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ABSTRACT

The report consists of 46 pages, 20 figures, 5 tables, 95 sources.
TARGETED DELIVERY, FILMS BASED ON MICRO- AND NANOSCALE FIBERS, NANOSTRUCTURED MATRICES, ELECTROSPINNING, CALCIUM HYDROXYAPATITE, GRAPHENE OXIDE.
In this report, the objects of research are nanostructured matrices based on polymer fibers with the addition of biologically active materials and a drug. Calcium hydroxyapatite and graphene oxide were used as biologically active materials, which are able to improve the structure of the matrix in order to maintain the basis for proliferation, as well as to increase antimicrobial activity. Amoxicillin, a widespread antibiotic with favorable organoleptic properties, was chosen as the drug.
The aim of the project is to obtain and study the possibility of nanostructured matrices based on polymer fibers with the addition of biologically active materials and a drug utilization in the field of effective targeted drug delivery.
The objectives of the project are to obtain effective systems for targeted delivery of drugs based on nanostructured polymer matrices with the addition of biologically active materials.
The main parameters of the process of electrospinning of micro- and nanoscale fibers with the addition of a drug, graphene oxide and calcium hydroxyapatite have been investigated.
The physicochemical properties and surface morphology of biologically soluble matrices based on polymer fibers with the addition of a drug, graphene oxide, and calcium hydroxyapatite have been studied.
The antibacterial properties and cytotoxicity of the obtained biologically soluble matrices based on polymer fibers were studied by exposure to model bacteria such as S. aureus and E. Coli. To study cytotoxicity, the CKK-8 assay was used, and the preosteoblasts MC3E3-E1 were used as cells. A mechanism for the antibacterial effect of graphene oxide has been proposed.
The kinetics and microbiological evaluation of the drug release efficiency from the obtained biologically soluble matrices, which were observed over a 4-week period were investigated.
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1.1. 

DEFINITIONS, SYMBOLS AND ABBREVIATIONS
The following terms are used in this research report with the corresponding definitions:
HAP − calcium hydroxyapatite;
GO − graphene oxide;
AMX – amoxicillin;
PCL – polycaprolactone;
CNT − carbon nanotube;
SWCNT – single-walled carbon nanotube;
MWCNT – multi-walled carbon nanotube;
BBB − blood-brain barrier;
GNT − Galloisite nanotubes;
rGO − reduced graphene oxide;
DNA − deoxyribonucleic acid;
ssDNA − single-stranded deoxyribonucleic acid;
dsDNA − double-stranded deoxyribonucleic acid;
PLA − polylactide;
PVA − polyvinyl alcohol.















INTRODUCTION
Today, the targeted drug delivery is a promising area of ​​research, since it allows to maximize the therapeutic effects of the delivered drug while minimizing undesirable side effects. The development of new effective and innovative systems for targeted delivery of drugs is possible only with the use of modern methods of nanomaterials obtaining. In recent years, the method of electrospinning of polymer nanoscale fibers has attracted much attention due to its simplicity and the possibility of using various composites, including various types of drugs, polymers, and other biologically compatible materials, such as calcium hydroxyapatite, which promotes bone tissue regeneration and graphene oxide, which has antibacterial properties. The incorporation of these active components into films based on polymer nanoscale fibers is an effective method for delivering a wide range of drugs, expanding the possibilities and applicability of these systems. Thus, a biologically soluble film based on polymer nanoscale fibers with the addition of a drug, graphene oxide and calcium hydroxyapatite not only makes it possible to increase the efficiency of disinfection, but is also capable of targeted drug delivery to the affected tissue area, while calcium hydroxyapatite particles make it possible to create a scaffold to maintain the basis for proliferation cells and bone regeneration.
Another significant advantage of this method is the similarity of the fibers to the natural fibrillar extracellular matrix, which facilitates cell interaction and proliferation. Electrospinning of polymer nanoscale fibers with the addition of drugs and biologically active materials is carried out by applying a high voltage electrostatic field to the polymer solution flowing out from the needle. A feature of this method is that the characteristics of the formed fibers, such as diameter, porosity, morphology, and surface area, are easily controlled by changing the parameters of the electrospinning process in accordance with the specific requirements for the conditions of targeted delivery.
The current report presents experimental data on the development of effective systems for the intensification of targeted drug delivery by nanostructured biocompatible matrices.
The main parameters of the process of electrospinning of micro- and nanoscale fibers with the addition of a drug, graphene oxide and calcium hydroxyapatite have been investigated and determined.
The physicochemical properties and surface morphology of biologically soluble matrices based on polymer fibers with the addition of a drug, graphene oxide, and calcium hydroxyapatite have been investigated.
The antibacterial properties and cytotoxicity of the obtained biologically soluble matrices based on polymer fibers were studied by exposure to model bacteria such as S. aureus and E. Coli. To study cytotoxicity, the CKK-8 assay was used, and the preosteoblasts MC3E3-E1 were used as cells. A mechanism for the antibacterial effect of graphene oxide has been proposed.
The kinetics and microbiological evaluation of the effectiveness of drug release from the obtained biologically soluble matrices, which were observed over a 4-week period, were studied.
1 Literature review

1.1 Application of calcium hydroxyapatite in medicine
Calcium hydroxyapatite (HAP) is the stoichiometric phase of calcium phosphate Ca10(PO4)6(OH)2 [1], which is the main inorganic component of human bones, cartilage and teeth. According to [2, 3], Methods for obtaining HAP can be classified into dry and wet methods, high-temperature processes, synthesis from biogenic sources, and various combinations of these methods. There are many biogenic sources of HAP, among which the most common are eggshells, animal bones, fish scales, algae [4]. 
The properties of HAP are known to be highly similar to the calcium phosphate apatite phase in the human body and include bioactivity, biocompatibility, osteoconductivity, and osseointegration. Based on these properties, HAP is used as one of the most studied materials for various biomedical purposes. Extensive research is aimed at creating HAP-based composites that can mimic and replace damaged bones and be used in reconstructive tissue engineering. These composites have low cost, high efficiency, and the ability to induce bone formation and vascularization. In addition, HAP can have an enhancing effect as an encapsulating agent [5]. 

1.1.1 Tissue engineering
Tissue engineering deals with the control of reactions at the cellular level for the integration of implanted materials into tissue, developing a three-dimensional functional tissue for in-vitro transplantation: living cells are used to make new functional tissues associated with an extracellular matrix or scaffold material for regeneration [6, 7]. The framework must be strong enough to provide good mechanical support while maintaining a potential "gap", free space for further independent tissue development. According to [6], HAP can be used for these purposes in combination with materials of both fully synthetic origin (polymers and copolymers) and natural or identical to natural composition (collagen, gelatin, silk).
For example, 3D composite bioceramic scaffolds of calcium silicate nanofibers and HAP nanowires with a gelatin coating have shown efficiency in the proliferation and osteogenic differentiation of mesenchymal bone marrow stromal cells, which indicates the prospect of using composites for bone tissue regeneration. Due to the polymer coating, the porous structure and mechanical properties of the frameworks were significantly enhanced, while the characteristics were further adjusted depending on the hydrophobicity/hydrophilicity and the rate of degradation of the polymers. As shown in figure 1, the cells attached to the macroporous structure of the scaffolds, were located inside the pores, and spread without showing anomalous morphology [8]. 
In [9] Stasys Tautkus et al. proposed a feasible method for producing highly homogeneous bioceramics based on zinc and chromium doped HAP by aqueous sol-gel treatment. Single-phase samples were immersed in a solution simulating human body fluids for one month. The formation of low-crystalline HAP was observed, possibly as a result of the dissolution-precipitation reaction. After heating these powders at 800 °C, FTIR spectroscopic analysis (figure 2) confirmed the formation of β-tricalcium phosphate Ca3(PO4)2, which has long been a commercial product as a bioresorbable synthetic bone substitute used in the reconstruction of all types of bone defects [10, 11].
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a – scaffolds with the 3:1 weight fraction of silicate and HAP, b – scaffolds with the 1: 3 of silicate and HAP

Figure 1 − Attachment and spread of bone marrow mesenchymal stromal cells after seeding on various scaffolds of calcium silicate nanofibers and gelatin-coated HAP nanowires. Arrows indicate attached cells on scaffolds [8]
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Figure 2  −  FTIR spectra of HAP (1), Ca9.8Zn0.1Cr0.1(PO4)6(OH)2 (2), Ca9.5Zn0.25Cr0.25(PO4)6(OH)2 (3) and Ca9.3Zn0.4Cr0.3(PO4)6(OH)2 (4) after immersion and reheating [9]

In dentistry, HAP has been successfully used since the early 80s of the last century: at first it was used to replace teeth, a little later for fixation. Today, HAP is contained not only in dental fillings and dental cement, but is even present in toothpastes as a component aimed at reducing plaque [6]. In work [10] montmorillonite with a HAP layer has been used as fillers with remineralizing potential in dental composites. The team of Mariusz Sandomierski successfully mineralized HAP on the montmorillonite surface to effectively incorporate calcium, and silanize the particles to improve adhesion of the material to the methacrylic resin. According to them, the fillers demonstrated excellent remineralizing potential, defined by the authors as the ability to release calcium ions under conditions that mimic the natural environment of the oral cavity. The efficiency of ion exchange and the formation of a HAP layer is confirmed by the results obtained using energy dispersive spectroscopic analysis: the amount of calcium and phosphorus in the filler increased after mineralization in the material without a HAP layer to 5.81 and 5.48% for calcium and phosphorus, respectively, in a material with a HAP layer.

1.1.2 Drug delivery
Drug delivery systems are used to transport drugs as needed to safely achieve the desired therapeutic effect, the purpose of which is to ensure and maintain drug concentrations in a biological target [11]. Fundamental aspects of HAP as a biomaterial determine its practicality in drug delivery systems, especially orthopedic ones, since the biocompatibility of nanostructured HAP turned out to be as good as that of macroscopic or bulk analogs, due to its compositional similarity with minerals present in the body. According to [12], HAP is converted to Ca2+ and PO43– ions by a natural metabolic process and excreted within 6 weeks. Research on HAP has increased dramatically in recent years, especially the most attractive are frameworks based on it with high porosity, controlled pore size and sufficient hardness [13]. 
The research in [14] was focused at developing a chitosan-alginate framework composite based on HAP, obtained by using casein micelles. The HAP sample substituted with 5% fluorine exhibited antifungal and antibacterial activity, and the highest activity being observed against Gram-positive Staphylococcus aureus with an inhibition zone of 47 mm. These scaffolds have porosity, hydrophilicity, biodegradability (67.5% in 21 days in a human body fluid solution), along with a controlled release of the bactericidal drug ciprofloxacin (60% in 11 days in phosphate buffered saline, figure 3).
It was reported that HAP nanoparticles have a cytotoxic effect against cancer cells, therefore, in the study [15] the effect of modification of the HAP surface by curcumin nanoparticles targeting cancer cells was evaluated. To regulate the adsorption capacity of nanoparticles, HAP was also functionalized with various carboxylic acids (lactic, tartaric, and citric), and the presence of carboxyl groups significantly influenced the binding and release profile of nanoparticles. The anti-cancer effect was evaluated on a breast cancer cell line that included cell proliferation, cellular uptake of curcumin, apoptosis, and cell cycle analysis. Functionalization of HAP with carboxylic acid in the presence of curcumin resulted in an increase in the population of apoptotic cells compared to unmodified HAP (figure 4). Apoptosis indexes in cells depending on functionalization with acids are as follows: HAP/curcumin/lactic acid – 67.33±6.37%, HAP/curcumin/tartaric acid – 53.24±1.39%, HAP/curcumin/citric acid – 47.39±2.
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Figure 3  −  Drug release profile from the chitosan-alginate/HAP composite [14]
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Figure 4  −  Effect of functionalized and non-functionalized HAP/curcumin on cancer cell apoptosis (assessed by annexin V-FITC and PI staining) [15]

1.2 Carbon nanomaterials in biomedicine
1.2.1 Carbon nanotubes
Carbon nanotubes (CNTs) are one of the allotropic forms of carbon, in which sp2-hybridized carbon atoms are arranged in a tubular form [16, 17]. After the discovery, CNTs have become one of the most studied nanomaterials. The ability to exist both in a single-layer and multilayer form, as well as a variety of their structures, unique physical and chemical properties have opened up the possibility of their application in many fields [18-20].
The ability of CNTs to be easily absorbed by cells makes them promising for their use in biomedicine, namely for targeted delivery of drugs necessary for treatment and detection of diseases (biosensors), which helps to study the patterns of development of the pathological process of diseases. For medical applications, surface chemical modification of CNTs is required, since they are insoluble or slightly soluble in many solvents. Such CNTs are able to transport drugs in large quantities (especially nucleic acids) and penetrate into the tissues of the body. Functionalization of the CNT surface makes them biodegradable.
In the case of targeted drug delivery, CNTs are useful for delivering hydrophobic drugs. However, there are some barriers to overcome. One of them is epithelial cells that specialize in absorption and secretion. In [21] the scientists performed visualization using a multi-microscopic approach, combining soft X-ray spectromicroscopy on the TwinMic channel (Elettra Synchrotron, Trieste, Italy) with light and scanning electron microscopy (SEM), which is important for tracking the movement and changes of nanodrugs in epithelial cells. To do this, they conducted tests on the Chang-Liver (HeLa) cell line. Scientists exposed them to untreated and purified single-walled CNTs (SWCNTs) (figure 5). It was shown that despite the temporary disturbances in the membrane and intracellular structures, the effect of SWCNTs on epithelial cells for 4 hours is not toxic, which means that there are no changes in their viability.
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Figure 5  −  Visible light images of control cells (A) and cells exposed to a 
20 μg/ml solution of untreated SWCNTs for 4 hours (B), a 20 μg/ml solution of purified SWCNTs for 4 hours (C) and a 20 μg solution/ml of purified SWCNTs for 4 h + reduction (D). Scale is 10 microns. Yellow arrows indicate the presence of nanotube bundles, and white arrows indicate bubbles in the cytoplasm [21]
One of the hard-to-reach places for the targeted drug delivery is the brain. This is due to the difficulty of crossing drugs across the blood-brain barrier (BBB). Recently, studies have emerged showing the possibility of effects on the brain of functionalized Multi-walled CNTs (MWCNTs). Scientists confirm that due to their optical and thermal properties, they have advantages over other nanocarriers. In addition, their optimality lies in the fact that functionalized MWCNTs are able to overcome biological barriers through transcytosis and a passive process [22]. The first evidence of the ability of functionalized MWCNTs to overcome the BBB was obtained in experiments on the porcine brain (figure 6). Scientists have determined that functionalized MWCNTs cross the BBB in a transcellular way without any significant obstacles. The obtained results demonstrated the potential of functionalized MWCNTs for drug delivery over other nanocarriers, which usually do not penetrate the BBB [23].
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Figure 6  −  Schematic representation of targeted delivery of drugs loaded in CNTs through the BBB [23]

MWCNTs are the most widely used among tubular 1D nanomaterials [24-27]. However, their use in biomedicine is limited due to possible toxic properties [28-30]. Liu Y. et al. [31] compared the toxicity of MWCNTs and halloysite nanotubes (HNTs) to human umbilical vein endothelial cells (HUVEC), a widely used primary cell model in vitro for assessing vascular toxicity of nanomaterials. Cytotoxicity for equal amounts of MWCNTs and HNTs was assessed by cell counting kit-8, thiol depletion and ultrastructural changes. Then they applied the lipidomics method to study lipid accumulation, since nanomaterials can have toxic effects on them.
Despite numerous works on the possibility of using CNTs in biological and medical fields, the biocompatibility and cytotoxicity of CNTs remains a big problem, since there are results of experiments on animals, which demonstrate both their harmlessness and toxicity to the body. For example, depending on the amount, the CNTs can lead to cell death and DNA damage. [32, 33]. In this regard, it is necessary to investigate all possible consequences of their use. The rapid pace of research related to the use of CNTs in biomedicine and the development of new nanocomposites based on them with unique parameters will undoubtedly lead to new advances in the near future.

1.2.2 Graphene oxide
Graphene is a new 2D advanced carbon nanomaterial [34-36]. Its advantages, such as mechanical characteristics, large specific surface area, and most importantly, lower toxicity and biocompatibility, make it a potentially important material for biomedicine [37, 38]. Considering that materials must be stable in a physiological environment for use in biomedicine, oxidative graphene derivatives are more suitable for these purposes. Among them are graphene oxide (GO) and reduced graphene oxide (rGO). In addition, these materials have the ability to easily change characteristics through surface modification, as well as excellent hydrophilicity, which facilitates their interaction with water, prevents the adhesion of microorganisms and biofouling. The structure of GO contains carboxyl groups at the edges, as well as hydroxyl and epoxy groups covalently linked to each other on both sides of the plane. Due to the presence of such groups, GO is able to interact with different molecules in solution [39]. In other words, GO can be viewed as a weakly acidic cation exchange resin due to the carboxyl groups that allow ion exchange with metal cations or positively charged organic molecules.
In 2010, Balapanuru J. et al. reported the creation of an ionic complex based on GO and an organic dye for DNA detection [40]. To use Pyrene derivatives in biosensors, they developed a water-soluble and positively charged dye: 4-(1-pyrenylvinyl)-N-butylpyridinium bromide (PNPB). When this positive dye interacts with negatively charged GO, the PNP+GO- complex is formed, at which a decrease in fluorescence is observed. According to the authors, this composite can be used as an optical sensor due to its selectivity in regard to a variety of biomolecules (figure 7). This type of analysis is safe, while other methods for quantitative DNA analysis require special precautions. 
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Figure 7  −  Image of the PNP+GO- complex in a biological mixture of RNA, bovine serum albumin, glucose, with and without DNA, in UV light [40]
In [41] the GO-based bionsensor platform was presented. Its principle of operation is based on the fact that GO interacts more easily with single-stranded DNA (ssDNA) than with double-stranded DNA (dsDNA). This is due to the adsorption of nitrogenous bases of ssDNA with the surface of GO, whereas in dsDNA, nitrogenous bases are located in a less accessible place of the spiral structure. Scientists have shown that this method can successfully detect multiple ssDNA and microribonucleic acids.
Table 1 shows information on GO-based biosensors for biomaterial detection.

Table 1 − Variety of biosensors based on GO
	Material
	Aim
	Sensor type
	Reference

	GO/dsDNA
	Helicase activity
	Fluorescent
	[42]

	Functionalized by GO long-period fiber array
	Hemoglobin
	Optic
	[43]

	GO/Au layer/antibody
	Cytokeratin
	Surface plasmon resonance
	[44]

	GO/Ag nanoparticles/antibodies
	Prostate specific antigen
	Surface-enhanced Raman scattering
	[45]



In general, GO is a material with great potential for creating biosensors. Combining it with other materials makes it possible to develop biosensors of electrochemical, fluorescent, optical types, as well as surface plasmon resonance and surface-enhanced Raman scattering biosensors.

1.3 HAP based composites
In the past few decades, an active search for biocompatible materials with physicochemical properties similar to human bone tissue, which can be used as an alternative biological scaffold or matrix in targeted drug delivery has been underway all over the world. As described earlier, the crystal-chemical analogue of the mineral component of bone tissue is HAP. The presence of this biomineral in natural structures in a nanocrystalline state (~5-10 nm) is determined by osteogenesis processes and promotes the natural exchange of calcium in the body and, as a result, affects all interactions in which this compound participates. The applicability of biomaterials obtained in laboratory conditions is determined by such characteristics of the samples as structure, composition and crystallinity. In turn, these parameters depend on the characteristics of the synthesis of materials. Table 2 presents the types of HAP-based composites used for targeted drug delivery.
However, a number of studies [46-50] showed that HAP has weak mechanical strength, low specific surface area, low wear resistance, and low fracture toughness in comparison with natural human bone tissue, which has a negative effect on the proliferation and differentiation of osteoblasts during bone tissue regeneration. The solution to these disadvantages is possible by creating hybrid complex composite polymer matrices based on it with the addition of various materials such as carbon fibers, graphene, GO and metal oxides. Firstly, polymers with high mechanical stability and biological compatibility play the role of an osteoconductive framework that promotes the migration of osteoblastic cells. [51]. Secondly, the presence, for example, of GO in the structure significantly improves the mechanical characteristics of HAP, which is due not only to its good biological compatibility, but also to the presence of many oxygen-containing groups, such as hydroxyl, epoxy, carboxyl on its planes and at the edges. Moreover, in the past few years, interesting results have been published on the study of the antimicrobial effect of graphene oxide [52-54], at the same time, the mechanism of action on microbes is still a controversial issue.

Table 2 − Composites based on HAP in targeted drug delivery
	Composite
	Type of medication
	In vivo
	Release efficiency
	Drug loading, mg of drug / g of HAP

	Pure HAP powder
	Vancomycin
	New Zealand white rabbits
	42 days
	160

	HAP with Fe, Co, Ni
	Vancomycin
	New Zealand white rabbits
	20 days
	160

	HAP/Fe2O4
	Ciprofloxacin
	Modeling with blood
	24 days
	-

	HAP/gold particles
	Doxorubicin
	MG-63 Osteosarcoma
	48 hours
	58,22

	HAP/carbon fiber
	Anticancer drugs
	MG-63 Osteosarcoma
	6 hours
	167,2

	HAP nanorods
	Ibuprofen
	-
	10 days
	260,3

	HAP nanorods with Sr
	Lysozyme
	-
	30 hours
	55,52



Thus, the composite structure of graphene oxide and HAP on a polymer framework/matrix is ​​one of the promising candidates for application in the field of targeted dosage delivery of drugs. These and many other HAP composites used in targeted delivery indicate the importance of the choice of materials and methods for the synthesis of composites. To date, there are a number of methods for obtaining these composites, such as plasma sintering [55], sol-gel method [56], biomimetic mineralization [57], and electrospinning [58]. Among the listed methods, electrospinning has a number of advantages, which are its simplicity, the possibility of creating a polymer framework, as well as the ability to control the diameter of polymer fibers and drug concentration.

2 Experimental

2.1 Source materials
Phosphoric acid (H3PO4, 85%, Sigma Aldrich), eggshell, polycaprolactone (PCL, MW 1,300,000, Sigma Aldrich), Staphylococcus aureus (ATCC 25923, BioVitrum) and Escherichia coli (ATCC 25922, BioVitrum) were provided by Nanjing University of Science and Technology, Nanjing, China), ethanol (C2H6OH, 90%, “ChemPharm”, Kazakhstan), nitric acid (HNO3, 70%, Sigma Aldrich), urea 
(8 M in H2O, BioUltra), walnut shell nuts (Turkestan, Kazakhstan), hydrochloric acid (HCl, 37%, Sigma Aldrich), amoxicillin (AMX) capsules 500 mg (Almaty, Kazakhstan).

2.2 Synthesis of HAP 
[bookmark: _Hlk84426903]The method for obtaining HAP from eggshell has been described and studied in detail in our previous works [59, 60]. The method of precipitation from solution was used for the synthesis of HAP. The eggshells were preliminarily annealed at a temperature of 950 °C for 2 hours in a muffle furnace (SNOL 30/1300) in air at a heating rate of 30 °C/min. The CaO weighed portion of 1 g obtained as a result of thermal treatment was stirred for 1 hour on a magnetic stirrer at a rotation rate of 100 rpm with an aqueous solution of phosphoric acid (6%, 20 ml). Then the solution was settled for 5 days, followed by decantation and drying at a temperature of 
100 °C for 4 hours. The synthesized HAP powder was post-thermally treated in air at a temperature of 1200 °C for 2 hours with a heating rate of 25 °C/min. The general scheme of the HAP synthesis process is presented in figure 8. 
[bookmark: _Hlk84426919][image: ]
1 - high-temperature oven; 2 - magnetic stirrer; 3 - ultrasonic bath; 4 – drying oven

Figure 8 – Scheme of the HAP synthesis process

2.3 GO synthesis
The method for obtaining a graphene-like structures from walnut shells has been described and studied in detail in our previous works [61, 62]. To obtain GO, the formed after pyrolysis and chemical activation carbonaceous material was further functionalized. As the oxidizing composition, mixtures of nitric acid (35%) and urea (78 g/l) were used in the ratios: 10:90, 20:80 and 30:70. 2 g of samples of a graphene-like structure were treated with these solutions for 3 hours during heating at 80 °C. After the processing, the samples were repeatedly washed with distilled water under the influence of ultrasound with a frequency of 32 kHz, followed by centrifugation until pH reached 4. Then the resulting powders were treated with 10% hydrochloric acid solution, washed with distilled water until pH reached 3, and dried at 100 °C for 12 hours.

2.4 Obtaining nanoscale fibers with the addition of GO, HAP and a drug
To obtain composites based on GO, AMX, and HAP, the electrospinning method was used. 0.5 g of PCL was dissolved in 10 ml of ethanol and GO, AMX and HAP were added in certain ratios under constant stirring for 30 minutes on a magnetic stirrer at a rate of 120 rpm and ultrasonic treatment for 30 minutes (frequency 35 kHz) to ensure uniform distribution of GO, AMX and HAP in solution. The resulting solution was loaded into a medical syringe with a volume of 2.5 ml and on an experimental setup, the scheme of which is shown in figure 9, the fibers were electrospinned at room temperature and voltage of 16 kV with a precursor flow rate of 1.5 ml/h. The collector was located at a distance of 15 cm from the needle. Aluminum foil with the 20 cm in diameter was used as a collector, which was replaced every 1.5 hours during the entire deposition process.
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Figure 9 − Scheme of the process of electrospinning polymer fibers with the addition of GO, AMX and HAP

2.5 Method for determining the kinetics of drug release from the obtained fibers and studying their antibacterial properties
The obtained films with the addition of GO/HAP and antibiotic were loaded into flasks with 10 ml of phosphate buffer solution, placed in a horizontal incubator at 40 rpm and 33 °C. The amount of drug was determined using a Varian Cary 300 spectrophotometer under UV irradiation with a wavelength of 272 nm. Cell proliferation was investigated by CCK-8 assay, MC3T3-E1 preosteoblasts were selected as cells. The cells were seeded in well plates at 37 °C with the addition of the obtained samples (HAP, GO, GO/HAP composite) for 24 hours. Further, according to the technique described in the works [63–65] the cell proliferation profile was calculated. The antibacterial properties of the obtained samples were evaluated using the bacteria Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922). The GO/HAP composite and the control sample were sterilized and mixed with bacteria. The cultivation was implemented in plates with Mueller-Hinton agar and then incubated for 24 hours at a temperature of 37 °C. Further, according to the method described in the works [66, 67] the antibacterial activity of the samples was calculated.

2.6 X-ray phase analysis of the samples
XRD analysis was carried out on an X-ray diffractometer of the Dron-4 type, which has a range of angles of rotation of the detection diffraction unit from -100° to 168°. The minimum step of movement of the detecting unit was 0.001°. The admissible connection of the detecting unit from a given rotation angle was ±0.015°. The transport speed of the goniometer is 820°/min. The main instrumental error in measuring the counting of X-ray pulses was no more than 0.4%.

2.7 Scanning electron microscopy of the samples
Investigations of the surface morphology of the obtained samples were carried out on a QUANTA 3D 200i microscope with an accelerating voltage of 30 kV. For investigation the sample was attached to a copper holder.	

2.8 Raman-spectroscopy of the samples
Raman-spectroscopy was performed on an NTEGRA SPECTRA ™ Raman spectrometer (NT-MDT Spectrum) equipped with a solid-state laser that generated an excitation wavelength of 473 nm.

2.9 Transmission electron microscopy of the samples
The structure of the obtained samples was investigated by transmission electron microscopy using a JEM-2100 (JEOL, Japan) with high voltage and current stability.






3 Results and their discussion

3.1 Investigation of the parameters of the electrospinning process of micro- and nano-sized fibers, process optimization 
The main parameters of the electrospinning that significantly determine the structure and morphology of the fibers are: concentration and rate of solution feed, the value of high-voltage and the distance between the collector and the needle (figure 9). In our previous works [68-70] we have studied in detail the influence of each of these parameters on the process of fiber electrospinning, however, for their possible use in the field of targeted drug delivery, two other factors must be taken into account: first, the similarity between the polymer and the polarity of the drug, and secondly, the polymer must be completely dissolved in order to avoid the formation of agglomerates, which can adversely affect the formation of fibers, and hence the efficiency of drug release. Considering the above, a series of experiments were carried out to select a solvent, a type of polymer and study the parameters affecting the formation of micro- and nano-sized polymer fibers. Table 3 summarizes the experimental results on dissolution of various biodegradable polymers with similar polarity to AMX (antibiotic).

Table 3 – Experimental results on the solubility of synthetic and natural polymers used to create matrices based on micro- and nanoscale fibers
	Polymer type
	Polymer concentration, %
	Solvent type

	Polycaprolactone (PCL)
	10
	Dimethylformamide - completely soluble

	Polylactide (PLA)
	4
	Dimethylformamide - undissolved agglomerates are observed

	Polyvinyl alcohol (PVA)
	8
	Water - undissolved agglomerates are observed

	Polyethylene oxide (PEG/PEO)
	1
	Water/Ethanol (7:3) - undissolved agglomerates are observed

	Gelatin
	50
	Dichloromethane/Dimethylformamide (4:1) - undissolved agglomerates are observed

	Chitosan
	2
	Acetic acid - completely soluble

	Polyvinylpyrrolidone (PVA)
	10
	Ethanol - undissolved agglomerates are observed

	Note – All experiments were carried out with mechanical stirring for 30 minutes at room temperature



From table 3 among the studied types of polymers, PCL and chitosan are the most suitable. However, most natural polymers, including chitosan, are not stable in the physiological state and have poor mechanical properties, in this regard the PCL was chosen for further experiments. Obviously, the time and temperature during stirring has a significant effect on the solubility, however, according to [71], prolonged stirring in a solvent can adversely affect the drug. Studies have shown that the optimal parameters for mixing PCL and dimethylformamide are: 30 minutes on a magnetic stirrer with a rotation rate of 120 rpm (figure 10).
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			      a                                                                      b 

a - 10 min; b - 30 min

Figure 10 − SEM images of films based on polymer fibers at different mixing times 

[bookmark: _Hlk84423602]The analysis of the obtained data demonstrates that with incomplete dissolution of the polymer, fibers with a large diameter of up to 2 microns are formed, since the average size of the fibers is directly dependent on the concentration of the polymer in the solution (figure 10, a). In addition, the electrospinning process is unstable due to clogging of the needle with large polymer particles. From figure 10, b, the obtained nanoscale fibers based on PCL dissolved in dimethylformamide under stirring on a magnetic stirrer for 30 minutes at a rotational rate of 120 rpm at room temperature have an average diameter of 200 nm. Thus, the optimal parameters of the process of electrospinning of nanosized fibers based on PCL have been determined, which make it possible to use them as effective matrices for targeted delivery of drugs with the addition of active substances, and presented as follows: stirring time - 30 min; stirring rate - 120 rpm; the solvent is dimethylformamide.

3.2 Electrospinning of biologically soluble matrices based on polymer fibers and drugs during their mechanical mixing
In the course of experimental work, composite polymer matrices with the addition of GO, HAP, and a drug were obtained. AMX was used in the synthesis as a drug, an important advantage of which is its favorable organoleptic properties, which make it possible to improve the tolerance of antibacterial therapy. PCL was used as a polymer, which has high mechanical stability and biological compatibility.
The main parameters influencing the electrospinning process are divided into three categories: solution characteristics (such as solution concentration and/or viscosity, solution surface tension and solution conductivity), process characteristics (such as solution feed rate, applied voltage and distance from the needle to the collector) and environmental conditions (ambient temperature and humidity). To study the effect of the concentration of the polymer solution on the diameter of nanoscale fibers, mixtures of PCL, AMX, HAP and GO were prepared at certain ratios (table 4).

Table 4 − Ratios of substances in the solution for the process of electrospinning of nanoscale fibers of a certain diameter
	№ of the sample
	GO, wt. %
	HAP, wt.%
	АМХ, wt.%
	PCL, wt. %
	Solvent, wt. %
	Fibers average diameter, nm

	1
	0.01
	1.97
	1.00
	11.03
	86.99
	1240

	2
	0.05
	1.93
	2.00
	11.03
	86.99
	840

	3
	0.10
	1.88
	3.00
	11.03
	86.99
	650

	4
	0.50
	1.48
	4.00
	11.03
	86.99
	300



The obtained experimental results indicate the influence of the concentration of GO, AMX, and HAP on the formation of fibers.  An increase in the concentration of GO leads to a decrease in the diameter, which is explained by the high electrical conductivity of the GO. On the other hand, the electrospinning of the fibers was carried out using the horizontal arrangement of the syringe pump, which led to the formation of a sediment by gravity and a decrease in the viscosity of the solution at the exit from the needle, thereby affecting the diameter of the formed polymer fibers. In further experiments a 2.5 ml syringe was used to exclude sediment formation. It was empirically found that the optimal amount of substances in a solution for the electrospinning of fibers with the addition of GO and HAP is as follows: 0.5 wt.% of GO, 1.48 wt.% of HAP, 11.03 wt.% of PCL, 4 wt.% of AMX, 86.99 wt.% of solvent. Additionally, it was found that, despite the fact that HAP with an average particle size of 1–2 μm was used to prepare the solution, after the electrospinning process, HAP particles with sizes less than 100 nm were found in the structure of the obtained fibers. This can be explained by the behavior of HAP particles during spinning the polymer fibers under high voltage. Studies demonstrate that electrical action leads to the predominant destruction of HAP particles. The presumable reason for this destruction is the effect of an electric field, which is concentrated inside a solid dielectric, leading to the destruction of large HAP particles. During the experiment, it was noticed that the formation of polymer fibers was not stable with a decrease in the voltage value. The conducted semi-quantitative analysis indicates the presence of HAP particles in the structure of polymer fibers (figure 11).
The characteristics of the electroforming process (such as feed rate of the solution, applied voltage and distance from the needle to the collector) are presented in table 5.
	[image: ]
		Element
	Line
	Wt. %
	Atomic wt. %

	C
	K
	60.46±0.04
	64.74±0.04

	N
	K
	31.76±0.13
	29.16±0.12

	O
	K
	7.35±0.06
	5.91±0.05

	Na
	K
	0.13±0.01
	0.07±0.00

	Si
	K
	0.19±0.01
	0.09±0.00

	Ca
	K
	0.12±0.00
	0.04±0.00

	Total
	
	100.00
	100.00

	Map_007_wholespectrum
	Fitting ratio 0.0395 





Figure 11 − Semi-quantitative analysis data of the obtained polymer fibers

Table 5 − Parameters of the electrospinning process of nanosized fibers based on PCL/HAP/GO/AMX
	Solution feed rate, ml/h
	High voltage value, kV/cm
	Distance from the needle to the collector, cm
	Average diameter of nanoscale fibers, nm

	0.02
	1.5
	15
	300

	0.10
	1.5
	15
	450

	0.15
	1.8
	15
	600

	0.25
	2.0
	15
	1200



In contrast to the concentration of the solution, which affects the fiber diameter, the precursor feed rate by a syringe pump and the high voltage value significantly affect the structure and morphology of the resulting fibers. From table 5 it can be seen that an increase in the feed rate of the solution leads to unstable fiber formation, which is explained by the formation of an unstable jet. On the other hand, the high voltage applied to the needle and collector also affects the shape of the initial droplet, which leads to a change in the structure and morphology of the fibers. It has been experimentally established that to produce fibers with the addition of GO and HAP, the optimal voltage and feed rate of the syringe pump are 1.5 kV/cm and 0.02 ml/h, respectively. Figure 12 presents the optical photographs of the obtained films based on polymer fibers with the addition of GO, AMX, and HAP.
As a result of the implemented research, the following optimal parameters for the electrospinning nanoscale films with the addition of biologically compatible materials such as GO and HAP, as well as a drug were determined: the composition of the solution for electrospinning matrices based on PCL/HAP/GO/AMX − 0.5wt.% of GO, 1.48 wt.% of HAP, 4 wt.% of AMX, 11.03 wt.% of PCL, 86.99 wt.% of solvent; syringe pump feed rate − 0.02 ml/h; high voltage value − 1.5 kV/cm.
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Figure 12 – Optical photographs of films based on polymer fibers with the addition of GO, AMX and HAP

3.3 Investigation of the physicochemical properties and surface morphology of biologically soluble matrices based on polymer fibers and drugs obtained by mechanical mixing of substances with subsequent electrospinning
Raman-spectroscopy was applied to investigate the resulting GO and the graphene-like structure of carbon (figure 13). According to the obtained data, the typical Raman spectra for GO are characterized by the following peaks: the G band at 1582 cm-1 and the D band at 1357 cm-1. Unlike GO for graphene-like carbon, the G band is observed at 1584 cm-1. In this case, the D band at 1354 cm-1 for graphene-like carbon has a high intensity, which characterizes the defect structure of the sample and the presence of amorphous carbon. All this suggests that the functionalization of the graphene-like structure of carbon makes it possible to reduce defects in the obtained samples, as evidenced by the low intensity of the D band for GO. These results are confirmed by the data obtained in the works [72-74], where it was found that the reduction of GO makes it possible to reduce the number of defects in the structure.
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1 − GO; 2 − graphene-like carbon

Figure 13 − Raman spectra of the obtained graphene-containing materials
To study the surface morphology and structure of the reduced GO, the TEM method was used, the images of which are presented in figure 14. The analysis of the images indicates a typical morphology characteristic of graphene-like materials. High orderliness and orientation of the carbon structure with transparent edges, according to [75] indicates its small thickness. At the same time, the determination of the distance between the layers, which was also carried out from the analysis of the images of transmission electron microscopy, indicates the values of 0.4 nm, this value is consistent with the data shown in the work [76], where GO was also obtained from biomass. Obviously, the distance between the layers for GO is greater than that for carbon with a graphene-like structure, due to the presence of different functional groups.
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Figure 14 − TEM images of synthesized GO

The study of the synthesized HAP powder was carried out using X-ray phase analysis (figure 15, a) and SEM (figure 15, b). In our previous works [59, 60] the method for the synthesis of HAP from biologically waste materials has been described in detail. X-ray diffraction data indicate the complete transformation of the raw material into HAP as a result of the synthesis. The planes (002), (210), (211), (112), (300), (222) and (213) completely coincide with the data from the Joint Committee for Powder Diffraction Standards data No. 96-900-2219, while the calculated crystal size was 171 nm. The lattice parameters are also consistent with the data obtained in the works [77-79] and have the following meanings: a = 9.8218±0.004; b = 2a; c = 9.473±0.002. Analysis of SEM images of the surface morphology of the obtained HAP powder indicates the presence of particles up to 10 μm in size in its structure. However, as described earlier, in the composite matrix obtained by the electrospinning method, the sizes of HAP particles were less than 100 nm (figure 15) [80-82].
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Figure 15 − X-ray (a) and SEM images (b) of synthesized HAP

Figure 16 demonstrates the surface morphology of the obtained composite, which is presented in the form of typical filamentous polymer fibers of various diameters with the inclusion of GO, AMX and HAP. It is obvious that an increase in the concentration of GO and HAP will lead to a significant increase in the diameter of the fibers, at the same time, according to [83] the rough spots on SEM images indicate the presence of GO in the composite.
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Figure 16 − SEM images of the resulting PCL/HAP/GO/AMX composite 
The TGA curves for the initial walnut shell show that the pyrolysis process can be divided into 3 main stages: I - refers to weight loss due to evaporation of moisture (50-200 °C); II - corresponds to rapid thermal transformation of the main components, cellulose, hemicellulose and part of lignin (200-500 °C), accompanied by the release of gaseous products, which leads to a high value of weight loss of materials and their rapid decomposition in them; III - high-temperature charring of residues, in which mass loss occurs very slowly. According to the isotherms of adsorption and desorption of N2 and BET analysis, the specific surface area of the exhaust gas obtained from walnut shell is 2760 m2/g, the specific pore volume is 1.49 cm3/g, the average pore diameter is 2.9 nm.

[bookmark: _GoBack]3.4 Study of kinetics and microbiological evaluation of the effectiveness of drug release by the obtained biologically soluble matrices (in vitro)
The antibacterial properties of the obtained composite fibrous structures were investigated by exposure to model bacteria such as S. aureus and E. coli. These studies were carried out on the martices without the addition of AMX to determine the antibacterial properties and cytotoxicity of GO and HAP. The obtained results are presented in figure 17 that demonstrate the effect of GO on the antibacterial properties of composite structures, which in some cases exceeds 97%. In a number of research works [84-86], devoted to the use of graphene and graphene-like structures in various fields of medicine, the assumptions were made on the mechanisms of the antimicrobial effect of GO. In [87] the assumption that the free electron of the GO prevents the growth of microbes is considered. On the other hand, the possessing antibacterial properties by GO can be associated with its sharp edges, as well as with the presence of functional groups that lead to physical damage to the membranes of bacterial cells. Evaluation of the antibacterial properties of the obtained composite structures showed a significant increase in the diameter of the zone of inhibition (figure 17) from 5.2 to 9.1 mm with an increase in the content of GO in the composite from 0.05 to 0.1 wt.%. The obtained results are in agreement with the works [88-90] and confirm the excellent antibacterial properties of the GO.
To study the cytotoxicity and cell proliferation of the obtained samples, the CKK-8 assay was used, where MC3T3-E1 preosteoblasts were utilized as cells. Cell survival under the influence of HAP, GO and a composite based on them (figure 18) sharply decreased with an increase in their concentration. The obtained data indicate that the cell viability for HAP was 100, 98, 97, 95, 97, 89, 84, 57, 51, 48, 37 and 34% for concentrations of 0 (control), 50, 100, 150, 200 , 250, 300, 350, 400, 450, 500 and 550 mg/ml, respectively. At the same time, for a HAP concentration of 369 mg/ml, cell viability decreased to 57%, which is associated with a change in the pH of the medium upon the addition of HAP, leading to a sharp decrease in cell proliferation. In works [91, 92], it was shown that even though the size and shape of HAP particles significantly affect cytotoxicity, they can be used as bone transplants. In its turn, cell viability for the GO/HAP/PCL composite was 100, 99, 99, 97, 93, 91, 90, 86, 77, 63, 60, and 58% for concentrations of 0 (control), 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 and 550 mg/ml, respectively, indicating a gradual decrease in viability with increasing concentration of the composite. The obtained data indicate an insignificant cytotoxicity of the GO/HAP/PCL composite at a concentration of 55 mg/ml. Thus, a positive effect of GO in a composite structure with HAP on the viability of MC3T3-E1 preosteoblasts, associated with the ability of graphene nanosheets to sequester was reported in [50]. In addition, it is believed that GO in the structure of the GO/HAP/PCL composite binds HAP particles, which also significantly affects cytotoxicity.
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Figure 17 − Antibacterial activity of GO in PCL/HAP fibers against E. coli and S. aureus
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Figure 18 − In vitro analysis of cytotoxicity of samples of GO, HAP and their composite

The use of polymer scaffolds with the addition of various kinds of materials such as graphene, GO, CNTs, as well as biocompatible materials, is of great interest in tissue engineering. These composite scaffolds can be used as an extracellular matrix, providing not only mechanical support for cells, but also forming intercellular contacts and connections with the matrix material, effectively influencing the migration of both nutrients and individual components. In addition, the creation of such a composite on a biologically compatible polymer framework or matrix makes it possible to achieve antibacterial properties due to the addition of GO. Various existing models describing the effect of GO on bacteria indicate the need for a more detailed study, both in vivo and in vitro, for a deep understanding of the influence of various factors, including methods and starting materials for the synthesis of GO, HAP and the composite itself, as well as biological compatibility and degradation rate of the polymer matrix.
GO has the highest antibacterial activity among carbonaceous materials [87], which is explained by the high specific surface area that provides high adsorption activity. In addition, the presence of a defective structure leads to mechanical destruction of bacteria through direct interaction (figure 19). At the same time, a number of studies [93-95] indicate the effect of free electrons on bacteria, which lead to their destruction. The performed studies are in agreement with pioneering works in the field of studying the mechanism of bacterial inactivation by creating composites based on GO, reduced GO, and pure graphene. Presumably, this mechanism is based on the mechanical effect of a defective structure on cell membranes, thereby causing their destruction and death. Such effect on bacteria is also observed for other carbon materials such as CNTs, graphite and amorphous carbon. Despite the fact that the mechanism of the antibacterial activity of GO is extremely complex and the described pathways of action on bacterial membranes have not been fully studied, it can be concluded that structural defects, the number of layers, and functional groups provide a membrane load. Obviously, GO obtained from biologically waste materials with many defects and the content of other carbon structures has an advantage over commercial analogues. The complex composite polymer matrices containing GO and HAP are successfully applied as biologically compatible scaffolds that can be used as an extracellular matrix, providing mechanical support, cell growth, and nutrient transport.
On the other hand, the drug (AMX) used in the work, which has favorable organoleptic properties, is necessary to improve the tolerability of antibacterial therapy of the resulting film based on polymer fibers with the addition of HAP and GO. To confirm the presence of AMX in the structure of a matrice based on polymer fibers with the addition of HAP and GO, the investigations were carried out to determine the kinetics of AMX release from the obtained matrice, which was observed over a 4-week period. The drug release curves are shown in figure 20.
The obtained results indicate that the kinetics of AMX release from matrices based on nanosized fibers with the addition of HAP and GO is about 90% at the AMX content of 4 wt.% (figure 20, a). In addition, it was found that the presence of HAP and GO practically does not affect the dynamics of drug release. However, a significant dependence of the release kinetics is observed on the diameter of the polymer fibers. This is, obviously, due to the surface morphology of polymer fibers, as well as the distribution of the antibiotic over the entire structure of the film. It has been experimentally established that an increase in the fiber diameter from 100 to 300 nm leads to an increase in drug release from 25 to 45 mg/ml, respectively. It was shown that the obtained biodegradable films based on polymer nanosized fibers with the addition of GO, HAP and AMX not only inhibit the growth of pathogenic microorganisms, but also have a favorable effect on the prolonged release of the antibiotic, and the presence of HAP promotes the formation of hard bone tissues. The undoubted advantage of composite matrices obtained by electrospinning is their high degree of homogeneity due to the integration of active substances, and the possibility of targeted delivery of the antibiotic to the lesion, as well as the possibility of choosing one or another drug and its optimal concentration depending on the nature and severity of the lesion.
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Figure 19 − Schematic diagram of the mechanisms of the GO antibacterial effect (ROS stands for reactive oxygen species)
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a 						 b
a – polymer fibers of normal size; b – polymer fibers of increased diameter

Figure 20 − Kinetics of AMX release from the obtained matrices at different contents: 1 line – 1 wt. %, 2 line – 2 wt.%, 3 line – 3 wt.%, 4 line – 4 wt.%
Thus, the results of the performed research have shown that the electrospinning method is promising for creating effective and innovative drug delivery systems in order to improve their therapeutic properties. The creation of complex composite structures with the addition of GO and HAP not only affects the enhancement of antibacterial activity, but also contributes to the regeneration of bone tissue. The undoubted advantage of this method is its simplicity and the possibility of using a wide range of drugs, at the same time, control of the diameter of polymer fibers during the synthesis process allows to manipulate the kinetics of drug release.
























CONCLUSION
1. As a result of the implemented research, the parameters of the process of nanosized fibers electrospinning were investigated and optimized. The optimal polymer and solvent were selected experimentally to reduce the agglomeration of the formed fibers. The optimal parameters of the process of electrospinning of nanosized fibers based on PCL have been determined, which make it possible to use them as effective matrices for targeted delivery of drugs with the addition of active substances: stirring time – 30 min; stirring speed – 120 rpm; the solvent is dimethylformamide.
2. The parameters of the process of electrospinning nanostructured matrices based on polymer fibers with the addition of drugs and biologically active substances have been investigated. It was found that during addition of a drug by mechanical mixing, the optimal parameters of the electrospinning are as follows: the precursor contained 0.5 wt.% of GO, 1.48 wt.% of HAP, 4 wt.% of AMX, 11.03 wt.% of PCL, 86.99 wt.% of solvent; syringe pump speed – 0.02 ml/h; high voltage value – 1.5 kV/cm. It has been experimentally established that when a drug is added, additional treatment in an ultrasonic bath for 30 (frequency 35 kHz) is required to avoid particle agglomeration, which prevents stable fiber formation.
3. The comprehensive analysis of physicochemical properties and surface morphology showed that the surfaces of the obtained nanostructured matrices based on polymer fibers with the addition of drug (AMX) and biologically active substances (GO and HAP) are presented by typical filamentous polymer fibers with physical inclusions of GO and HAP. The average diameter of the obtained fibers is 300 nm. It is shown that the obtained HAP has a purity of more than 97 %, and the parameters of its crystal lattice completely coincide with biological apatite. It was found that GO obtained from biologically waste material with carbon-containing impurities, such as amorphous carbon and graphene-like carbon, has a morphology characteristic of graphene-like materials, and the high ordering and orientation of the carbon structure with the presence of transparent edges indicates a small number of layers in its structure, the thickness of which is 0.399 nm.
4. It was determined that the obtained matrices have a high antimicrobial activity against strains of gram-positive and gram-negative bacteria (S. aureus and E. Coli). In addition, the studied matrices have no cytotoxic effect on MC3T3-E1 preosteoblast cells, and the observed decrease in cell proliferation is associated with a high load (350 mg/ml and higher). The study of the kinetics of the AMX release from the obtained nanostructured matrices based on polymer fibers with the addition of GO and HAP showed that the cumulative percentage of release from the samples was 98% of the total mass of the antibiotic during the 4-week observation period. It was shown that the obtained biodegradable matrices based on HAP and AMX not only inhibit the growth of pathogenic microorganisms, but also have a beneficial effect on the prolonged release of the antibiotic, while the presence of HAP in the matrix structure promotes the formation of hard bone tissues.
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List of published articles on the project
1. Kenzhebaeva A., Bakbolat B., Sultanov F., Daulbaev Ch., Mansurov Z., Aldasheva M. Nanofibrous bio-soluble frameworks as an effective drug delivery system // Combustion and Plasma Chemistry (under review)
2. Ch. Daulbayev, F. Sultanov, A.V. Korobeinyk, M. Yeleuov, A.Taurbekov,       B. Bakbolat, A. Umirzakov, A. Baimenov, O. Daulbayev. Effect of graphene oxide/hydroxyapatite nanocomposite on osteogenic differentiation and antimicrobial activity // Surfaces and Interfaces (under review)


































APPENDIX B

Work schedule
	№ п/п
	Name of tasks and activities for their implementation
	Start of implementation (dd/mm/yy)
	Duration, months
	Expected results of the project (in terms of tasks and activities), the form of completion

	1
	2
	3
	4
	5

	1

	Investigation of the parameters of the electrospinning process of micro- and nanoscale fibers, process optimization
	05.01.2021

	2

	The parameters influencing the electrospinning of micro- and nano-sized fibers will be investigated, the dependence of the fiber sizes on the process parameters will be optimized


	
2
	Electrospinning of biologically soluble matrices based on polymer fibers and drugs during their mechanical mixing 
	01.03.2021

	3

	Biologically soluble matrices based on polymer fibers and drugs will be obtained by the method of electrospinning during their mechanical mixing 


	
3
	Investigation of the physicochemical properties and surface morphology of biologically soluble matrices based on polymer fibers and drugs obtained by mechanical mixing of substances with subsequent electrospinning
	01.06.2021

	3

	The physicochemical properties and surface morphology of biologically soluble matrices obtained by mechanical mixing of substances with the subsequent electrospinning will be investigated by SEM, XRD, TGA, and BET analysis

	4
	Study of kinetics and microbiological evaluation of the effectiveness of drug release by the obtained biologically soluble matrices (in vitro)
	01.09.2021
	4
	The kinetics of drug release by the obtained biologically soluble matrices will be studied, and the influence of their structural features on the nature of drug release will be analyzed
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APPENDIX С

Extract from the protocol
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KAJIEHJIAPHBII TUTAH
1. PTTI na IIXB «HucTuTyT npodaem ropenns» K MOH PK

1.1 Tlo npuopurery: 3. I'eomorms, nob6ba ¥ HepepabOTKa MHHEPAILHOTO H
YTJIEBOAOPOAHOTO CLIPEA. HOBBIE MATEPHAIEL, TEXHOJIOIHH, G€30T1acHbIe H3/IeUs H KOHCTPYKIIHH.

1.2 Ilo mnoanpuopurery:3.8. BHOMeAHUHHCKHE MaTCpHaibl, OHOJIOTHYCCKH aKTHBHBIC
BEIIECTBA, GHOTOrHYECKHE 1 MEAMUMHCKHE NIPEMaparsl, IPHKIALHOC.

1.3 Tlo rteme mnpoexra: HMPH AP09561955 «MureHcuukaims anpecHONn JTOCTAaBKA
JICKAPCTBCHHBIX MPENApaTOB HAHOCTPYKTYPHPOBAHHBIMU OHO-COBMECTHMBIMH MaTpHUAaM#» .

1.4 O6mas cymma npoekrta Ha 2021 roa 7 965 504 (ceMb MHTHOHOB JEBATBCOT LISCTLACCST
TATh ThHICHY NATHCOT ‘{eTblpC) TEHI'€ JUISI BBINTOJIHEHHUS pa60T COIJIaCHO ITYHKTY 2

2. XapaKkTepHCTHKA HAYYHO-TCXHHYECKOI NPOLYKIHH 110 KBATHOHKANHOHHBIM
NPH3HARAM H YKOHOMH'IECKHE NMoKa3aTe/IH

2.1 Hanpasnenue paGoTel: (OPMIPOBAHHE H HCCIIE/I0BAHHE HAHOCTPYKTYPUPOBAHHEIX OHO-
COBMECTHMBIX MATPHI{ /ISt AJ[PECHOI JIOCTABKH JIEKAPCTBEHHBIX IIPENapaToB

2.2 O6nacTe NpUMEHeHHs: MeAUIIHA, GCHOTEXHOIOrUN

2.3 KoHeuHBIi pe3y/bTart:

-3a 2021 ro: NOMyYEHHE HAHOCTPYKTYPHPOBAHHBIX OHOCOBMECTHMBIX MOIMMEPHBIX MATPHLL
€ JICKAPCTBEHHBIM 1IPEIAPATAM METO0M 3EKTPOGOPMOBAHHS 1 MX PH3HKO-XHMHUCCKHE CBOHCTBA,
MOPOIOrHs OBEPXHOCTH, 4 TAKKe KMHETHKA M MHKpOOMOIOrHueckas oleHka 3(QeKTHBHOCTH
BBICBODOK/ICH M JICKAPCTBEHHBIX NIPENapaTos (inviro).

3a Bech NepHO/ BBINONHEHHs NpoekTa OyneT omyOmHKoBaHa, MHGO NPHIHATA WIH TIOJAHA
1 crates B peleH3NPYEMOCHAYIHOE H3ZAHHE [0 HAYYHOMY HALPABICHHIO IPOCKTd, BXOAALLCE B
1 (mepsbiif), 2 (Bropoit) muGo 3 (Tperuit) kBaprins B Gaze Web of Science u (im) umeromee
npouenTiwis mo CiteScore B Gase Scopus me menee 50, a Takke lcrarss uam 0030p B
PELIEH3MPYEMOM HAay4HOM H3jaHHH, pekomenjosanHoM KOKCOH.

2.4 IMareHTOCIIOCOOHOCTD: IATEHTOCIIOCO0CH.

2.5 HayuHo-TexHHuecKHii ypoBeHb (HOBH3HA): Hayunas HOBH3HA IPOEKTa 3aKIIO¥AETCS B
3MEKTPOGOPMOBAHHH MATPHII H3 MHUKPO- M HAHOPA3MEPHBIX OHOPA3/IaraeMbIX H GHOCOBMECTHMBIX
TOJMMEPHEIX BOJOKOH C ONpeJe]eHHEIM CTPOGHHEM M MOBEPXHOCTHOH MOphonorneit u
PABHOMEPHO PACIIPE/IC/ICHHBIMH JIEKAPCTBEHHBIMH [PENApaTaMH, YTO HO3BOJACT KOHTPOJIHPOBATH
CKOPOCTh MX BBICBOOOJKIEHHS H EIEBYIO 30HY JUIs anpecHoii 1octasku. HMemonb3osanne Metona
31eKTPoOPMOBAHHSA  [I03BOIACT [O/YdaTh HOCHTENH Ha OCHOBE MHKPO- M HAHOPA3MEPHBIX
BOJIOKOH C  OMPE/CICHHBIMH  MOP(QOJIOIHYECKHMH M CTPYKTYPHBIMM  XaPAKTEPHCTHKAMH,
MOJXO/UIUIMMH  JUISL  JICKAPCTBEHHBIX  CPEICTE ¢ PAZIHHHBIME  OHOJOIHYECKHMH W (DH3HKO-
XHMHUECKHMH cBoifcTBamMu. Ilpy 9TOM NaHHBEIE METOX IPOCT, yHHBepcaleH H dQMEKTHBEH AT
TIOJIy4CHHST BOJIOKOH ¢ JHAMETPAMH OT CYOMHKPOHIHOTO 10 HAHOMETPOBOTO Pa3MEPOB.

2.6 Mcnonp3osanne HayqHO-TEXHHYECKOH NpPOJIYKIHM OCymlecTBseTca: Venoanutensem u
3aKazuuKom,
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2.7 Bun HCHONB30BaHHS Pe3yJIbTaTa HAYIHON U (MIIH) HAYYHO-TEXHHYECKOH AESTENBHOCTH:

nosyyeHsble  00pasitbl (MaTpulbl) MOryT GbITh MCHOJB30BaHbl B MEIMUMHCKHX LEMAX JUIL
anpecHoll JOCTARKM JIEKAPCTBEHHBIX IPEHApaTOR MOcNe X JOKIMHHYECKHX U KIMHHYECKHUX

uceneoBanuit (invivo).

3. Hanmenosanue pﬂOUl', CPUKH HX PCAJIH3ALHH H PE3YJIbTATbL

Iugp Haumenopanue pa6or no CpOK BBINOJ-HEHHS O)KHIaeMBIii pe3yabTaT
3anaHusL TOB 19}
A JloroBopy H OCHOBHEIE ITAII saians | owoie
, oTama €T0 BBIIOMHEHHA
HaHHe
2021 roa
1 HUcenenoranue napamMeTpoB | Maii moHe | BymyT MCCIenoBaHEI  mapameTpel,

nporecca snekTpodopmosanus | 2021 . | 2021 .
MHKpPO- H HAHOPa3MePHEIX BOJIO-
KOH, ONITHMH3AIlHsI IPOLecca

BJIMSIOIME Ha 371eKTpodopMoBaHue
MHKPO- ¥  HAHOPAa3MEPHBIX BOJIO-
KOH, ONTHMH3HPOBAHA 3aBHCHMOCTS
PasMEpPOB BOJIOKOH OT MapaMeTpoB

npouecca

2 OnektpoopmoBaHHEe OHONOrH-|  Mail HIOHDB
9ECKM PacTBOPMMBIX Matpui Ha| 2021r. | 2021 r.
OCHOBE IOJIMMEPHBIX BOJOKOH H

JIeKapCTBEHHBIX Tpenaparos
NPHAX MEXAHHYECKOM CMELiIH-
BaHHH

|

| Metozom 2MeKTPODOpPMOBAHHs
OymyT moayueHbl GHOMOTHYECKH
PAacTBOPHMEBIE MATPHIIBI HA OCHOBE
TIOJIMMEPHBIX  BOJIOKOH ¥ JieKap-
CTBEHHBIX ~NPENApaTOB [OPH  HX
MEXaHHYCCKOM CMEIUHBAHHH

3 Hccnenopanue GU3MKO-XMMHYe- | HIONL | CEHTSOPb
CKHX CBOMcTB ¥ Mopdomnorun | 2021r. | 2021T.
NOBEPXHOCTH  OHONOTHYECKH
PAaCTBOPHMBIX ~ MaTpull  Ha
OCHOBE TOIHMEPHBIX BOJIOKOH H
JIEKAPCTBEHHBIX  MPENaparoB,
MOTYYEHHBIX METONOM MEXaHH-
MECKOTO CMENHBANHA BEMECTD ¢
MOCTENYIOUHM  3MEKTPOGopMO-
BaHHEM

Meronamu COM, POA, TTA u
bO5T-anammsom Gyayr wuccnenosa-
HEI (PH3HKO-XHMHYECKHE CBOHCTBA H |
MOp(oNorHs  NOBEPXHOCTH  GHO-
JIOTHYECKH PACTBOPHMBIX MATPHIL |
TOMYYEeHHBIX TIPH  MeXaHHYECKOM
CMelMBaHuH  OuomonuMmepa W
JIEKAPCTBEHHOTO  Mpemapara ¢

MOCIEAYIOIHM  IeKTPohopMoBa-
HHEM

4 Hccnenopanne  KMHETHKH M |CeHTSOps| o 1

MHKpoOHONOrHuecKkas  omenxa | 2021 r. | moabpa
a¢eKTHBHOCTH  BEICBOGOMKIE- 2021 r.
HHSA JISKApCTBEHHBIX [IPENapaToB
MONYYEHHBIMH  OHOJIOrHYECKH
PacTBOPUMBIMH MaTpHIaMu
(invitro) |

byner wusyueHa KMHETHKAa BBIC-
BOGOIKICHILA JICKAPCTBCHHBIX MPCTia-
patoB paspabOTaHHBIMH OHOJIOTH-
YEeCKH PaCTBOPHMBIMH MAaTpHIIAMH 1
[POAHATH3HPOBAHO BIIUSHHE
ocobeHHOCTEeH  HX CTP)/KT)’PI,I Ha
XapaKTep BBICBOOOMNIECHHS JIeKap-
CTBEHHOrO  mnpenapara.  DBymer
onyOIMKoBaHa, MO0 MPUHATA WU
nozana 1 CTaTes B peleH3HpyeMoe
HAy4HOe H3JAHHe IO  HAyYIHOMY
HAIIPABIICHIIO [IPOEKTa, BXOLIEE B
1 (uepseiit). 2 (Bropoi) auGo 3
(rperuii) kBapruis B Gaze Web of
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Science u (M/1M) UMeEIOLIEE TPOLICH-
tiab 10 CiteScore B Oase Scopus He
menee 50, a Takke 1 craths MM
0030p B pELEH3NPYEeMOM HAayIHOM

H3IaHHH, PEKOMEHIOBAHHOM
KOKCOH

Or 3axa3umka: Ot Henonuurens:

IIpeacenarens ["enepanbublii mupexTOp

TV «Komurer nayxu Munucrepersa Aﬁf 1 l'{i(B «MucTuTyT 11poGIIeM ropeHus»
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Kererenos T.A.

O3HaKoMIIeH:
YKOBOJIUTEJIb ITPOEKTa
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of Meeting of the Scientific and TechnicaCounéil-of the“Institute of Combustion
D
Problems. October I

ATTENDED:

members of the Scientific and Technical Council (on the list): general director. Dr. Chem.
Sciences. Ketegenov T.A.. Councilor of the General Director - Scientific Supervisor. Dr. Chem.
Sciences, prof. Mansurov Z.A.. Deputy General Director on Science. Cand. Chem. Sciences
Tanirbergenova S.K.: Deputy General Director on the International C ooperation and General
Issues, Cand. Legal Sciences Seitov T.B.: scientific secretary of the candidate of chemical sciences
Zhylybaeva N K .; head lab.. Dr. chem. sciences Ongarbaev E.K.. head. lab.. Dr. Chem. Sciences
Prikhodko N.G.. Dr. Messerle V.E . head lab. PhD Doszhanov E.O .: head lab.. Cand. Chem.
Sciences Ergazieva G.E.. Head. lab.. Cand. Chem. Cciences Fomenko S.M .: head lab., Cand. of
Chem. Sciences Efremov V.L .; head lab. PhD Smagulova G.T .: head lab, PhD Sultanov F.R .:
Director of TsKIT R.Kh. Salakhov: Batkal A. chairman of young scientific councils; Chief
Accountant Kanevskaya K.M. and the staff of the Institute (Dr. of Chemical Sciences
Abdulkarimova R.G .; PhD Pavlenko V.V .: PhD Myltykbaeva L.K .: PhD Atamanov M.K.).

In total 21 people.

Chairman of the Meeting — Dr. Chem. Sciences. Ketegenov T.A.
Secretary of the Meeting - Cand. Chem. Sciences Zhylybaeva N.K.

AGENDA
1. Hearing of the final reports for 2021 on the grant funded projects.

LISTENED

The report of the scientific adviser PhD. Assoc. Prof. Sultanov F.R. on the topic of the project
«Intensification of targeted drug delivery by nanostructured biocompatible matrices»

After the report. the following questions were asked:

1. Head lab.. Cand. Chem. Sciences Ergazieva G.E.: What is the reason for the drastic
decrease of cell survivability in the presence of HAP. GO and the composite based on them w ith
an increase of their concentration?

Answer: This occurs due to changes of the medium’s pH when HAP is added. that results in
such decrease of cell proliferation.

2. Head lab.. Dr. Chem. Sciences Ongarbaev E.K.: How does GO exhibit antibacterial
properties?

Answer: The high specific surface area of the GO provides high adsorption activity.
Moreover, the presence of a defective structure causes the mechanical destruction of cell
membranes, thereby causing their collapse and death.

3. Head lab, PhD Doszhanov E.O.: What are the advantages of using polymer scaffolds in
biomedicine?

Answer: The use of polymer scaffolds with the addition of materials such as graphene. GO.
CNT. as well as biologically compatible materials, is of great interest in tissue engineering. These
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composite scaffolds can be used as an extracellular matrix. providing not only mechanical support
for cells, but also forming intercellular contacts and connections with the matrix material.
effectively affecting the migration of both nutrients and individual components.

RESOLVED:
1. To approve the final report for 2021 of PhD. Assoc. Prof. Sultanov F.R. on the topic
«Intensification of targeted drug delivery by nanostructured biocompatible matrices»

Chairman of the Meeting : <

of the Scientific and Technical Council 2 “— T.A. Ketegenor

Scientific secretary N.K. Zhylybaeva




image1.jpeg
Ministry of Education and Science of the Republic of Kazakhstan
Committee of Science
RSE on PVC "INSTITUTE OF COMBUSTION PROBLEMS"
(RSE on PVC "ICP")

UDC 54.053
IRSTI 61.67.33
Number of state registration 0121PK00547

Inv.

APPROVED by

_General Director of

e SBEywon PVC

P ‘\s- of Combustion Problems"
of Chemical Sciences

f- >~ T.A. Ketegenov
2021

REPORT
ON SCIENTIFIC RESEARCH WORK

INTENSIFICATION OF TARGETED DRUG DELIVERY BY
NANOSTRUCTURED BIOCOMPATIBLE MATRICES
(Final)

IRN: AP09561955

Program: 217 "Development of Science"
Priority area: Geology, mining and processing of mineral and hydrocarbon raw

materials, new materials, technologies, safe products and structures

Scientific Advisor ]
PhD, Assoc. Prof., Leading Researcher %/\7 F.R. Sultanov

Almaty 2021




image2.jpeg
LIST OF PERFORMERS

Project Advisor,

PhD, Assoc. Prof., )
Leading Researcher ~_~ F.R. Sultanov (introduction, conclusion)
26.10.24
PhD, Leading Researcher Cwﬁf V.. Ch.B. Daulbayev (sections 2-3)
29.40. 21
PhD-student, Researcher *’EZ’ B. Bakbolat (section 1)
25.(9.24

Controller, candidate

2/
of Chemical Sciences ﬁ N.K. Zhylybaeva

1570 252

(8]




