time, bands at 1695.65 cm-1 corresponding to the C=O in the carboxyl group of PLA are also visible.
The disappearance of the band at 2624.58 cm-1, which belongs to the aromatic C-H bond in the preparation, in the IR spectrum of the material + preparation can be explained by the inclusion of a very small amount of the preparation in the material.
The formation of an intense band at 2362.04 cm-1, characteristic of CO2, which was not previously observed in the material + preparation sample, can be explained by the thermal oxidation of organic substances on the surface of the material with oxygen from the air during extrusion.
The fact that the band at 1085 cm-1, characteristic of C-O-C vibrations in the pure material, changes to 1071 cm-1 C-O-C in the material + drug sample indicates that interactions between the drug and the macromolecules of the material occur, and therefore, the introduction of the drug into the material composition is not just a physical inclusion, but a composite with non-covalent interactions (hydrogen, van der Waals, coordination, dipole-dipole, etc.). The same situation can be observed in the IR spectra of compounds II (3b) and III (3c). Let us dwell on some slightly different aspects. At 2943.14 cm-1, bands of vibrations belonging to the C-H of the isobutyl group appear, which differ from preparations I and II. That is, in the isobutyl group, such vibrations are more pronounced than in methyl and ethyl. In the 500-800 cm-1 region, slightly different states can be observed in the bands of Me-O bonds. For example, the bands in the 773, 765, 759, 723, 659 cm-1 regions are slightly different from each other in materials 1-3.
Study of antibacterial properties of samples. The synthesized PLA/HA-based materials were first tested in their pure form (Figure 4), then in which newly synthesized heterocyclic compounds - 1-(alkylamino) isoquinoline derivatives - were incorporated (Figure 5) for their antibacterial activity against various pathogenic bacteria: Escherichia coli, Staphylococcus aureus, Bacillus subtillis. The experiments were performed using the agar block method [12, 13]. The agar block method was used to grow antibacterial substances (liquids, solutions) and test cultures in LB medium at 28 °C for 24 hours. Initially, each pathogenic bacterial culture grown for 24 hours was spread onto the surface of the LB agar medium using sterile cotton swabs, and 6 mm wells were formed, and 100 μl samples of the tested solution (I, II, III) were added. Sterile nutrient broth was added as a negative control, and ampicillin was added to the wells as a positive control. After 24 hours, the incubation zones were observed and evaluated by measuring the zone of growth restriction and incubation zones (mm).
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Figure 4. Testing the antibacterial properties of the synthesized 
materials in their pure form

Based on the data presented in Figure 4, it was observed that the synthesized materials (pieces 1-8) did not show activity against the bacteria named above, while the control sample - ampicillin (in the middle) showed antibacterial properties. This leads to the conclusion that the materials in their pure form do not have antibacterial properties.
Therefore, in subsequent experiments, newly synthesized 1-(alkylamino) isoquinoline derivatives were introduced into the composition of the materials and their properties were tested (Figure 5).
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Figure 5. Antibacterial activity of the materials with the introduction of drugs against Staphylococcus aureus

Based on the results obtained, the following conclusions can be drawn: in the case of 1-(alkylamino) isoquinoline derivatives with an alkyl group of methyl, the samples do not show antibacterial activity against Staphylococcus aureus. It was found that when the alkyl group was replaced by ethyl, propyl, butyl, isobutyl, the antibacterial properties increased.
Study of wound healing properties of samples. The effect of synthesized materials on wound healing was carried out in vitro in fibroblast cell line L929 cells. In this, the dynamics of wound healing of artificial wounds created by scratching in cells was evaluated. Cells seeded in 24-well plates were incubated until confluent. Wounds were created by scratching 200 μl of confluent cells located at the bottom of the wells with a pipette tip. The medium in the wells was aspirated. Each well was treated with the appropriate medium. Then, a medium containing 2% FBS (Fetal Bovine Serum) was added to each well. A suspension of the test sample at a concentration of 50 μg/ml was added to each wound model. The same volume of medium was added to the control wells. Initial (zero hour) images of the wound model created in each well were taken with an objective at 10× magnification. Images of each well were retaken after 24, 48, and 72 hours of incubation (Figure 6). The amount of cell-free area (wound) in the obtained microscope images was calculated using ImageJ software. The wound closure rate (%) was calculated using the formulas below [13].
Closure rate = [(Areat0 - Areat24) / Areat0] x 100
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Figure 6. Wound healing properties of the samples within 72 hours

From the results in Figure 6, we can see that the material samples have wound healing properties, and it was found that the artificially created wounds healed by about 90% in 72-hour experiments.
The rate of release of drugs from the material. Studies were conducted to assess the rate of release of drugs included in the material. For this, initially, the electronic absorption spectra (Shimadzu, UV-2600) of 3 drugs were recorded. It was found that λmax = 300 nm for all 3 drugs. Then, standard solutions of each of the drugs with a concentration of 1*10-5 – 1*10-2 mol/l were prepared and a calibration graph was constructed. After that, samples of bioresorbable materials containing 1-(alkylamino)isoquinoline preparations were placed in bottles with clean distilled water, a certain aliquot was taken every day, and the optical activities of the aliquots were measured at a wavelength of λ = 300 nm. Based on the results obtained, the release rate of the preparations from the materials was analyzed (Figure 7).
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Figure 7. Release rate of drugs from materials

From the results obtained, we can see that intensive release of drugs from the materials occurred in 8-10 days, and the release rate remained stable for the next 15 days. It should be noted that the release of the drug and the manifestation of antibacterial activity are important in the first 7 days, when pathogenic bacteria enter the injured area, suppuration, and inflammation occur. Therefore, it was considered that it would be more effective to absorb antibacterial, anti-inflammatory 1-(alkylamino) isoquinoline derivatives into the surface of the materials rather than introducing them throughout the entire volume of the material, and this method was recommended.

4. CONCLUSIONS
It was shown that it is possible to obtain antibacterial and wound-healing materials by introducing 1-(alkylamino) isoquinoline derivatives into the composition of resorbable biomaterials based on PLA/HA. It was found that the materials themselves do not exhibit antibacterial properties, but when 1-(alkylamino) isoquinoline preparations are introduced into them, they exhibit activity against Escherichia coli, Staphylococcus aureus, and Bacillus subtillis bacteria, with the antibacterial properties increasing with the increase in the alkyl group from methyl to butyl in 1-(alkylamino) isoquinoline derivatives. According to the results of molecular docking, the binding energies of the preparations with respect to the enzymes 6COX (cyclooxygenase-2) and 3V99 (lipoxygenase-5) range from ΔG = -3.5 to ΔG = -9.5 kcal/mol, and it was found that hydrogen and hydrophobic bonds, as well as π-π interactions, play a major role in the binding positions of the ligands. IR spectroscopic studies have shown that weak non-covalent (hydrogen, van der Waals, dipole-dipole, etc.) bonds can form between drugs and biomaterials. The release of drugs from their contents in an aqueous environment, introduced into the entire volume of the material, reached its maximum value in 8-10 days, and was observed to be stable for the next 15 days. Therefore, it was shown that it is more effective to introduce drugs into the surface of the materials, rather than into the entire volume of the material. The synthesized materials have the properties of healing artificial wounds in vitro in fibroblast cell line L929 cells, and in 72-hour experiments, about 90% of the wounds were healed.
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