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РЕФЕРАТ

Есеп 140 беттен, 19 суреттен, 159 сілтемеден, 3 қосымшадан тұрады.

[bookmark: _GoBack]МУЛЬТИФЕРМЕНТТІК БИОСЕНСОРЛАР, ПОЛИМЕРЛІК НАНОМАТЕРИАЛ, КАПСУЛАЛАНҒАН ФЕРМЕНТТЕР, МИКРОКАПСУЛАЛАР, МИКРОҰЯЛЫ ПОЛИЭЛЕКТРОЛИТТІ ЖАБЫН, МИКРОРЕАКТОРЛАР
Зерттеудің нысаны: бір ферментті микрокапсулалар, екі ферментті микрокапсулалар, полимерлі қабаттар мен ферментті микрокапсулалардың комбинациясынан тұратын, жаңа полимерлі ферментті және мультиферментті жабынды құрайтын биосенсорлық датчиктер.
Жобаның осы кезеңінің мақсаты: биологиялық сұйықтықтардың метаболиттерін анықтау үшін полиэлектролиттер қабаттарының арасында орналасқан ферментті микрокапсулалар негізінде дайындалған мультиферментті жүйені дайындау технологиясын әзірлеу.
Әдістер: кальций карбонатты құрамды қабықты бөлшектер алу; ферментті полиэлектролитті микрокапсулаларды алу.
Жұмыс нәтижелері және жаңашылдығы:
Жобаны орындаудың осы кезеңінде полиэлектролитті капсулаларға және уреаз ферменттері мен желкек пероксидазына енгізілген тиісті субстраттарды анықтау қабілетін зерттеу бойынша бірінші кезеңде орындалған зерттеулер жалғастырылды. Амперометриялық әдіспен глюкозооксидаза ферментін зерттеу жүргізілді. Әлемдік тәжірибеде алғаш рет бір микрокапсулада глюкозооксидаз және желкек пероксидазы ферменттерінің булары бірге инкапсурленген зерттеулер жүргізілді. Глюкоза оксидазасы - желкек пероксидазасының жұбын қамтамасыз ететін конъюгацияланған каталитикалық реакцияны қолдану арқылы глюкозаны спектрофотометриялық әдіспен өлшеудің негізгі мүмкіндігі көрсетілген.
Жоба нәтижелерінің мақсаты және қолданылу саласы
Жүргізілген зерттеулер қолданбалы мәнге ие, себебі болашақта ферментті микрокапсулаларды иммобилизациялау бойынша әзірленетін технологияның негізгі мақсаты сұйықтықтағы әртүрлі заттардың биосенсорлық анализатор-құрылғыларын басқаруда арзан, портативті, жеңіл кең спектр үшін ферментті сенсорлық датчиктерді құру болып табылады. Биосенсорларға қажеттілік әлемде жыл сайын денсаулық сақтау, экологиялық қауіпсіздік, тамақ өнеркәсібі, ауыл шаруашылығы сияқты салаларда өсуде.


ESSAY

The report contains 140 pages, 19 figures, 159 references, 3 applications.

MULTI-ENZYME BIOSENSORS, POLYMER NANOMATERIAL, ENZYMES INCLUDED, MICROCAPSULES, MICROWAY POLYELECTROLYTE COATING, MICROREACTORS

The object of the study was: microcapsules with one enzyme, microcapsules with two enzymes, biosensor sensors, which are a combination of polymer layers and microcapsules with enzymes and form a new polymeric enzyme and multienzyme coating. 
The aim of this work was to study the catalytic activity of the multienzyme system glucose oxidase - horseradish peroxidase for the determination of glucose using microreactors based on encapsulated enzymes.
Methods: obtaining composite calcium carbonate crustal particles; obtaining polyelectrolyte microcapsules with enzymes; production of enzyme-containing polymer coatings. 
Results of work and their novelty:
At this stage of the project, the studies carried out at the first stage to study the ability to detect the corresponding substrates included in polyelectrolyte capsules and polymer microcellular coating of the enzymes urease and horseradish peroxidase were continued. The amperometric method was used to study the enzyme glucose oxidase. The fundamental possibility of measuring glucose by the spectrophotometric method using a coupled catalytic reaction providing a pair of glucose oxidase - horseradish peroxidase is shown. 
Purpose and scope of project results
The studies carried out are of practical importance, since, in the long term, the main goal of the developed technology for immobilizing microcapsules with enzymes is to create enzyme sensor sensors for a wide range of cheap, portable, easy-to-use biosensor devices-analyzers of various substances in liquids. The need for biosensors is steadily growing in the world every year in such areas as health care, environmental safety, food industry, agriculture. 
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LIST OF ABBREVIATIONS AND SYMBOLS
In this research report, the following abbreviations and symbols are used 

	CNT
	-
	carbon nanotubes - карбоновые нанотрубки

	CS 
	-
	chitosan - хитозан

	GA 
	-
	галактозооксидаза

	GCE 
	-
	стеклоуглеродный электрод

	GDH 
	-
	глицеролдегидрогеназа

	GPTMS 
	-
	γ-glycidoxypropyltrimethoxysiloxane

	Ig 
	-
	ИГ - иммуноглобулин

	L 
	-
	лактаза

	LbL 
	-
	layer by layer technique – послойная электростатическая самосборка

	PANIG 
	-
	glutaraldehyde modified polyaniline - глутаральдегид модицифированный полианилин

	PPy 
	-
	polypyrrole – полипиррол

	PQQ 
	-
	пирролохинолинхинон

	SWNT 
	-
	одностенные углеродные нанотрубки




INTRODUCTION

Based on the results of the research work, two interim reports were prepared:
1. Development of multi-enzyme biosensors based on polymeric nanomaterial. Making an experimental sample of an analyzer with polymer enzyme sensors for the determination of two metabolites in biological fluids. Inventory number - 0218РК00897.
2. Development of multi-enzyme biosensors based on polymeric nanomaterial. Making an experimental sample of an analyzer with polymer enzyme sensors for the determination of two metabolites in biological fluids. Inventory number - 0219РК00745.
Currently, biosensors have been developed using one, two, or even several enzymes immobilized on the electrode surface, but at the moment there are relatively few such works, even less work is known on the use of cascade reactions catalyzed by immobilized multienzyme systems due to the complexity of manufacturing multienzyme sensors: each enzyme needs to be worked individually. For example, in chemical immobilization, each enzyme must be modified and attached to a substrate; in physical immobilization, the response time can be quite long. Consequently, fabricating a multienzyme sensor is a challenging task, the solution of which, in turn, will open up a new spectrum of clinical and pharmaceutical applications.
The aim of this work was to study the catalytic activity of the multienzyme system glucose oxidase - horseradish peroxidase for the determination of glucose using microreactors based on encapsulated enzymes.
To achieve this goal, the following tasks were set:
To manufacture polyenzyme biosensor systems based on polyelectrolyte microcapsules, which can provide the passage of conjugated catalytic reactions (cascade reactions) by the example of glucose oxidase and horseradish peroxidase.
To study the possibilities of determining the physiological concentrations of substrates using the multienzyme system glucose oxidase-horseradish peroxidase.
Analyze the stability of the performance of glucose oxidase enclosed in polyelectrolyte microcapsules.









MAIN PART OF THE RESEARCH REPORT

1 Multienzyme complexes and polymers in electrochemical biosensors

Biosensors are classified as types of chemical sensors in which the recognition system has a biochemical nature and uses the reactions of individual biomolecules (enzyme or group of enzymes), or biological supramolecular structures in direct spatial contact with the transducer [1]. According to IUPAC (International Union of Pure and Applied Chemistry), a biosensor is an independent integrated bioreceptor / transducer device designed to obtain selective quantitative or semi-quantitative analytical information using a biorecognition element [2]. The use of biosensors has gained immense importance in the fields of drug development, biomedicine, food safety standards, defense, safety and environmental quality monitoring. 
When creating biosensors, detectors are used that allow converting the [transducer] recognition signal into physical or chemical processes that can be recorded by specialized detectors designed to convert the registered changes into electric current (figure 1). From the converter, the signal enters the electronic unit (potentiostat) for its amplification and transmission to the electronic device for reading and processing the analysis data (computer).
[image: биосенсор]
Figure 1 - Block diagram of the principle of operation of biosensors

The overwhelming majority of works devoted to the creation of biosensors are devoted to electrochemical methods of signal registration, in particular, these are potentiometry and amperometry. They are simple in design, have the ability to miniaturize, are reliable in measurement, are characterized by low detection limits and small operational volumes, which is especially important in the analysis of biological samples [3, 4]. In addition, much attention is paid to the development of enzyme biosensors, since they are convenient for use in sensors, as specific and sensitive bioreceptors in determining the concentration of a wide range of substrates. 
Since the demonstration of the first enzymatic biosensor - the biosensor for glucose determination [5], this area has expanded significantly and great efforts have been directed to research to increase their efficiency and widespread use for diagnostic purposes. Glucose biosensors dominate the current market for these devices, and are the main diagnostic criteria for diabetes [6], as this disease is the most common in the world. Diabetes mellitus has become a progressive disease in recent years, which has determined the widespread use of glucose sensors in practice. A brief history of biosensors, basic principles of operation, requirements for analytical characteristics and the current status of glucose biosensors, as well as an assessment of their testing reliability in clinical practice, are discussed in the article [7]. 
The key element of any biosensor is a surface with a bioelement (bioreceptor (Figure 1)) that interacts with something - this is the part of the sensor that detects a certain analyte. In this capacity are, in particular, antibodies, aptamers, molecular imprinted polymers (MIP), enzymes.
Antibodies (immunoglobulins, Ig, Ig) are protein compounds of blood plasma formed in response to the introduction of bacteria, viruses, protein toxins and other antigens into the human body or warm-blooded animals. Antibodies are widely used in biosensors and other immunoassays due to the presence of antibodies against a wide range of targets. Two heavy chains are inside the molecule, two light chains are outside. They are all stitched together by disulfide bridges (S-S). Antibody isotypes - dimers (IgA) and pentamers (IgM) (Figure 2).
[image: антитело]
Figure 2 - Scheme of the structure of the antibody

The methods that researchers used to develop highly specific and sensitive biosensors based on recombinant antibodies for detecting antigens in simple or complex biological samples are described in a review [8]. 
Aptamer - oligonucleotide or peptide molecules that specifically bind to certain target molecules (Figure 3).
[image: https://www.hindawi.com/journals/bmri/2014/540451.fig.004a.jpg]
Figure 3 - Aptamers of nucleic acids: research tools in the diagnosis of diseases

Recently developed aptasensors for the detection of antibiotics such as β-lactams, aminoglycosides, anthracyclines, chloramphenicol, (fluorine) quinolones, lincosamide, tetracyclines, and sulfonamides have been reviewed [9]. 
Molecularly imprinted polymers (MIP) are a bioelement that is synthesized by polymerization of monomers around the target and can be separated, leaving an imprint, capturing the target with high specificity. They mimic antibody binding sites, replacing the amino acid scaffolds of proteins with synthetic polymers (Figure 4).
[image: 1]
Figure 4 - Simplified workflow for the production of molecularly printed polymers (MIP)

The concept of a fully synthetic so-called molecularly imprinted polymer was implemented by Wolfe and Mosbach [10, 11]. The review [12] presents the latest results, main trends and prospects of electrosynthesized protein MIPs for chemical probing. Compared to antibodies and aptamers, MIPs have only been developed for a limited range of proteins, and nearly half of the published work still uses hemoglobin, serum albumin, and avidin as model templates.
The first molecularly imprinted polymers for the recognition of the diagnostically significant enzyme butyrylcholinesterase (BuChE) are presented in [13]. MIP was prepared using electropolymerization of a functional o-phenylenediamine monomer and applied as a thin film onto a glassy carbon electrode by oxidative potentiodynamic polymerization.
Enzymes are protein molecules synthesized by living cells and are biological catalysts for chemical reactions (Figure 5). The high specificity of the enzyme for its target makes it very attractive for biosensor applications. The combination of enzymes with electrochemical sensors makes it easy to detect metabolites, drugs, antigens and antibodies.
[image: фермент 1]
Figure 5 - The structure of the enzyme

A review of recent advances in the development of biosensors using inhibition of cholinesterases, photosynthetic system II, alkaline phosphatase, cytochrome P450A1, peroxidase, tyrosinase, laccase, urease, and aldehyde dehydrogenase is presented in article [14].
Stable attachment of the enzyme to the surface of the transducer is the most important step in the development of a biosensor, and this has led to the solution of several problems, such as enzyme loss, preservation of enzyme stability, and the shelf life of the biosensor. Enzyme immobilization can provide shorter enzymatic response times and provide disposable devices that can be easily used in stationary or flow systems. Each immobilization method has its own advantages and disadvantages, and the choice of the applicable method depends on the nature of the enzyme, sensor and detection mode [15]. The most commonly used immobilization methods include adsorption, physical trapping, microencapsulation, covalent binding, and crosslinking (Figure 6).
[image: рис 5]
Figure 6 - Methods for enzyme immobilization

1.1 Multienzyme complexes in biosensors

Research aimed at increasing the efficiency of biosensors is closely related to the tasks of increasing the sensitivity, selectivity and expanding the range of analytes that can be determined. One of these tasks is the introduction of a cascade multienzyme reaction into biosensors. In biology, cascades of enzymatic reactions are widespread, which consist of several enzymatic stages of the same type, and the substrate at each stage is a protein, which is converted into an active enzyme as a result of the reaction. This enzyme, in turn, uses another protein as a substrate, converting it into an active enzyme [16], and so several times, which accelerates the course of reactions. The use of two or more enzymes in a biosensor increases the sensitivity and accuracy of the measurement and, in addition, expands the range of application, which is a typical limitation for biosensors based on one enzyme. In some cases, biosensors based on a single enzyme cannot be used for analyte detection. For example, triglycerides in a serum sample can be determined electrochemically based only on a three-enzyme cascade reaction [17] because there is no enzyme that could directly oxidize analytes and produce electroactive substances.
The problem of creating multienzyme systems and bioreactors is the most difficult topic for researchers in biosensor technologies. The use of enzymatic cascade reactions in biosensors is discussed in detail in reviews [18, 19], and the possibility of introducing cascade multienzyme modified electrodes that sequentially bind the bioelectrocatalytic activity of various enzymes is considered in [20].
Electrochemical and optical biosensors are the main technological components in the development of high-quality biosensors. In most developments of multienzyme biosensors using cascade chemical reactions, electrochemical methods of signal measurement are used [21, 22].
The basic principle of operation of multienzyme electrochemical biosensors is based on cascade multienzyme reactions containing redox and non-redox enzymes that are capable of converting analytes into a specific form, which can be oxidized by the following redox enzyme reaction [21]. Any possible enzyme such as kinase, transferase, invertase and hydrolase can be used as a non-oxidizing enzyme for the analyte conversion reaction. Below are examples of some biosensor designs using 2 or more enzymes.

1.1.1 Biosensors with two enzymes
The first artificial bienzymatic system, including immobilized enzymes covalently bound to a polymer carrier, hexokinase and glucose-6-phosphate dehydrogenase, was created in 1970 by K. Mosbach [23]. The polymers used as matrices were Sepharose 4B and acrylamide-acrylic acid copolymer. Enzymes were sutured to matrices using cyanogen bromide and water-soluble carbodiimide, respectively. The enzymatic activity of the matrix-bound two-enzyme system was determined in a coupled assay after adding glucose, ATP and NADP. It has been demonstrated that the use of a two-enzyme system hexokinase-glucose-6-phosphate dehydrogenase, covalently bound to a polymer matrix, increases the efficiency of such a spatially concentrated enzyme system compared to the corresponding system with enzymes in solution in free form. 
Using benzyme oxidase / peroxidase systems, amperometric biosensors for glucose, ethanol, and biogenic amines (putrescine) were constructed [24]. All developed biosensors were based on redox hydrogels formed by oxidases (glucose oxidase, alcoholic oxidase or amine oxidase), as well as purified sweet potato hepatic acid (SPP), cross-linked with a redox polymer with horseradish peroxidase (HRP). SPP electrodes showed higher sensitivity and better detection limit for putrescine than those using horseradish peroxidase (HRP) and also showed that they retain their activity in the organic phase much better than those based on HRP.
Two different configurations of biosensors: one based on glycerol dehydrogenase / diaphorase (GDH / DAP) and the other using glycerol kinase / glycerol-3-phosphate oxidase / peroxidase (GK / GPOx / HRP) for glycerol determination, is presented in [25]. Both enzyme systems were immobilized together with the mediator tetrathiafulvaline (TTF) on 3-mercaptopropionic acid (MPA) with a self-assembled monolayer modified with a gold electrode using a dialysis membrane. The electrochemical oxidation of TTF at +150 mV (versus Ag / AgCl) and the decrease in TTF (+) at 0 mV were used to monitor enzymatic reactions for the bienzyme and trienzyme configurations, respectively. For each configuration, experimental variables have been optimized regarding both the composition of the biosensors and the operating conditions. In both cases, good repeatability of measurements was obtained without the need for cleaning the biosensors. Biosensors have shown great sensitivity in the analysis of wines and have been used to determine glycerol in 12 different wines.
The horseradish peroxidase (HRP) and glucose oxidase (GOD) biosensor was constructed [26] by in situ formation of an organic-inorganic biocomposite film based on one-stage electrodeposition and a covalently bonded sol-gel process. Electrodeposition was carried out in a solution containing a functional inorganic precursor with epoxy groups, γ-glycidoxypropyltrimethoxysiloxane (GPTMS), chitosan biopolymer (CS), HRP, and GOD. The covalently bonded sol-gel process was formed by self-hydrolysis and self-condensation of GPTMS followed by in-situ covalent crosslinking of CS, HRP, and GOD through a reaction between amino groups and epoxy groups. The developed bienzymatic biosensor was highly stable in acidic solution due to covalently bound organic-inorganic hybridization. Compared to the non-hybrid HRP-GOD / CS / Au electrode, the HRP-GOD / GPTMS / CS / Au bienzyme biosensor showed improved sensitivity and a wider linear range for glucose determination. The linear response of the developed HRP-GOD / GPTMS / CS / Au biosensor for glucose determination varied from 1 to 351 μmol / L with a detection limit of 0.3 μmol / L.
To detect phosphorous and fluoride ions, we used a multienzyme biosensor system [27] in which the effect of the concentration and rate constant of the reaction of an inhibitor with two enzymes in a dynamic mode was studied. Stationary performance indicators of a system of multienzyme inhibitors that hydrolyze glucose-6-phosphates under various conditions have been studied. The influence of parameters of internal mass transfer and kinetic parameters of the inhibitor is discussed.

1.1.2 Biosensors with three or more enzymes
The three-enzyme system in biosensors was first proposed by the authors of [28], which was supposed to allow observing the effect of cumulative efficiency. The investigated system looked as follows: beta-galactosidase - hexokinase - glucose-6-phosphate dehydrogenase with reagents. Borrowed with changes from [28] (Figure 7).
[image: матрица]

Figure 7 - Schematic representation of a matrix-bound three-enzyme system 

The enzyme beta-galactosidase was chosen because it catalyzes a reaction immediately preceding that already studied using the two-enzyme sequence by Mosbach [23]. Three enzymes were surface bound to a fortified cross-linked matrix, the conjugation procedure of which is described in article [29]. It was shown that the kinetic behavior of the matrix-bound trienzyme system compared to a similar system consisting of three unbound and in solution enzymes β-galactosidase, hexokinase and glucose-6-phosphate dehydrogenase was higher before reaching a steady state. 
Higher potency than the corresponding soluble system was also found when only two enzymes were involved. But in the triple enzyme system, associated with the matrix, the increase in efficiency was even more pronounced, indicating a cumulative effect. Currently, several dozen immobilized polyenzyme systems are known, consisting of two, three, four or more enzymes. The efficiency of such complexes is much higher than that of free enzymes, due to the local concentration of the substrate around the second and all subsequent enzymes included in the system. 
Recently, a three-enzyme system consisting of choline kinase / choline oxidase / HRP has been proposed for the rapid and specific detection of group 2-IIA secretory phospholipase, a biomarker of bacterial sepsis infection [30]. The surface of the amperometric sensor was modified with a composite based on choline kinase / choline oxidase / HRP-linked acrylic bead / gold nanoparticles attached to a carbon electrode. The linear detection range and detection limit of the sensor were 0.01–100 ng / ml and 5 × 10–3 ng / ml, respectively.
The possibility of joint encapsulation of enzymes, for example, lactate oxidase, peroxidase, and glucose oxidase, with sensitive dyes to micron-sized sensory capsules was demonstrated by the authors of [31]. The enzymes were located in the inner part of the capsule, while the fluorescent dyes were incorporated into the shells of the polyelectrolyte microcapsules by electrostatic and hydrophobic interactions with the polyelectrolyte multilayer shells. Chemical and biosensors have been manufactured for the detection of oxygen, glucose and lactate using a single capsule as a sensitive object. Calibration of the sensor capsules has shown that millimolar glucose and lactate concentrations are easily controlled using fluorescence. Thus, the joint encapsulation of an enzyme and a fluorescent dye, which allows optical monitoring of biologically important metabolites in one microcapsule, is a unique system for studying the biological microenvironment and serves as a real-time reporter of concentration changes. 
A three-electrode amperometric biosensor for the detection of two different saccharides (lactose and glucose) in aqueous solutions is described in [32]. Glucose oxidase and β-galactosidase (β-Gal) were co-immobilized into a graphite working electrode through covalent bonds. The reaction of the biosensor was studied depending on the relative concentration of two immobilized enzymes and the best working conditions were determined by measuring the sensitivity and the linear range of the reaction. In particular, the lactose biosensor showed a linear range up to 0.010 mM and a limit of detection (LOD) and sensitivity of 0.001 mM and 850 ± 81 μA / mM, respectively. For glucose, the values ​​of the above parameters are 0.015 mM for linear range, 0.001 mM for LOD, and 505 ± 55 μA / mM for sensitivity. The performance parameters of the biosensors were significant compared to other biosensors designed to measure the concentration of the two saccharides studied in the work. In particular, low (LOD) and high sensitivities are obtained for lactose and glucose. The biosensor was tested on real samples - fruit juices, skim milk, and whey.
Another amperometric biosensor based on three enzymes for the determination of lysine as an indicator of the nutritional quality of pharmaceutical compositions and food samples was presented by Bock et al. [33]. In their study, enzymes, including lysine decarboxylase from Bacterium cadaveris, diamine oxidase from Pisum sativum and HRP, were co-immobilized on the surface of a graphite electrode with an osmium redox polymer. The lysine sensor provided a linear detection range of 0.005 to 0.500 mM and showed selective detection of lysine in pharmaceutical and food products. 
Four enzymes (lactase (L), glucose oxidase (G), mutarotase (M) and galactose oxidase (Ga)) were appropriately combined to form un- (Ga), di- (LG, LGa), tri- (LMG, LGGa) ) and tetra- (LMGGa) enzyme systems [34]. Six different lactose electrodes were formed based on combinations of four enzymes, and lactose was determined amperometrically by monitoring the formation of hydrogen peroxide. Among the six electrodes, the trienzyme electrode, LMG, was dominant in terms of response to lactose, with a linear range of 3 × 10-6-2 × 10-3 M, although the trienzyme LGGa electrode and the tetraenzyme LMGGa electrode showed a twofold increase in sensitivity compared to LMG. It should be noted that the biosensor based on MG electrodes showed good storage stability for eight months at 4 ° C, given that increasing the long-term stability and activity of the membranes of immobilized enzymes is important for all practical purposes of enzyme-based biosensors.
The values ​​and advantages of multienzymatic biosensors based on cascade enzymatic reactions are clear, and expanding the range of such devices is very important and can be achieved by integrating more enzymes into the sensitive layer [35, 36]. However, with an increase in the number of enzymes involved in the cascade enzymatic reaction, the sensor becomes very sensitive to interference and disturbances caused by various factors that affect each of the enzymes. In recent years, a large number of biosensors have been developed that are capable of meeting the requirements for sensitivity and selectivity associated with practical applications, but this is still insufficient for industrial production and commercialization. Complex sensor assembly processes, expensive materials, possible unwanted properties and lack of storage stability are some of the limiting factors that prevent their mass production.
 Understanding the mechanisms of enzymatic reactions is an important factor in the development of effective biosensors, and the selection of suitable enzyme pairs is the starting point for the study of biosensors based on multienzyme reactions.
The technologies used in the development of biosensors based on the use of redox enzymes are one of the most rapidly developing areas of analytical chemistry due to their high selectivity, sensitivity, rapidity and reliability of measurements, compactness, and relatively low price [37]. A brief review [38] presents works on research and development of multienzyme biosensors for the determination of cholesterol, creatinine, triglycerides, methyl salicylates, and other important metabolites over the past 10 years. Below are some papers on research, development and operating principles of acetylcholine multienzyme biosensors.

1.1.3 Acetylcholine biosensors
Cholinesterases (ChE) are a family of enzymes that catalyze the hydrolysis of choline-based esters, some of which serve as neurotransmitters and belong to the esterase / lipase family in the α / β-hydrolase superfamily [39, 40] and are critical in such areas such as neurobiology, pharmacology and toxicology [41]. Acetylcholine (ACh) and choline (Ch) are important neuroactive molecules, but the in vivo detection of these compounds presents significant analytical challenges. The electrochemical determination of esters of cholinesterase and thiocholine [42] gave impetus to the appearance of electrochemical sensors for cholinesterase. The first biosensor based on cholinesterase inhibition was for the determination of organophosphorus compounds [43] and since then a large number of them based on ChE have been developed for the determination of various substances, including nerve agents and pesticides. A common disadvantage of ChE biosensors is the irreversible inhibition caused by toxic agents during the analysis. 
Electrochemical analysis is one of the most widely used detection methods in biosensor systems, including cholinesterase biosensors, which can be divided into two groups: (1) monoenzyme, using only ChE as a biorecognition element, and (2) bienzyme, in which ChE is associated with choline oxidase (ChOx) [44]. Electrochemical biosensors based on immobilized ChEs use the potentiometric principle, when the ChE activity is expressed as a change in the pH of the medium by the addition of a natural substrate acetylcholine (butyrylcholine), which leads to the release of acetic (butyric) acid [45]. In [46], the activity of ChE was expressed as the rate of pH change as a result of the release of acetic acid, a product of the hydrolysis of acetylcholine (Ach). A simple electrochemical method for determining the ChE activity in human plasma, erythrocytes, and whole blood [47] has also been applied to detect carbamate-induced inhibition of ChE.

1.1.4 Amperometric biosensors for the determination of acetylcholines and cholines
Amperometric biosensors are an alternative to potentiometric ones and are quite simple compared to potentiometric devices. They provide a linear output signal that depends on the concentration of the analyte, and there are two modes for assessing cholinesterase activity - monoenzyme based on immobilized AChE (butylcholinesterase) (BChE)) and replacement of ACh (butyrylcholine (BCh)) with an alternative substrate acetylthiocholine (ATCh) butyrylthiocholine. The produced thiocholine (TCh) is oxidized to dithiol under the action of the built-in voltage (approximately +450 mV), and the anodic oxidation current TCh is inversely proportional to the inhibitor concentration in the sample [48; 49]. The mechanism of this reaction is shown in Figure 8.
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Figure 8 - Mechanism of amperometric assessment of AChE using ATCh as substrate

To detect organophosphorus and carbamate pesticides, the enzyme was electrically immobilized in an AChE biosensor into a thick conductive polypyrrole layer, which reduced the oxidative potential of thiocholine to +100 mV and increased the amperometric signal [50]. The design of a biosensor based on genetically engineered AChE, which was immobilized in a polyvinyl alcohol / Fe-Ni alloy nanocomposite [51], made it possible to reduce the applied potential to +30 mV compared to Ag / AgCl. The developed biosensor was used to detect phosmet in olive oil.
The second mode (called bienzymatic) is based on the participation of ChE, usually with choline oxidase and an amperometric oxygen or hydrogen peroxide converter, in which ACh is hydrolyzed by AChE to choline (Ch) and acetic acid. The second enzyme, choline oxidase, is involved in the development of this biosensor, which oxidizes choline to betaine and hydrogen peroxide, which is detected amperometrically [52]. The reaction mechanism is shown in Figure 9.
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Figure 9 - Mechanism of amperometric estimation of AChE using ACh as substrate

Enzymatic activity can be determined by measuring the decrease in oxygen using a Clark electrode [53] or increase in hydrogen peroxide [54], which can be measured amperometrically using a platinum electrode. Amperometric biosensors can be used to diagnose intoxication with organophosphorus compounds by observing the activity of blood cholinesterases [49]. There are several analytes that can be analyzed using the amperometric biosensor cholinesterase: pesticides (paraoxon, dichlorvos, sulfotep), nerve agents (sarin, soman), aflatoxin, and new anticholinergic drugs [55–60]. An amperometric biosensor with immobilized BChE was used to detect nerve agents in air [61].

1.1.5 Cholinesterase multienzyme biosensors
Amperometric biosensors are the most commonly used cholinesterase biosensors, while monoenzymatic biosensors are more common due to their simpler design. Cholinesterase-based biosensors have a major drawback - they cannot selectively measure various pesticides (like ChE inhibitors), since they provide an overall parameter for ChE inhibition, and there is no qualitative or quantitative information about individual compounds. This problem was solved by using multisensor systems [62] in which two converters were connected: a potentiometric one with a pH-sensitive transistor and a conductometric one with thin-film interdigitated electrodes. Were used three enzymes (urease, AChE and BChE), which allow the simultaneous identification of several heavy metals and pesticides. The result of hydrolysis is the consumption of urea (with urease) or the production of a proton (with AChE or BChE), which causes an increase in pH and changes in conductivity on the membranes with the subsequent possibility of potentiometric or conductometric detection [63]. 
Multisensory systems are usually combined with artificial neural network data processing. In addition, genetically engineered ChEs with specific and high inhibition constants for target analytes are required for the detection of compound-specific multi-analytes [62]. Usually, only one enzyme is used, but in some cases it is necessary to combine several enzymes to obtain multienzyme systems, while all the enzymes used are included in the same reaction layer [64, 65]. An amperometric acetylcholine biosensor [66] was constructed by covalently co-immobilizing a mixture of acetylcholinesterase (AChE) and choline oxidase (ChO) onto a nanocomposite of chitosan nanoparticles (CHIT) / gold-coated iron (IV) oxide. The biosensor was based on the electrochemical measurement of H2O2 formed during the oxidation of choline by immobilized ChO, which, in turn, is obtained during the hydrolysis of acetylcholine by immobilized AChE. The biosensor showed an optimal response within 3 s at + 0.2 V, pH 7.0 and 30 ° C. The electrode had a linear operating range of 0.005-400 μM with a detection limit of 0.005 μM for acetylcholine. The biosensor measured the plasma acetylcholine content in apparently healthy people and people with Alzheimer's disease, was not exposed to a number of serum substances, but lost 50% of its initial activity after 100 uses within 3 months when stored at 4 ° C.
Recently, cholinesterase-based biosensors have been widely used for the analysis of anticholinergic compounds. Primarily, biosensors based on enzyme inhibition are useful analytical tools for the rapid screening of inhibitors such as organophosphates and carbamates. The review [67] summarizes the most important facts about cholinesterase-based biosensors, types of physicochemical transduction, immobilization strategies, and practical applications. Cholinesterase biosensors can be used to detect pesticides and nerve agents, which are the most common compounds. Enzymatic detection of pesticides is primarily based on ChE inhibition. Pesticides are among the most important environmental pollutants due to their increasing use in agriculture. When exporting and importing food materials, portable biosensors with fast response are convenient for their rapid detection [68]. Cholinesterase-based biosensors have been used to determine pesticides in food [69–74], water [75, 73, 76], and soil [77].
Cholinesterase biosensors are also used in the diagnosis and treatment of certain diseases [68]; in particular, Lenigk et al. Used an amperometric biosensor based on the immobilization of AChE and ChOx using a gel trap to study Alzheimer's disease [78]. The developed amperometric biosensor determined in vitro inhibition of acetylcholinesterase, which was co-immobilized with choline oxidase on the surface of the working electrode of the three-electrode system using gel capture. The sensor was used to determine the IC50 values ​​of two known and one newly developed drug for Alzheimer's disease. Simultaneous measurement by standard photometric method has shown the applicability of the method for rapid drug screening. 
Ozturk et al described a method of photophysical characterization of fluorescent oxazol-5-one derivatives in PVC, which were used to detect the AChE inhibitor donepezil [79]. In an amperometric biosensor for the detection of neostigmine and donepezil in samples of enriched tap water, AChE and ChOx were immobilized on a copolymer-coated graphite electrode by covalent bonding with carbodiimide [80]. Biosensors are also used for the early detection of chemical warfare agents, especially nerve gases such as sarin, soman, herd, and VX [81]. A liquid chromatography (LC) detector based on a fast and sensitive bienzymatic amperometric biosensor for acetylcholine (ACh) and choline (Ch) is described in [82]. The detector fabrication consisted of cross-linking glutaraldehyde acetylcholinesterase and choline oxidase with bovine serum albumin on a Pt working electrode of a conventional thin-layer electrochemical flow cell. The influence of some experimental parameters (eg enzyme loading, biensim layer thickness, flow rate) on detector performance was studied to optimize analyte response while minimizing band broadening and distortion. It was found that the mobile phase, consisting of a phosphate buffer (I, 0.1 M; pH 6.5) containing 5 mM sodium hexanesulfonate and 10 mM tetramethylammonium phosphate, gives a very satisfactory resolution and peak shape in a reversed ion pair LC. phase. Linear responses were observed for at least four decades, and the absolute detection limits (at a signal-to-noise ratio of 3) were 12 and 27 fmol for Ch and ACh, respectively. After one month of intensive use in the LC system, the detector retained about 70% of its initial sensitivity. The potential of the described approach is demonstrated by the simultaneous determination of Ch and ACh in rat brain tissue homogenates.
The work [83] presents new multienzyme amperometric biosensors with the measurement of physiologically significant levels of ACh and Ch in vivo. Poly (m- (1,3) -phenylenediamine) (pmPD) electropolymerized on a platinum-iridium wire (Pt) served as a matrix for enzyme immobilization. A multi-enzyme layer containing choline oxidase (ChOx) and ascorbic acid oxidase (AAO) for the Ch or ChOx sensor, acetylcholinesterase (AChE) and AAO for the ACh / Ch sensor was immobilized with bovine serum albumin by cross-linking with glutaraldehyde. The pmPD enzyme sensors demonstrated increased sensitivity, stability and selectivity compared to the same multienzyme systems immobilized on Nafion solvent cast and modified with cellulose acetate Pt. The sensor sensitivity was linear up to 100 μM Ah or h. The detection limits were 0.66 ± 0.46 μM Ah and 0.33 ± 0.09 μM h, and the reaction time was <1 s. Selectivity for Ch and ACh has been demonstrated with respect to potential interventions and pharmacological agents commonly used in the study of cholinergic physiology. The dependence on temperature and pH was determined, as well as the effect of storage conditions on the sensitivity and selectivity of the sensor. Exogenous and endogenous Ch and ACh were measured in rat brain in vivo. 
The cited work [84] describes the design of an optical biosensor based on the simultaneous immobilization of the enzymes acetylcholinesterase and choline oxidase to detect pesticide residues. Various types of new hybrid SiO2 membranes have been synthesized for use as optical biosensors using sol-gel technologies. The bioactive component of the sensor consisted of a multienzyme system, including acetylcholinesterase and choline oxidase, covalently immobilized on new hybrid membranes. The sensor showed a linear response to acetylcholine over a concentration range of 2.5-30 mM. The inhibition plots obtained when testing carbamate (carbofuran) pesticides showed concentration-dependent behavior and showed linear profiles in concentration ranges between 5 × 10 -8 - 5 × 10 -7 M for carbofuran. The factors influencing the constructed optical biosensors were investigated.
A new acetylcholinesterase (AChE) / choline oxidase (ChOx) bienzymatic amperometric acetylcholine biosensor based on gold nanoparticles (AuNP) and multi-walled carbon nanotubes (MWCNT) has been successfully developed by self-assembly in combination with a sol-gel technique [85]. Importantly, this study showed a simple and effective platform for immobilization of the multiferme for efficient immobilization on the electrode surface. Electrochemical biosensors based on the enzymes poly (o-phenylenediamine) (PoPD) and acetylcholinesterase (AChE) and choline oxidase (ChO) were fabricated [86] on a carbon fiber (CF) substrate. Electropolymerized PoPD has been used to reduce interfering substances. The assembly of the electrodes was completed by the deposition of functionalized carbon nanotubes (FCNTs) and Nafion (Naf). The amperometric detection of acetylcholine (ACh) and choline (Ch) was performed at an applied potential of +750 mV against Ag / AgCl (saturated with KCl). At pH 7.4, the final assembly of Naf-FCNTs / AChE-ChO ((10: 1)) / PoPD / CF (Elip) was observed to have a high sensitivity to Ch (6.3 ± 0.3 μA mM (-1) ) and ACh (5.8 ± 0.3 μA mM (-1)), linear range for Ch (K (M) = 0.52 ± 0.03 mM) and ACh (K (M) = 0.59 ± 0.07 mM).
Many substances with anticholinergic effect have found use in agriculture, medicine, industry and other industries. Moreover, these substances (especially organophosphorus compounds) can be used for military purposes, because of their toxicity they are potentially dangerous to living organisms. For this reason, the importance of their early detection and analysis is growing, and cholinesterase-based biosensors are given an important role. These analytical tools have been applied in many areas of biological research, diagnostics, environment, food control and military defense industries. The review [67] presents various types of physicochemical transduction, immobilization methods, and practical application of cholinesterase-based biosensors.
Acetylcholinesterase (AChE) monitoring at the point of care is essential for pesticide poisoning and disease diagnosis. The authors of [87] developed a colorimetric strategy for the rapid and accurate detection of AChE based on joint catalysis with a multienzyme system consisting of nanoflags of cobalt oxyhydroxide (NOO CoOOH) and choline oxidase (CHO). In this sensor, AChE catalytically hydrolyzes acetylcholine (ACh) to form choline, which is further efficiently oxidized by CHO to form H2O2. Under optimal conditions, the developed sensor had a sensitive response to AChE with a detection limit of 33 μU / ml. In addition, the proposed platform has been applied to fabricate a paper sensor for fast AChE recognition by direct observation with the naked eye. In conjunction with a smartphone and ImageJ software, an additional image processing algorithm has been developed to quantify AChE with very promising results, which has been confirmed in field applications in clinical diagnosis and pesticide poisoning.
The modern biosensor ACh usually contains two enzymes, namely acetylcholinesterase (AChE) and choline oxidase (ChOx), which functions through sequential biochemical reactions [88, 89]. The use of AChE converts acetylcholine to choline (Ch) and acetate, while ChOx converts choline to betaine and H2O2. Hydrogen peroxide is an electrochemically active product that can be detected using electrodes constructed from carbon fiber, which provides biocompatibility and availability in micrometric measurements (7-30 µm). Biosensors based on carbon fibers, platinum / iridium, glassy carbon, mesoporous silica membranes, cadmium sulfide nanocrystals, multilayer carbon nanotubes, and many other transducer surfaces have been used to detect acetylcholine [90–92], most of which were developed and tested in standard acetylcholine solutions.
A new generation of analytical tools for studying the neurochemistry of animal brains in real time are implantable biosensors integrated into miniature telemetry systems, with high sensitivity and specific to each neurochemical species. A review article [93] summarizes the available technologies for in vivo electrochemical monitoring of neurotransmitters (dopamine, norepinephrine, serotonin, acetylcholine, and glutamate), bioenergetic substrates (glucose, lactate and oxygen), neuromodulators (ascorbic acid and nitric oxide), and exogenous molecules such as ethanol. Among all acetylcholinesterase-based biosensors, the amperometric acetylcholinesterase / choline oxidase (ChOx) biosensor is especially effective due to its potentially high sensitivity, reproducibility, and selectivity for the simultaneous in vivo detection of neurotransmitters. 
These devices can be used to detect choline and acetylcholine in situ and have been implanted in the rat brain [83]. The enzymes acetylcholinesterase and choline oxidase were immobilized on the surface of a solid electrode such as platinum-iridium (Pt / Ir) [83, 94] (Figure 10) or carbon fibers [95]. The acetylenecholinesterase / choline oxidase layer is captured on the electrode surface by cross-linking the amino groups of enzymes with glutaraldehyde [83]. In addition, the enzyme layer also includes bovine serum albumin (BSA), which stabilizes the enzyme activity in the immobilized state.
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Figure 10 - Schematic representation of a platinum-based biosensor used to detect acetylcholine in animal brains (ACh) acetylcholine; (Ch) choline; (ChOx) choline oxidase; (AChE) acetylcholinesterase

From the large volume of literature on the development of electrode configurations for the detection of neurotransmitters, there is still little work on in vivo measurements with electrodes inserted into tissues as diagnostic probes or for monitoring the state of the disease in the whole body. There is still a problem of improvement in processing methods to extract the maximum possible information from these sensors, in improving the selectivity and sensitivity of these probes in vivo. Eliminating interference and overlapping signals from many electroactive molecules in the physiological environment is another challenge that requires better interface design and the development of new approaches and materials. Likewise, changes in oxygen level, temperature, or pH can lead to false signals. Moreover, sensors can also lose their sensitivity when working in a biological system, which is associated with contamination of the electrodes or mechanical damage to the active area. 
Reviews [96, 97] are specifically devoted to studies on the discovery of neurotransmitters.
Recently, the authors of [98] described the pathway for the synthesis of acetylcholine in unicellular eukaryotes Acanthamoeba sp., And previously identified a homologue of muscarinic receptors (mAChR1) in Acanthamoeba castellanii [99]. It is possible that these unicellular eukaryotes can become a source of acetylcholine-binding domains for the development of new biosensors for acetylcholine [100].

1.1.6 Application of multienzyme biosensors
A number of multienzyme biosensors have been developed for monitoring food quality and the state of the environment [101]. Glucan, L-lactate [102], polyphenol [103] and sulfites [104] are typical target analytes for multienzyme biosensors in food analysis. In particular, for the detection of phenolic compounds, a biosensor construct has been reported [105], in which glucose oxidase and peroxidase are coimmobilized by incorporating graphite-Teflon tablets into the mass. This design made it possible to generate "in situ" H2O2, which is necessary for the reaction of the enzyme with phenolic compounds. It was also reported about the creation of trienzyme biosensors, in which GOD, HRP and tyrosinase were coimmobilized in a graphite-Teflon matrix. The practical applicability of composite multienzyme amperometric biosensors was assessed by assessing the content of phenolic compounds in the wastewater of a refinery, and the results were compared with the results obtained using colorimetric official method based on the reaction with 4-aminoantipyrine.
Environmental monitoring has been one of the priorities on a European and global scale because of the close relationship between environmental pollution and human health / socio-economic development. In this field, biosensors are widely used as cost-effective, fast, in-situ and real-time analytical methods. The need for portable, fast and intelligent biosensor devices explains the recent development of biosensors with new transduction materials derived from nanotechnology and for the detection of multiplexed pollutants, in which interdisciplinary experts are involved. This review article [106] provides an update on the latest advances in biosensors for real-world monitoring of air, water and soil pollutants such as pesticides, potentially toxic elements and small organic molecules, including toxins and endocrine disrupting chemicals. Also presented are the prospects for the future in the field of environmental monitoring using biosensors.
The main limitation of biosensors for the environment is their lack of use in real samples, since most were applied to tap water samples or synthetic samples. There are still few commercial biosensors for environmental monitoring. The biosensors described in this review article [106] were applied in real water samples (lakes, river, sea water, soil and waste water samples) or in shellfish samples. 
In conclusion of this part of the review, we note that although the introduction of a large amount of enzymes into the sensitive layer of a biosensor improves many of its characteristics [35, 36], there are limitations associated with an increase in sensitivity to interference and disturbances affecting each of the enzymes in the multienzyme complex. Nevertheless, studies of the mechanisms of enzymatic reactions, as well as the selection of suitable enzyme pairs, are important in the development of new effective multienzyme biosensors. 
Clinical and biochemical analyzes (general blood and urine tests, studying the composition of a number of other biological body fluids) are among the most common methods used to diagnose human diseases. Enzymological methods using free enzymes are widely used today [107-110]. However, along with obvious advantages, these methods also have a number of disadvantages, including their one-time use and the ambiguity of analysis in the presence of other high molecular weight compounds aggressive towards enzymes, in particular, proteases and intracellular components. As an alternative, eliminating many of them, immobilized enzymes are used on the biosensor electrode covered with a polyelectrolyte layer, which increases their stability [111].

1.2 Enzyme electrodes with polymer matrix

In enzymatic biosensors, the analyte diffuses through a semipermeable membrane into a thin layer of the biocatalyst, where the enzymatic reaction takes place. Since the product of the enzymatic reaction in this case is determined using an electrode with an enzyme on the surface, such a device is often called an enzyme electrode, which is an electrode with a surface layer (some natural polymer) applied containing one or more immobilized enzymes. Depending on the type of electrode taken as a basis, they are divided into potentiometric and amperometric. The classical potentiometric enzyme electrode is a combination of ion-selective electrodes with an immobilized (insoluble) enzyme, which provides high selectivity and sensitivity for the determination of a specific substrate. Immobilization prevents the destruction of enzymes, increases their duration, and turns them into a heterogeneous catalyst. The most frequently used enzymes for creating biosensors are: β-glycochidase, asparaginase, cholesterol oxidase, chymotrypsin, glucose oxidase, catalase, lipase, penicillinase, trypsin, amylase, invertase, urease, uricase.
The enzyme binds to the electrode surface by a number of processes: covalent crosslinking, capture by a gel layer on the electrode surface, encapsulation using or absorption on graphite. For example, to create an electrochemical biosensor, microcapsules containing catalase crystals were deposited on the electrode, on which a shell of multilayers consisting of PAA / PSS polyelectrolyte pairs was formed [112]. Polyelectrolyte layers controlled the membrane permeability and prevented the release of enzymes from the electrode, which also increased the stability of the biosensor. The stability of the biosensor, the main element of which was glucose oxidase, was increased by applying a complex of the enzyme with polyelectrolytes to the electrode surface [113]. This also increased the thermal stability of the enzyme. 
Polyelectrolyte microcapsules were first obtained in 1998 by a group of researchers at the Max Planck Institute by the method of layer-by-layer electrostatic self-assembly of oppositely charged polyelectrolyte molecules on colloidal particles of micron and submicron sizes [114, 115].
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Figure 11 - Preparation of layered (LbL) microcapsules

The technology makes it possible to obtain microcapsules of a certain shape and size, depending on the matrix cores used, and the shell of the microcapsules provides the required catalytic or affinity properties, stability, permeability, compatibility and regulation of the release of the inner material of the capsule. The polyionic assembly method for applying polyelectrolyte layers to colloidal particles can be carried out in two ways: either the amount of polyelectrolyte required to saturate adsorption is added at each stage, or the polyelectrolyte is added in excess. In the second case, the remaining polymer molecules must be removed before applying the next layer to avoid complex formation in solution. They can be separated by centrifugation or filtration. It was shown in [116] that the second method is more efficient, since the first leads to the formation of a larger number of aggregates. 
The thickness of the polyelectrolyte shell of polyallylamine (PAA) and polystyrene sulfonate (PSS) depends on the type of core on which it is formed. On the surface of latex particles, according to small-angle neutron scattering data [117], it is 1.6 nm, practically does not depend on the surface curvature, and weakly depends on the number of layers. In the case of calcium carbonate cores, the thickness of one layer obtained from the data of atomic force microscopy is 8 nm [118].
Various materials including synthetic polyelectrolytes, natural polymers such as polysaccharides, polypeptides, polynucleotides, and lipids can be used to form the shell. The nucleus can be dissolved, leaving a hollow capsule. The condition for the formation of a stable capsule is the insolubility of the complex formed by polyelectrolytes. The size of the obtained microcapsules is determined by the size of the nuclei and can be in the range from several tens of nanometers [119] to tens of micrometers [120, 121]. A charged surface can be responsible for the functionality of microcapsules, which is obtained by sequential adsorption of oppositely charged polyelectrolytes (layer-by layer technique, LbL), leading to the formation of polyelectrolyte complexes (PEC) [122]. 
The use of polyelectrolyte capsules (PEC) as a new diagnostic tool for determining the glucose content in a medium was proposed in [123]. Microcapsules containing urease were used as a microreactor in a potentiometric biosensor for the determination of urea in milk and blood [124, 125]. Of the four polyelectrolytes used to create microcapsules: polystyrene sulfonate (PSS) and dextran sulfate, which carry a negative charge, and polyallylamine hydrochloride (PAA), and polydiallyldimethylammonium chloride (PDADMA) with positive charges, PAA was a strong inhibitor of urease [126]. Inhibition of PAA urease was reversible and was not accompanied by noticeable structural changes in the enzyme molecule [127]. In solutions of monovalent anions (chlorides), the activity of urease-PAA complexes monotonically increases with increasing salt concentration, obeying the square root equation of ionic strength. 
The study of the properties of PECs containing encapsulated urease and used as a microdiagnosticum capable of recognizing and quantifying low-molecular-weight substances both in native biological fluids and in wastewater is discussed in [128]. Microdiagnosticum showed the lower limit of detection for the analyte of no more than 5 mM urea, and the upper limit of no less than 100 mM. In this case, the measurement error did not exceed 10%. One of the advantages of the developed microdiagnosticum is the possibility of reusing polyelectrolyte microcapsules containing urease for the analysis of urea in various liquids. Thus, the proposed sensor system had a number of advantages such as multiple use, protection of the sensor enzyme from the aggressive action of proteolytic enzymes, and increased stability during storage in solution. 
The first polyelectrolyte capsules were made using melamine-formaldehyde latex particles as a template [129, 114]. However, in subsequent studies it was shown that complete dissolution of such nuclei does not occur - a certain amount of oligomer, a decomposition product of melamine-formaldehyde molecules, remains inside the capsules [130]. For polystyrene cores, this problem was solved by choosing tetrahydrofuran as a solvent [131]; however, for applied purposes the use of organic solvents is undesirable. When CaCO3 is used as nuclei, dissolution is carried out using a solution of EDTA salt [118] - calcium is removed from the capsule due to the formation of a complex of this metal with EDTA, that is, in the case of inorganic colloidal particles, organic solvents are not required for decomposition and there is no need to fear toxic action of decay products. After removing the template, a stable hollow microcapsule remains, the permeability of which can be varied both at the stage of preparation (material and wall thickness, nature of the template) and after the formation of the capsule (changing the pH or salt composition of the subphase, adding organic solvents, heating). 
The advantages of polyelectrolyte capsules over other similar systems are their monodispersity with a wide range of specified sizes; ease of regulation of their permeability; ease of change and the possibility of a wide choice of wall material. The mild conditions for the formation of microcapsules (within the physiological temperature and pH range) and the ability to choose the environmental conditions, and the composition of the polyelectrolyte shell with a minimum effect on proteins allows the inclusion of various biomolecules with the maximum preservation of their biological activity [132, 133, 127, 134]. Therefore, this method [135] is widely used for the immobilization of enzymes in polyelectrolyte microcapsules, the shells of which can be modified, including various types of ions, functional molecules, and nanoparticles.
For the use of polyelectrolyte capsules as medical probes, luminescent dyes that are highly sensitive to changes in the environment were encapsulated. As luminescent dyes, the pyridinium salt of 3,3'-di- (γ-sulfopropyl) -4,4 ', 5,5'-dibenzo-9-ethylthiacarbocyanine betaine described in [136] and the dye 3,3'-diethylthiacarbocyanine iodide.
The main requirements for sensor structures using enzyme molecules on the surface of an electrochemical converter as a sensitive layer are the preservation of the biocatalytic activity of fixed enzyme molecules and a high density of deposition of molecules on the surface of the electrochemical converter. Compliance with these requirements provides an increase in analyte sensitivity. It was shown [137] that packing the enzyme into polyelectrolyte containers (capsules) allows the maximum preservation of the native state of the enzyme molecules. Polyelectrolyte microcapsules are a new type of objects that can find application in many fields, in particular, in biosensorics [138]. The layer-by-layer adsorption method makes it possible to embed nanoparticles, marker molecules and other nano-objects into their shells, which makes it possible to control the sensitivity of microcapsules to the medium, their permeability and adsorption properties. 
In one of the recent works [139], the authors described a urea biosensor made using polymer technologies and representing a combination of polyelectrolyte layers and microcapsules with an enzyme inside, and a shell of the same polyelectrolytes. As shown by experimental data, the biosensor was quite suitable for determining the concentration of urea in blood and urine. One of the significant results of this work, according to the authors, is the optimization of the conditions for obtaining a functionally active enzyme immobilized in a polyelectrolyte coating and the fact that a polymer coating with an enzyme makes it possible to work not only as an enzyme electrode, but also as an enzyme microreactor, while not decreasing the rate of signal registration after passing the catalytic urease - urea reaction. This is due to the fact that the polyelectrolyte layers separating the enzyme from the external analyzed solution are nanometer thick and are easily permeable to urea and the decay products of the catalytic urease - urea reaction. Figure 12 is a schematic representation of a urease electrode.
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Figure 12 - Diagram of the urease electrode device

The electrodes themselves play an important role in the operation of electrochemical biosensors. The electrode material, its surface modification or its dimensions affect the detection capability of the electrochemical biosensor. There are three types of electrodes in an electrochemical cell: a working electrode; reference electrode; auxiliary (counter electrode).
Reference electrode: other electrodes in the cell refer to this electrode. Types of reference electrodes: hydrogen, calomel and glass. There are two commonly used and commercially available types of reference electrodes:
Ag / AgCl electrode: Ag wire that is coated with AgCl and immersed in NaCl solution.
AgCl+e-             Ag + Cl         (E0 = +0,22V))
Saturated calomel electrode: Calomel is another name for mercuric chloride (Hg2Cl2).
Hg2Cl2+2e-           2Hg + 2Cl2       (E0 = +0,24V)
The calomel electrode consists of mercury, paste (a mixture of powder of mercury (I) chloride and potassium chloride) and a saturated solution of potassium chloride.
Auxiliary (counter) electrode: In a two-electrode system, when a known current or potential is applied between the working and auxiliary electrodes, other variables can be measured. The auxiliary electrode functions as a cathode whenever the working electrode functions as an anode, and vice versa. Made from electrochemically inert materials such as gold, platinum or carbon.
A working electrode is an electrode on which a reaction takes place in an electrochemical system [140–142]. In an electrochemical system with three electrodes, the working electrode can be called either cathodic or anodic, depending on the reaction at the working electrode, reduction or oxidation. There are many types of working electrodes. Glass carbon electrode, screen printed electrode, Pt electrode, gold electrode, silver electrode, indium tin oxide coated glass electrode, carbon paste electrode, carbon nanotube paste electrode, etc. Screen printed electrodes are prepared with the ink on the electrode substrate (glass, plastic) or ceramics) in the form of thin films. Different inks can be used to produce different sizes and shapes of biosensors. Screen-printed electrochemical cells are widely used for the development of amperometric biosensors because these biosensors are cheap and can be produced on a large scale and potentially used as a disposable sensor. 
The separation of the sensitive sensor from the recording electrode offers many possibilities for instrument designers - urea analyzers based on an ultra-thin polymer coating. Polyelectrolytes can be used to prevent direct contact between the enzyme and the electrode surface, thus maintaining its activity. Thus, a biosensor for the determination of cholesterol was created, containing an enzyme immobilized on an electrode, the working surface of which was previously modified with a polyelectrolyte [143]. 
Conductive polymers such as polypyrrole and polyaniline are very often used to immobilize enzymes and make enzyme electrodes. Among various conductive polymers, polypyrrole (PPy) plays an important role in electrochemical biosensors in order to increase electrochemical activity and sensitivity due to its good biocompatibility, conductivity, stability and efficient polymerization at neutral pH, as well as easy synthesis. The material has unique properties of preventing some undesirable electrochemical interactions and facilitating the transfer of electrons from some redox enzymes [144]. Enzymatic electrodes with polypyrrole are manufactured by electropolymerization, and enzymes are captured in the polymer as a dopant during polymerization [145–151].
Layer-by-layer assembly technology is also used in PPy-based biosensors. An example is that multilayer films PPy and CNT (carbon nanotubes), assembled per layer, were fabricated on a Pt-coated polyvinylidene fluoride membrane, where the PPy film was obtained by electrochemical polymerization, and the CNT layers were vacuum-filtered [152]. This multilayer structure provided an excellent matrix for enzyme immobilization, which had the beneficial properties of both PPy and CNT. For immobilization of glucose oxidase (GOD), a crosslink was chosen, and such a biosensor showed an increased linear range, response time, and sensitivity [153].
Polyaniline is another widely used polymer for enzyme immobilization. Improved selectivity and stability of the glucose biosensor was obtained on the basis of in situ electropolymerized polyanilino-polyacrylonitrile composite film [154]. A new method was developed by Wilner's group to create an integrated electrically coupled glucose dehydrogenase electrode by surface reduction of the apoenzyme on polyaniline modified with pyrroloquinoline quinone (PQQ) [155]. The same group has developed an enzymatic electrode in which glucose oxidase is in direct electrical contact with the electrode using poly (aniline-aniline-boric acid) wires generated on ds-DNA matrices [156].
The technology developed for the manufacture of enzyme electrodes has spurred progress in the application of biosensors. However, there are problems that hinder further progress in technology, of which the most significant are long-term stability of enzyme electrodes, efficient transfer of electrons between enzymes and electrode surfaces, and improved biocatalytic activity of enzymes.




2 Materials and research methods

2.1 Reagents and equipment

We used lyophilized horseradish peroxidase (Diaem), glucose oxidase (Sigma Aldrich), buffer, Na-acetate. Salts CaCl2, Na2CO3 were of chemically pure grade or analytical grade. and EDTA (Sigma Aldrich). Substrates: D-glucose, 30% hydrogen peroxide solution, benzidine (Sigma Aldrich). Polyelectrolytes: polyethyleneimine (PEI), polyallylamine hydrochloride (PAGE) and polystyrene sulfonate (PSS) (all - "Aldrich") mol. weighing 60,000 - 70,000 were used in the form of solutions in 0.33 M NaCl. All salt solutions were prepared using deionized water obtained by purifying distilled water using an Arium 611-UF (Sartorius). The water conductivity was 1 μS.
The following instruments were used in the work: a CARY 100 spectrophotometer (Varian, USA), a Nikon eclipse E200 microscope, a Beckman F 690 pH / Temp / mV / ISE Meter (USA), a U-1 thermostat (Germany), Vortex (a for shaking and stirring), ultrasonic bath, magnetic stirrer, benchtop centrifuge, semi-automatic micropipettes for 2-20 μl, 20-200 μl and 200-1000 μl.

2.2 Obtaining enzyme-containing calcium carbonate crustal particles

Composite microspherolites CaCO3, a protein (or two proteins), which, in comparison with other possible crustal particles, are capable of chemically degrading under mild conditions (room temperature, neutral pH) in the presence of EDTA, with slight acidification of the medium, were used as crustal microparticles to obtain polyelectrolyte capsules.
CaCO3 microspherolites were obtained by the reaction of ion exchange by mixing solutions of calcium chloride and carbonate in the presence of a protein (enzyme) - by the method of biomineralization. The procedure for obtaining microspherolites was as follows: enzymes were added to a 0.33M (or 0.5M) aqueous solution of CaCl2, intensively stirred on a magnetic stirrer, stirred for 1 minute, and then an equal volume of 0.33M (or 0.5M) aqueous solution of Na2CO3 was quickly added ... Stirring was continued for 30 seconds, after which the resulting suspension was kept for 15 minutes at room temperature until the supernatant was completely cleared. 
After the completion of the formation of composite microspherolites enzymes - CaCO3, the precipitate was thoroughly washed from Na + and Cl- ions with distilled water and dried in air. Thorough washing is of fundamental importance, since it was found that the "state of spherulites" is not thermodynamically stable, and in the wet state they gradually transform into classical rhombohedral polycrystals, and the process is noticeably accelerated in the presence of NaCl. In a dry state, microspherolites enzymes - CaCO3 can be stored indefinitely. 
The process conditions (varying the concentration of reagents, temperature, hydrodynamic characteristics) largely determine the size and morphology of the resulting microparticles.

2.3 Preparation of enzyme-loaded polyelectrolyte microcapsules

Polyelectrolyte microcapsules were obtained by alternate adsorption of oppositely charged polyelectrolytes [5] on calcium carbonate microparticles containing the corresponding enzyme. At this stage of the study, polyelectrolytes: polystyrene sulfonate (PSS) and polyallylamine hydrochloride.
To 100 mg of CaCO3-protein nuclei, 2 ml of a PAAG solution (concentration 1 mg / ml) in 0.5 M NaCl was added. The suspension was stirred for 10 min on a shaker, then the unbound polymer was removed by centrifugation at 700 rpm for several seconds, and the particles were washed three times with deionized water to remove the polyelectrolyte residues with centrifugation. Then the same procedure was carried out using a PSS solution. 
Alternate layering of oppositely charged polyelectrolyte macromolecules onto colloidal particles was carried out three to five times, obtaining a three to five-layer shell with the architecture of PAGE / (PSS / PAGE) n., Where n = 1.2. The procedure for the formation of microcapsules was carried out at room temperature (15-25 ° C). The work investigated three-five-layer enzyme-containing positively and negatively charged polyelectrolyte microcapsules: PAGE / (PSS / PAGE) n and PSS / (PAGE / PSS) n, n = 1.2. The microcapsule diameter is 3.6 ± 0.2 µm (Figure 13).
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Figure 13 - Photograph from a light microscope of polyelectrolyte capsules loaded with enzymes 

The microcapsule size and the sphericity of the calcium carbonate particles were controlled using a Nikon eclipse E200 light microscope. Removal of calcium carbonate particles from microcapsules was carried out by keeping the solution with microcapsules in dialysis bags for 3 hours to 12-15 hours in 2-25 mM EGTA or EDTA at a temperature of 4 ° C or 20 ° C with alkalization of the medium (pH 7.2) ... The number of capsules in the solution was counted using a Goryaev camera.
When forming a polyelectrolyte shell, PSS or PAGE polyelectrolytes were used as the first polyelectrolyte. 
Capsules loaded with two enzymes, in our case glucose oxidase and horseradish peroxidase, were made on the basis of core particles containing two enzymes at the same time.

2.4 Method of obtaining an ultra-thin microcellular polymer coating

The method we used for obtaining an ultrathin polymer material was developed and patented at the Institute of Theoretical and Experimental Biophysics of the Russian Academy of Sciences [2]. 
Immobilization of microcapsules was carried out on a plastic plate. At this stage, additionally, as the first layer, we used polyelectrolyte polyethyleneimine (PEI), mm. 600,000 (Aldrich), which according to the literature is the optimal precursor for the creation of nanoscale layers by the polyion assembly method [6]. The concentration of polyelectrolyte solutions (PEI, PSS, PAGE) was 2 mg / ml. 
The plate was covered with 1mg / ml PEI solution (0.33M NaCl), kept for 20 min, stirring not intensively at intervals of several minutes (3-5), and then washed twice with 0.1M NaCl solution. Next, a suspension of microcapsules was applied over the PEI layer so that the microcapsules completely covered the surface to be modified in an even layer, dried at room temperature, and then washed from excess microcapsules with 0.1 M NaCl solution. At this stage, microcapsules not purified from CaCO3 particles were used. Next, layers of PAGE-PSS were applied as described above. The surface (outer) layer was negatively charged. After immobilization, the microcapsules were purified from the CaCO3 component of the bark: the cuvette was immersed in a 0.025 M EDTA solution for 12-14 hours. After removal of calcium carbonate, the EDTA solution was replaced with distilled water, and the cuvette was placed in a refrigerator.

2.5 Determination of hydrogen peroxide concentration by spectrophotometric method

The kinetics of the peroxidase reaction at two stages with the addition of horseradish peroxidase and glucose oxidase was recorded by the change in optical absorption at a wavelength of 590 nm, corresponding to benzidine oxidation on a CARY 100 spectrophotometer (Varian, USA) (Figure 14). The initial stationary reaction rates were determined by the slope of the linear part of the product accumulation curve over time within 30 seconds (in some cases 10 seconds) from the start of the reaction registration: V = D590 / 30 sec.
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Figure 14 - Scheme of the cascade reaction involving horseradish peroxidase and glucose oxidase

In this work, the dependence of the initial rate of the peroxidase reaction on the concentration of the substrate was determined for various methods of encapsulation and immobilization. The kinetic parameters - the maximum velocity Vmax and the Michaelis constant Km - were found from the Lineweaver-Burk plots (double reciprocal coordinates). The pH values were controlled on a Beckman F 690 pH / Temp / mV / ISE Meter pH meter (USA), with an accuracy of 0.002 units.

2.6 Statistical processing of the result в

Each experimental point had 3-5 replicates (N). The results are presented in the figures as mean values ± standard deviation. Statistical processing of the results was carried out using the Mann-Whitney U-test for paired comparisons and the Kruskal-Wallis test for comparing three groups.




3 Results of studies and discussion of results

3.1 The ratio of the activity of enzymes that make up the cascade reaction

The development of a method for obtaining an ultrathin microcellular polymer coating as a biosensor of sensors has led to the creation of multienzyme systems - microreactors, which make it possible to relatively easily immobilize two or more enzymes in a measuring cell. For the possibility of creating a multienzyme system using encapsulated enzymes, various options for setting up experiments with the use of free enzymes, enzymes enclosed in capsules, as well as capsules enclosed in polyelectrolyte layers and deposited on a plate were considered.
At the first stage of the work (Figure 15), studies were carried out to study the ratio of the activity of two types of enzymes enclosed in capsules at two stages of a cascade reaction. In the medium there are four-layer microcapsules with PAGE / PSS / PAGE / PSS architecture, containing the enzymes glucose oxidase-horseradish peroxidase (~ 30 μg / ml). For each group of measurements n = 5, the values are mean ± SD; p <0.05
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Figure 15 - Dependence of the initial rate of the peroxidase reaction on the addition of the substrate to the study medium (sodium acetate buffer, pH 5.3)

We were able to obtain results on the initial rates of the peroxidase reaction initiated directly by the addition of hydrogen peroxide, and then these data were compared with the results obtained by reproducing the complete cascade reaction with the addition of glucose. The parameters with the addition of glucose turned out to be lower than those with the addition of hydrogen peroxide, which can be associated with the multistage process and the probable transition of a part of D-glucose into L-glucose during storage.

3.2 Assessment of the stability of encapsulated enzymes over time

The study of the stability of enzymes enclosed in polyelectrolyte capsules makes it possible to assess the longevity of the system (Figure 16). In the medium (sodium acetate buffer, pH 5.3) four-layer microcapsules with the architecture of PAGE / PSS / PAGE / PSS, containing the enzymes glucose oxidase-horseradish peroxidase (~ 30 μg / ml). For each group of measurements n = 5, the values are mean ± SD; p <0.05. According to the data, a biosensor based on immobilized urease retains 40-50% of its initial activity and is capable of detecting substrates for up to two months [41].
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Figure 16 - Change in the activity of the encapsulated enzyme glucose oxidase during storage 

The durability of the sensor may also depend on the stability of the polyelectrolyte shells themselves, which protect the enzymes from aggressive environmental influences. We were able to evaluate the stability of encapsulated glucose oxidase in the presence of horseradish peroxidase for a period of two weeks. Compared to the first day of measurements, glucose oxidase after two weeks retained up to 40% of its initial activity. In addition, it is possible that with further study of durability over a longer period of time, the activity of the system after the first weeks may decrease slightly, which will allow the sensor to be used for a longer period of time than expected.



3.3 Comparison of free and encapsulated glucose oxidase activity

The next stage of research included a comparison of the activity of free and encapsulated glucose oxidase. Data were presented at a substrate concentration of 3 and 10 mM, taken from the working range from 1 to 10 mM. In the medium (sodium acetate buffer, pH 5.3), four-layer microcapsules with the architecture of PAGE / PSS / PAGE / PSS containing the enzymes glucose oxidase-horseradish peroxidase (~ 30 μg / ml). For each group of measurements n = 5, the values ​​are mean ± SD; p <0.05 (Figure 17). In the medium (sodium acetate buffer, pH 5.3) four-layer microcapsules with the architecture of PAGE / PSS / PAGE / PSS, containing the enzymes glucose oxidase-horseradish peroxidase (~ 30 μg / ml). For each group of measurements n = 5, the values ​​are mean ± SD; p <0.05 (Figure 18). It was found that the activity of the encapsulated glucose oxidase is about 27% of the activity of the free enzyme (22% at 3 mM and 33% at 10 mM).
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Figure 17 - Comparison of the activity of the free enzyme glucose oxidase and encapsulated together with peroxidase and separately according to the initial rate of the peroxidase reaction from the addition of the substrate to the study medium at a glucose concentration of 3 mM 
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Figure 18 - Comparison of the activity of free enzyme glucose oxidase and encapsulated in capsules together with peroxidase and separately according to the initial rate of peroxidase reaction from the addition of the substrate to the study medium at a glucose concentration of 10 mM

It is possible that peroxidase affects the activity of glucose oxidase when localized together in the same cell; therefore, the variant of the system when different types of enzymes are placed in separate capsules is more preferable. Nevertheless, according to the literature data, studies show a 6-7-fold decrease in the activity of encapsulated enzymes, while the system remains operational and allows the detection of substrates [101].

3.4 Comparison of the activity of free and immobilized glucose oxidase on a biosensitive coating

Experiments using a biosensitive coating included the assembly of a structure of polyelectrolyte layers and polyelectrolyte capsules filled with glucose oxidase molecules, and the peroxidase required to initiate the reaction was present in the solution in free form. This method of enzyme immobilization allows the same enzyme molecules placed in polymer coating microcapsules to be used repeatedly and for a long time for measurement. Concentration measurements are due to a number of properties of the biosensitive coating: good permeability of polyelectrolyte layers for glucose and products of its degradation by glucose oxidase, impermeability of these layers for the enzyme and preservation of high activity by the enzyme in the coating cells. For each group of measurements n = 5, the values ​​are mean ± SD; p <0.05 (Figure 19).
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Figure 19 - Comparison of the activity of the free enzyme glucose oxidase and the immobilized enzyme glucose oxidase applied to a plastic plate, according to the initial reaction rate from the addition of glucose to the study medium in the presence of free horseradish peroxidase

In the variant of the experiment with a biosensitive coating, a two-fold decrease in the activity of immobilized glucose oxidase was observed in comparison with the free one, which is a higher indicator in relation to the encapsulated glucose oxidase.
The presence of a larger number of polyelectrolyte layers does not reduce the activity of the system, but, on the contrary, protects it from the influence of foreign molecules and microorganisms, while allowing the capsules to be fixed on the surface for optimal detection by the spectrophotometric method.





CONCLUSION

Enzymes are widely used in the diagnosis of various diseases due to their biocatalytic properties. Enzyme biosensors can also be used as an analytical tool for diagnosing common diseases. Some biosensors are already spreading for individual use in home first-aid kits (most often for determining blood sugar) and interest in biosensors is constantly growing. Future direction and development in the field of biosensor will likely focus on non-invasive methods of monitoring the health of patients, implantable biosensors and sensors [102–104]. At the same time, polymers are priority materials in this area and, in particular, biosensors based on them have great potential. The immobilization of enzymes with polymers and nanomaterials is key to improving the sensitivity and detection threshold of biosensors.  
The development of biosensors is primarily aimed at providing sensitivity, specificity, absence of toxicity, the ability to detect small molecules and economic efficiency. These characteristics will ultimately make it possible to achieve the required critical parameters and eliminate the main limitations of biosensor technology. 
The need for early diagnosis of cardiovascular, infectious and other socially significant diseases, including diabetes, requires the development and implementation of new mobile highly efficient analysis tools. The literature of recent decades shows that, according to the existing approaches to the development and application of biosensors, these devices today successfully compete with traditional methods that are standardly used in clinical diagnostics. However, despite the clinical need, commercialization of biosensors from research laboratories to the clinical diagnostics industry is still lacking, with a few exceptions such as glucose, lactate and cholesterol biosensors. One of the most important areas of modern clinical diagnostics is the analysis of key metabolic components that does not involve blood sampling, and in this area biosensors with their high sensitivity and selectivity are called upon to play a key role.
Conclusions:
1. A polyenzyme biosensor system of horseradish peroxidase and glucose oxidase on the basis of polyelectrolyte microcapsules has been made, which ensures the passage of a cascade reaction.
2. Using the system of glucose oxidase-horseradish peroxidase, it is possible to measure the physiological concentrations of the substrate from 1 to 10 mM.
3. The activity of immobilized glucose oxidase is 27% of the activity of a free, freshly prepared enzyme.
4. After two weeks, the encapsulated glucose oxidase retains up to 40% of its activity compared to the first day of measurements.
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3. Name of work, terms of their implementation and results

	Job code, stage
	Name of work under the Agreement and the main stages of its implementation
	Period of execution
	Expected Result

	
	
	Start
	ending
	

	1
	Manufacturing and studying the operation of an enzyme microreactor, which is a combination of polyelectrolyte layers and microcapsules with enzymes
	February 2018
	Until November 1, 2018
	The operation of an enzymatic microreactor, which is a combination of polyelectrolyte layers and microcapsules with enzymes, will be manufactured and studied. Based on the results, a literature review on the research topic will be written, which will be included in the interim report. Two articles will be published in peer-reviewed foreign and domestic scientific journals with a non-zero impact factor. 1 article will be published and 1 article will be prepared for publication in peer-reviewed foreign scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor.
Interim report will be prepared

	1.1
	Studies of enzymes placed in microcapsules with different polyelectrolyte surfaces, charge sign, number of shell layers of microcapsules of microcapsules
	February 2018
	Until November 1, 2018
	Studies of enzymes placed in microcapsules with different polyelectrolyte surfaces, sign of charge, and the number of layers of the microcapsule shell will be carried out. Using optical spectroscopy, new data will be obtained with microcapsules containing enzymes. The work of encapsulated enzymes with different parameters (number of shell layers, surface charge in contact with the enzyme) will be studied in terms of their ability to detect the corresponding substrates. Kinetic characteristics will be obtained. Research environments will be selected

	1.2
	Creation of enzymatic biosensors and / or microreactors with specified characteristics (number of layers, charge sign) capable of detecting the corresponding substrates in one cell.
	June 2018
	Until November 1, 2018
	Enzyme sensors and / or microreactors with specified characteristics (number of layers, sign of charge), capable of detecting corresponding substrates in one cell, will be manufactured. The ranges of effective concentrations of substrates will be determined, kinetic characteristics will be obtained. Research environments will be selected

	1.3
	Study of polyelectrolyte biosensitive coating and its constituents by methods of light and confocal spectroscopy
	July 2018
	Until November 1, 2018
	They will be studied by light and confocal spectroscopy of a polyelectrolyte biosensitive coating and its components. Photographs of microcapsules and polymer coating will be obtained using light and confocal spectroscopy.

	1.4
	Review of literature on the research topic, preparation of publications. Preparation of interim report
	October 2018
	Until November 1, 2018
	A review of the literature on the research topic, including biosensor development and polymer technologies in biosensors, will be carried out. Publications will be prepared and work with editors will be carried out. Based on the results of the work, an interim report will be prepared

	2
	Development of a technology for the manufacture of a multienzyme microreactor containing 2-3 enzymes in a biosensitive coating
	February 2019
	Until November 1, 2019
	Technologies for manufacturing a multienzyme microreactor containing 2-3 enzymes in a biosensitive coating will be developed. The results of the work will be reported at an international conference. 1 article will be published and 1 article submitted to peer-reviewed foreign scientific journals, indexed in databases. Web of Science or Scopus with a non-zero impact factor. A patent application will be filed. An interim report will be prepared.

	2.1
	Carrying out preparatory studies for the creation of multi-enzyme sensors using microcapsules containing from one to several enzymes
	February 2019
	Until November 1, 2019
	Preparatory studies will be carried out to create multienzyme sensors using microcapsules containing from one to several enzymes. Microcapsules containing 2-3 enzymes will be obtained. Their work on the ability to detect the corresponding substrates will be studied, and kinetic characteristics will be obtained. A comparison will be made of the work of enzymes encapsulated separately and together

	2.2
	Creation of enzyme and multienzyme (containing several independent enzymes) biosensors with specified characteristics
	February 2019
	Until November 1, 2019
	Enzyme and multienzyme (containing several independent enzymes) biosensors with specified characteristics will be created. Enzymatic (for previously not immobilized enzymes) and multienzyme biosensors will be obtained. Ranges of effective substrate concentrations will be determined, research media and storage conditions will be selected

	2.3
	Manufacturing of a polyenzymatic microreactor that ensures the passage of conjugated enzymatic reactions
	June 2019
	Until November 1, 2019
	A polyenzyme microreactor will be manufactured to ensure the passage of coupled reactions. Data on the possibility of detecting metabolites in test solutions will be obtained

	2.4
	Preparation of publications. Preparation of a patent application. Preparation of interim report
	September 2019
	Until November 1, 2019
	Based on the results of the work, 1 article and 1 article of peer-reviewed foreign scientific journals will be published, indexed in the Web of Science or Scopus databases with a non-zero impact factor.
A patent application will be filed. Based on the results of the work, an interim report will be prepared

	3
	Carrying out research work on the development of an analyzer device for determining metabolites in biological fluids based on a new type of polymer biosensor
	February 2020
	Until November 1, 2020.
	Research work will be carried out on the development of an analyzer instrument for determining metabolites in biological fluids based on a new type of polymer biosensor. Based on the results of the work, a technical assignment for development work (TOR for R&D) will be developed for the manufacture of an analyzer device. 1 article will be published in peer-reviewed foreign scientific journals, indexed in the Web of Science or Scopus databases with a nonzero impact factor. The results of the work will be reported at an international conference.
1 patent received
Final report prepared

	3.1
	Study of the work of enzyme and multienzyme (containing 2 or more enzymes) biosensors with specified characteristics for the duration of work and the possibility of determining the corresponding substrates in biological fluids
	February 2020
	Until November 1, 2020
	The work of enzyme and multienzyme (containing 2 or more enzymes) biosensors with specified characteristics in terms of the duration of operation and the possibility of determining the corresponding substrates in biological fluids will be studied. The duration of the biosensor operation (weeks, months), the ability to detect metabolites in blood and urine will be determined

	3.2
	Study of the operation of a polyenzymatic microreactor providing the passage of conjugated enzymatic reactions.
	February 2020
	until November 1, 2020
	The work of a polyenzymatic microreactor providing the passage of conjugated enzymatic reactions will be studied. A polyenzymatic microreactor will be manufactured to ensure the passage of conjugated enzymatic reactions. Ranges of effective concentrations will be determined, and research media will be selected. Kinetic characteristics will be obtained

	3.3
	Development of a biosensor for determination of substrates by potentiometric and / or amperometric method
	February 2020
	Until November 1, 2020
	A biosensor will be developed for the determination of substrates by potentiometric and / or amperometric methods. Several types of cells (in terms of size, volume of the investigated fluid) will be tested to measure samples of biological fluids, including those made using a 3D printer. 2-3 types of electrodes with different characteristics in the range of investigated concentrations, measurement accuracy, etc. will be tested.

	3.4
	Development of technical specifications for experimental design work for the manufacture of a device-analyzer for metabolites of biological fluids
	September 2020
	Until November 1, 2020
	Terms of reference will be developed for experimental design work for the manufacture of a device-analyzer for metabolites of biological fluids. Enzymes will be selected to create a biosensor for the developed instrument-analyzer (2-3 enzymes). Signal acquisition methods will be selected. TK developed for R&D

	3.5
	Correction of the patent application. Preparation of the final report
	October 2020
	Until November 1, 2020
	The patent application will be revised. The shortcomings of the patent application will be eliminated in accordance with the requirements of patent organizations. Additional research will be conducted (if necessary). Based on the results of the research carried out, a final report will be prepared.
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Patents: 
1 Ibadullaeva S.Zh., Appazov N.O., Fomkina M.G., Kim Yu.A., Montrel A.M., Zhandavletova N.B., Zhusupova L.A., Arystanova A.T. A method for increasing the catalytic activity of encapsulated and immobilized enzymes // Patent for a useful model of the Republic of Kazakhstan No. 4173 dated 16.07.2019. (russian).
Articles in conference proceedings:
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Jns  ompeneneHuss — KOHLEHTparuu — (epMEHTOB  ObUI  TaKke  HCIONB30BAH
crnekTpoYOTOMETPHUECKHIT METOA C MCMONb30BAHHEM KOI(D(HULIMEHTA IKCTHHKLMU MPH AJMHE

BOJIHBI 280 HM.

5 TIOTeHUHOMETPUHECKHI CrIOCOD OnpeneseH st KOHLEHTPALUNHY MOYEBHHBI

TIpouenypa M3MepeHHs KOHLEHTPaLMH MOYEBMHBI COCTOsNAa B cienyromem. Buawane
H3MEpUTENIbHAS AUelika 3aMoNHANACh AHATUTUIECKUM PACTBOPOM, CONEPIKAIMM OTpesieieHHOe
KOJIMYECTBO HI3KOMOJIEKYNIApHOii comm u Gydepa. 3aTem B Hee 06BN MpenapaT GepMeHTa B
HEOOXOMMMBIX JUIA PELICHHS TeKyIIel 3aa4i KOJTHYECTBAX HJIH BBOAMIM MOMH(HIHPOBAHHBII
pH »snextpon, a mamee mocie ~ 5 MUH MHKyOaluu NpH 3aJaHHON Temieparype, NOOaBIsIH
(uxcupopaHHbiil 00beM pacTBOpa MOueBHHBL Peructpupyemerii (B MB) menounoii casur pH
BBIXOZIHJI HA HACHIIIEHHE IPUMEPHO uepes 50 cex. Kaxmas npescTasieHHas Ha rpadukax TOUKa -

pe3yabTaT 3-5 noBTOpPOB.

6 OmpeneneHne KOHIEHTPALMH IEPOKCHIA BOIOPOAA  CIIEKTPO(YOTOMETPHIECKHM

METOJ0M

Kunernky mepokcunasHOH peakuud PErHCTPUPOBANM MO H3MEHEHHIO OINTHYECKOTO
MOIJIOLIEHNsT TIPY IJMHE BOJMHBI 590 HM, COOTBETCTBYIOLUCH OKHMCICHHIO OEH3MAMHA HA
cnekrpooromerpe Beckman UV/Vis DU 520 (CIITA). HauaibHble CTallOHAPHBIE CKOPOCTH
PeaKLnH OIIPENeNsIH 110 HAKJIOHY JIMHEIHOM 4acTH KPUBOH HAKOTLIEHHUs IIPOJYKTa BO BPEMEHHU B
TeueHne 30 cek (B HEKOTOPBIX ciydasx 10 cek) oT Hauanma perucrpauuu peakiuu: V = Dsoo/30
CeK.

B palote ompenensin 3aBUCHMOCTb HayajbHOM CKOPOCTH IEPOKCHAA3HOH peakiyu OT
KOHLIEHTPaUMK cyOcTparta Mpu PasinyHbIX CNOCO0AX KarCyJHpPOBaHUs M HMMOOHJIM3ALIMH.
Kuneruueckne napamerpbl — MakCHMAsbHYIO CKOPOCTh Vmax M KOHCTaHTy Muxasanca Km —
Haxonumu u3 rpaduxos Jlalinynsepa-bepka (1BoifHBIE 0OpaTHBIE KOOPAMHATHI). 3Havenus pH
koHTponuposanu Ha pH-merpe Beckman F 690 pH/Temp/mV/ISE Meter (CILIA), ¢ TO4HOCTbIO

1o 0,002 equawMILL

7 Craructuueckas o6paboTka pe3ynsTaToB

Kaxnas skcnepuMeHTanbHas TO4Ka — 3-5 NOBTOPHOCTEH. PesynbraTel npencrapneHbl Ha

PHCYHKax B BHIE CPEIHHX 3HA4YEHHI + CTaHAApTHOE OTKIOHeHHe. CrarucTHyeckas oOpaboTka
7
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Pe3yJIbTaTOB NIPOBOIMIIACEH C HOMOMIBIO mporpammbl OriginPro 8.6. JIjist OLeHKU CTaTHCTHIECKOMH
JIOCTOBEpPHOCTH Hcnosib3oBann metox ANOVA ¢ BeposTHOCTBIO o < 0.

Ba)KHbIM 3TaroOM TEXHOJIOTHU I'IOJ'[y“leHVIH MHKaI’ICyJ’IMpOBaHHOFO (I)yHKLlVIOHaJ'[l:HO—
aKTUBHOTO (hepMEHTa ABJIACTCA NpPOLEAypa yHaleHHs KaNbIui-KapOOHATHOH KOMIIOHEHTHI H3
MuKpOKancys. TeXHONOrnu ynaneHns KaibLuii-kapOOHATHBIX sSSP, MPUMEHSEMOE I MOJIbIX
MHKDOKAICYJ, B psfie CIy4aeB MOXET He SBJIATHCS ONTHMANBHBIM I YAANEHUs KallbLMii-
kapOoHaTa W3 IBYXKOMIIOHEHTHOrO (KanbLuii-kapOoHaT — (epMeHT) KOpPOBOro sipa
MHKPOKAIICYJL, TOCKOJIBKY PACTBOPHTEIb B3AaHMOACHCTBYET C (PePMEHTOM H MOXKET H3MEHSTh €0
aKTHBHOCTb. Bo3HHKIa HEOOXOAUMOCTB ITOAGOPA YCIOBHUI (M PACTBOPUTEIIS) yHAIEHUsT KaIbLINii-
kapOOHATHON KOMIIOHEHTBI KOPOBOI YaCTHUIBI U3 MHUKPOKAIICYJ ¢ MEPOKCHAA30i XpeHa, 4To0bI
MOBPEKJAIOIIEe BO3IEHCTBUE PACTBOPHUTEINSI Ha (hePMEHT ObLIO MUHHMANbHBIM. Ilo3TOMy Hamu
ObIIH MOCTABJIEHbI SKCIIEPUMEHTBI MO ASHCTBUIO PACTBOPUTENEH HA COCTaBHbIC CHEpONUTHI ¢
MepOKCHOAa30H  XpeHa, MOKphIThe IATHUCONHHOW  obomouxoit  ITAAI/(IICC/TIAAT ).
Bapbuposanue ycnosuii pacTBOPEHHs! KOPOBOH KOMIIOHEHTBHI, TAKWE Kak: ucnoabzosanue DJATA
nian DI’ TA, KOHUEHTPaLMs XenaTupyroLero arenta (2-25 MM), auTenbHOCTb BodaeicTus (2-
18 uacos), Temnepartypa (4-25°C), nepeMeIInBaHue PacTBOPOB, MOKA3AJH, YTO BO BCEX CIyHasX,
npu ucnonb3osanun I TA B kauecTBe PacTBOPUTENS KaibLMiH-KapOOHATHOH KOMIIOHEHTbI
MHKPOKAICYJI, KaTaTHTHYeCKas aKTHBHOCTh HHKAICYJTHPOBAHHOI NMepOKCHIa3bl XpeHa Oblia

BbILIE, 4eM npu npumenenun DJITA.
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0.0 0.5 1.0 1.5 2.0
[H,0,], MM

Pucynok 1 — 3aBHCHMOCTD Ha4aIbHON CKOPOCTH MEPOKCHUIA3HOM PEAKLH OT
KOHLIGHTPAIIMH NEPEKUCH BOTOPOAA:
1 - pepment B pactope Oydepa; Vinax=0,425+0.022, K= 0,25+0,03
2 - KancyMpoBaHHbIHM (epMeHT, ounineHHbI B pacTsope D/ITA B TeueHue 2 4acos;
Vimax =0,105+0.022, Kikax= 0,53+0,03
3 - KarncyIMpoBaHHBIH (epMeHT, ouniueHHbli B 5 MM pactsope DI TA B TeueHune 16
4acoB; Vmax = 0,315£0.025, Kmkax = 0,26+0,02

VenoBust onbiTa: KOHUEHTpaLwsi cBOOOAHO# nepokcuaasbl 0.87 MKI/MII, KOHLEHTpaLHs
HHKaINCynupoBaHHOTO (epmenTa 1.25 mxr/mi, 0.1 MM Gensuauna, 0.2 M HaTpuii-aLeTaTHbII
Oydep, pH 5.3, o6bem peakumonHO# cmecH 3 mit. KancynuposaHHbIil pepMeHT ¢ 060104KOH

[TAALATICC/IIAAT ).

Ha pucynke 1 mpencrasien rpaduk 3aBHCUMOCTH HAa4aJIbHOH CKOPOCTH KaTATHTHYECKOH
peaKLyH IePOKCHAA3bl XPeHa OT KOHIEHTpaluu cybeTpara mepokcuna Bogopona. U3 pucyrka 1
BMJIHO, YTO CKOPOCTb PEaKLUMM HMHKANCYNMPOBAHHOTO (HEPMEHTA, OUMLIEHHOIO OT KajbLMii-
kapOOHATHOM KOMIOHEHTSI ¢ omotnbio DATA (kpuBast 2), IPUMEPHO B 5-6 pa3 MEHbIIE CKOPOCTH
peakuuu cBoboaHoro depmenTa (kpusasi 1). 3amena pacrsoputens DATA na OI'TA npusena k
TMOBBILICHHIO KATAIMTHYECKOI aKTUBHOCTH MHKAMCYJIHPOBAHHON MEPOKCHAashl XpeHa B 2.5 pasa
(kpuBble 2 1 3), IPU 5TOM ee aKTHBHOCTb y)k€ MOXKHO CPAaBHHBATb C aKTHBHOCTBIO CBOOOIHOTO
depmenTa (kpusbie 1 u 3).

CHIKeHIe aKTUBHOCTH HHKAICYTHpoBaHHOI (ouninennoit ot CaCOs ¢ momomsto D/ATA)
MepOKCHIa3bl XpeHa MOXKHO OOBACHMTH B3aumojeiicteuem OJITA ¢ HoOHamH kesesa,
[PUCYTCTBYIOIIIMU B aKTHBHOM LEHTpe (epMEHTa IePOKCHAA3bl XPEHA, H, COOTBETCTBEHHO,
M3MEHEHMIO CPoAcTBa (epmenTa K cyoctpary. IosToMy, HaMu mpeaaraeTcs HCIONb30BATh B

KadyecTBe XemaTupymomero arenra pactsop OI'TA, kortopslii B otianune ot D/ITA, cBa3biBaeT
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MoueBHHbI (KoHUeHTpauuio Gepmenta 0,5 Mkr onpeaessini Mmetoaom bpandopana).
1 — cBobGonHbIit pepmeHT (ypeasa)
2 — WHKANCYJMPOBaHHBIH (EPMEHT, COAEPIKALUMICS B MHKPOKAINCYJIaX ¢ apXUTEKTypPOil

o6onouxu [ICC/ITAAI/TICC
Cpena uccnenosanus: 1 MM Tpuc-HCI, 1 MM MES, 100 MM NaCl, navanbHast pH 5,3

AHanorn4Hble pe3ynbTaThl ObUIM TMOJy4eHbl IJisi WHKATCyJIHpoBaHHOW ypeasbl. Ha
pVICyHKe 2 I'Ipe}:[CTaBJ'IeHbI JAaHHBbIC MCCJ'Ie,E[OEaHl/IF[ 3aBUCUMOCTH OTKJIMKA CTEKJISIHHOTO pH
9JIEKTPOJA OT KOHLIEHTPAIMH MOYEBHHbI B U3MEPHTENBHOI Auelike 11 cBoOOHOro (JuHuA 1) n
MHKANCYJIUPOBAHHOTO (JiHMs 2) hepmeHTa.

U3 pucyHka 2 BHIHO, YTO AKTUBHOCTh WMHKAIICYJMPOBAHHOIO ()epMEHTa CpaBHHMA C

AKTUBHOCTBIO CBOGOIHOTO CBEXKEIPUIOTOBICHHOTO (epMeHTa M cocraBimsuia 72% OT ero

AKTUBHOCTH.
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Tpunoxenne 1.2

k JloroBopyNeggsor 7§ 03 2018r.
Ha rPaHTOBOE (PHHAHCHPOBAHHE

TEXHUYECKAS CIENU®HUKAIIASA W
KAJIEHJIAPHBIN IUIAH PABOT

To norosopy Ne303 or £ 9. O 3 . 2018 rona

1. PecrnyGamkaHcKoe rocyapcTBeHHOe NPeINpHATHE HA NpaBe X03iCTBEHHOT0
Befenns «Kb3bLI0PAHHCKHIA rocy1apcTBeHnbI yauBepcuTeT HMenn Kopkeir
Ata» Munucrepcersa ofpasoBanus v naykn Pecny6ankn Kazaxeran

1.1 I'lo npuoputeTy: Hayku 0 H3HH U 37I0pOBBE
1.2 Tlo noampuopurery: HaydHO-HHHOBAUMOHHAS OHOMeIMIMHA. - BHOTeXHONOrHH B
Me/IMIMHE X HAHOMETHITMHA
1.3 ITo Teme mpoekta: NeAP05134201 «Paspabotka MymsTH(EPMEHTHBIX GHOCEHCOPOB Ha
OCHOBE TOMMEPHOTO HAHOMATEpHANA. VI3rOTORNEHHE SKCIIEDHMEHTAIBHOIO o0pasua mprbopa-
aHATM3aTOpa C TIONMMEPHBIMA (DEPMEHTHBIMH CEHCOPaMH IUIA ONPEHCIICHHS JBYX METaGonMToB B
GHONOTHYECKIX HKHIKOCTIX)
1.4 O6mas cymma mpoexra 30 000000 (Tpuanarh MH/UTHOHOB) TEHTE, B TOM YHCIE C
pa3OMBKOI 110 roJiam, JUTA BEITOTHEHHS PaGoT COrNaclo Mynkry 3:
-Ha 2018 rox - B cymme 10 000 000 (recsiTh MHUTHOHOB) TEHTE;
- Ha 2019 rox - B cymme 10 000 000 (zecATh MHITHOHOB) TEHTE;
- Ha 2020 rox - B cymyme 10 000 000 (ecsaTh MHIUTIIOHOB)TEHTE.

2. XapaKTepHCTHKA HAYYHO-TEXHHIECKOMH NPOTYKIHH 0 KBATHPHKANHOHHBIM
NpH3HAKAM H YKOHOMHYECKHe M0KA3aTe
2.1 Hanpasnenne paGoTe: paspaboTKa IIHPOKOH FAMMEI ()ePMEHTHBIX H My/TETH()EPMEHTHBIX
GHOCEHCOPOB HA OCHOBE INOJHMEPHBIX HAHOTEXHONOTHH JUISl JIMATHOCTHKH PAavIHYHBIX BEIICCTB B
JKHJIKOCTSX H 06/AAIONIHX KOHKYPEHTHBIMH PEHMYIIIECTBAMH TePE]l CYIIECTBYIOMAMH aHATIOTaMH.
2.2 O6nacTb npuMeHEeHHA: MeMIMHCKAs AMarHOCTHKA.
2.3 Koneunblii pe3ysibTar:

- 3a 2018 rox: MeronaMu ONTHYECKOH CIEKTPOCKOImEH OGYIyT IOMydYeHB! HOBbIC [AHHEIC C
MHKPOKAIICY/IAMH, COICPKAIAMI (epMeHTBL By/eT i3ytena :aboTa HHKAICYMMPOBAHHBIX thepmeHTOB ©
PasTMYHBIMH TIapaMeTpaMH (IHCJIO CI0eB OGOMOHUKH, MOBEPXIIOCTHBIH 3apal, KOHTAaKTHDYIOIIHH ¢
(DePMEHTOM) TIO CIOCOGHOCTH JIETEKTHPOBATH COOTBETCTBYFOIHE CyOeTpatst. TToMyuenb! KHHETHHICCKHCE
XapakrepucTKi. [10/106paHEI Cpebl Ul MCC/ICIOBAHKI BYTyT H3rOTORNEHET (DepPMEHTHBIE CeHCOpbI
F/HITH MEKPOPEAKTOPHI € 33/[AHHBIMH XapaKTePHCTHKAMH. BY/TYT Onpe/ie/ieHb! IMAIas0Hb! NCACTBYOLIMX
KOHIGHTpaIpHit CyGCTPaToB, NONYYeHB! KHHETHUCCKHE XapakrepucTHKH. I[lojoGpanbl cpemsl i
vicere10Banyi. MeTozami cBeToBoii H KOH(OKANBHOMH MHKpICKomisH GyyT nomysesl (ororpadun
MHKDOKANICY/I H TOJMMEPHOro Mokperrus, OG30p JMTeparypLl IO TEME UCCIIC[OBAHMSA, BKIOYAi
GHOCEHCOPHBIC Pa3pabOTKH M TOMMMEPHbIe TeXHOOMHH B Guocencopax. [Toxroroska nyOmmKaimii 1
pabora ¢ perakusvu.Byner omy6muKkopans! JiBe CTAaTLH B PELCH3HPYEMBIX 3apyOexHBIX H
OTeueCTBEHHBIX HAYUIHEIX H3JAHHSX C HEHYJICBEIM HMIaKT-(akTopoM. Byner omyGnmkoana 1
crathst M mTojaHa | CTAaTh B PELEH3HPYEMBIX 3apyOeXHBIX HAyYHBIX MW3IAHHAX,
HHeKcHpyeMbIX B Gazax nannsx WebofScience mimr Scopus ¢ Heiy/iessM HMIAKT-(QakTopos.
ByZeT N0AroTOBIIEH MIPOMEXYTOUHBIH OTYET. '

- 32 2019 rox: By/yT nomyueHs! MEKpOKArCyJIsL, cofepxannie 2-3 depmenta. Mzygena ix padora
[0 CIOCOGHOCTH JIETEKTHPOBATh  COOTBETCTBYIOINME — CYOCTpaTl, MOIy4eHBI —KHHETHYECKHE
XAPAKTEDUCTHKA. DByJeT TNpOBENeHO CpapHerme paGOTsI (JePMEHTOB, HHKAICY/THPOBAHHBX IO
OT/ICTBHOCTH H BMeCTe. By/IyT nomysess!: depMerTbie (U1 panee He HMMOOHI3OBAHIIBIX (epmerToB)
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H MyJbTH(EPMEHTHBIE GHOCEHCOPBL BYTyT ONpeleeHE! IManasoHsr JICHCTBYIOIMX KOHIICHTpAIWi
cyberpatos, nonoGpaHbl CpemBl WA WCCHENOBAHMN H YcnoBHs XpaHeHus. Byner msroromnmen
TIOJTH()EPMEHTHBI MUKPOPEAKTOp, 00ECIETHBAIONTHIA TIPOXOXICHHE CONPSDKEHHBIX peaKiii. [Tomyderst
AAHHbIE O BO3MOXKHOCTH JIETEKTHPOBATH METAbOMHTEI B TECTOBBIX pacTBopax. [1o pesymbTaram paboTs! -
Oyzmer omyGimkoBana 1 crates u mojasa 1 cratss B PEleH3HPYEMbIX 3apyOeXHBIX HAYYHBIX H3/IAHHSX,
HMHIEKCHPYeMBIX B Gasax manHbx WebofScience wm Scopus ¢ HenysiesbmvM AMnakT-pakropoM. Byzmer
T0/1aHa 3a5[BKA Ha IIATeHT. By IeT OIMOTORIIEH IPOMEXKY TOUHEIIH OTYeT

- 32 2020 romByayr ompeleNeHbl NTHTENBHOCTS PabOTH GHONATYHKOB (Henem, Mecsiupl),
BO3MOXHOCTb NIETEKTHDOBATH META0ONHMTHI B KPOBH M MOYe. ByleT M3roromien TIOMH(EPMEHTHBIH
MHKPOPEAKTOP, 0GECICHBAIOLIHY TIPOXOXK/ICHAE COMPSDKEHHBIX ()epMEHTATHBHELX peaktmii. Bymyr
ONPE/ENICHBI MANasOHbl JISHCTBYIONMX KOHLICHTDALH, MOXOGPAHBI Cpelbl I8 HCCIIeNOBAHM,
Toryens! KuHeTHYeCKHe XapakTepucTHiH. Byer OIPOGOBAHEI HECKOJBKO THIIOB sT9eek (IO pasMepy,
00BEMY HCCIIETyeMOM JKHIKOCTH) VIS H3MEPEHHsT 00pasLoB GHOJIOTHYECKHX XKHKOCTell, B TOM Wrc/e
H3MOTORIEHHBIX € MOMOIEI0 3D-npunTepa. OmpoGoBaHb! 2-3 THNA 3MEKTPOXOB C PasHBIMH
XApAKTEPHCTHKAMH 10 JIMANASOHY HCCICAYeMbIX KOHLEHTpaIuii, TOYHOCTH M3MepeRus H T.aLBymyr
BEIODaHBI (hePMEHTHI Ui CO3NAHMS GHOJATIHKA K paspalarsBaeMOMy TpHOOpY-aHAH3aTOpy (2-3
(epmerTa). BytyT BEIGPAHEI METO/TBI PErHCTPAIHH CHIHATOB, PaspaGorano T3 na OKP. Byzer uposeziesa
KOPPCKTHPOBKA 3a4BKH HA NATEHT. YCIpaHEHHe HENOCTATKOB 3asBKH HA MATCHT B COOTBEICTBHE C
TpeCOBAHMAMA TIATEHTHEIX OpraHm3amit. [IpoBeleHHe JOMONHHTE/BHBIX HCCIIeoBaHkl  (TIpr
Heo0xoumocTH). TTo pesyJIsTaTaM POBE/ICHHBIX HCCIIEIOBAHHIT GyJIeT MOATOTOR/EH 3AKITIOMHTE/EHBLH
oryer.Byner omybmikosara 1 crates u momasa 1 crares B PELICH3UPYEMBIX 3apyOEHKHBIX HAYIHBIX
H3/IAHIIX, MHIEKCHPYeMBIX B Gasax marrbx WebofScience mmt Scopus ¢ Henynessv HMTIaKT-(aKTopom.

2.4 TTateHTOCIOCOGHOCTE: Oa

2.5 Hayumo-TexHuuecknit ypoBenb (noBm3na):HoBmza u NPHHIMIHATEHOE OTIIHYHE OT
CYIECTBYOIIX AHATIOTOB IPE/IIAraeMOro NOAX0/1A K CO3/AHHEO GHOCEHCOPOB COCTOHT B HCTIONE30BAHHH
B HAX B KAYeCTBE GMOYYBCTBHTENBHOIO IOKPBITHS MOJHAIEKTPOIHIHOO HAHOMATEpHANA, XOPOLIO
TPOHHI{AEMOTO /Y1l HH3KOMOJIEKYJISPHBIX BEIIECTB H HENPOHHIIAEMOTO 1St hePMEHTOB.

2.6 Hcnonp3opaHue Hay4YHO-TEXHHYECKOH TPOTYKIHH OCYIIECTBIIAETCA: MEIHKO-
JHArHOCTHYECKHE NPENPUATHS.

2.7 BHA HCIONB30BAHHS pe3yNbTaTa HAydHOH M (W) HAYYHO-TEXHHYECKOH
nestenbHOCTH: Cosfanne (JePMEHTHBIX CCHCODHBIX JATMHKOB JUIA IIHDOKOIO CIIEKTpa JIeIIEBBIX,
TIOPTATHBHBIX, JIETKHX B YNPAR/ICHHH GHOCCHCOPHBIX yCTPONCTB-AHAH3ATOPOB PAXIHYHBIX BEIECTB B
KAIKOCTSX. HeKOTOpbIe M3 aHATH30B, BIOMHSBIIMECS paree B CIIEIMATH3IPOBAHHBIX ATHOCTHYECKHX
LEHTPaX, MOXKHO Oy/IeT POH3BOMTHTE B HECTIELHATH3HPOBAHHBIX K/THHHKAX H JAKE B TONICBBIX YCIOBHSIX.

3. HaumenoBanme paGoT, CPOKH HX PeAJH3ALMI H Pe3y/ILTATHI
ludp | Hammenosanme paGot mo | Cpok BHIOTHEHHS OsnaeMBIit pesystsTar
3aanus, | JIOroBOpY H OCHOBHBIE Hayalo | OKOHYa
sTana 9ITanbl €ro BHIOTHEHHS HHE
1 Wsrorornenue u mu3ydenue | Despans no 1 | Byner msroromnen u usydena
paboTs tepvenToro | 2018r. | HosGps | pabora pepmerrHoro
MHKPOPeaKTopa, 2018 r. | MHKpOpeaKTOpa,
TNPE/ICTARIISIONIEN0 TIPEICTABRIAIOLIETO COO00H
TIPEICTARIIOWEro  coboi KOMGHHAIIHIO
KOMOHHAIIIO TIOJIHAJIEKTPOJIHTHEIX CJIOSB H
TIO/HAMEKTPOIHTHEIX  CJI0EB MIKDOKAIICYI C (hepMHTAME.
5 MHKpOKATICY.T P Tlo pesymraram paGors! Gyzer
P — Harmcan 0030p JHTEpaTyphI 10
TEME HCCJIEI0BAHHS, KOTOPBIH
BOMJIET B IPOMEXKYTOYHBIA OTYET.
Byner onyGmkoBaHE 1Be cratsn
B PEIEH3NPYEMBIX 3apyOEKHBIX H
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OTEYeCTBEHHBIX Hay9HBIX
H3J]AHUSX C HEHYJIEBBIM HMIIAKT-
¢axropom. Byzer omy6maxosara
1 crarest 1 1 cratss noaroToRncHA
K I€YaTd B  PeleH3HPYeMEIX

Byner TIO/INOTORTZH
TPOMESKYTOUHBII OTYCT
Ll Hccnenosanmsa  depmentos, | ®eppars no 1 | Bynyr ipoBeneHs! necnenoasis
TIOMEIIEHHBIX B 2018r. HOs6pst | (PepMeIrIos, OMEICHHEIX B
MHKPOKAIICYJIbI 0 2018 r. | MHKPOKANCYJILI C PASTHIHBIMA
Pa3ITHYHBIMHA TIOJHTEKT PO THEIMH
TIOJHANEKTPOTHTHEIMH TIOBEPXHOCTSIMH, 3HAKOM 3apsizia,
TIOBEPXHOCTAMH, ~ 3HAKOM YIHCIIOM CII0EB 0GOTIOHKH
3apAia,  GHCIOM  CIOEB MHKPORHIICYT] MEKDOKAIICY L.
P MHKpOKATICYIT Meronamu orrrugeckoit
MHEKpOKAIICYT CIIEKTPOCKOMHH GY/TyT Oy 4eHLI
HOBBIE JIAHHEIE C
MIKPOKAIICYIIAMH, COTIEPIKAIIETMH
(epmernL Eyzer n3ysena pabota
HHKAIICYTHPOBAIHEIX (DEPMEHTOB
€ PATHIHBIMH NApaMETPaMA
(amcII0 CI1oeB 060MOUKH,
TIOBEPXHOCTHEIH 3aps7I,
KOITAKTWPYIONNIH ¢ hepMerToM)
TI0 CI0SOGHOCTH ACTEKTHPOBATH
COOTBETCTBYIONIHE CYOCTPaThL
BynyT nomydens! KuHeTHYeCKHE
XapakTepHCTHKH. Bynyt
TI0/I00paHBI CPe/Ibl YISt
HCCIIEIOBAHHH. .
1.2 Cosnanme Gepmerrmiex | Hions no | | Gymyr r3rotomiciEr depmerTHLI2
6HOCEHCOpOB wwm | 2018r. HOsi6ps | Guocercops! 1w/wm
MHKPOPEAKTOPOB c 2018 r. | MHKPOPEAKTOPLIC 3aJJAHHBIMH
3JIAHHBIMH XPAKTEPHCTHKAMH (THCTIO CII0ED,
XapaKTepHCTHKAaMI  (YHCII0 3HAK 3aPAa), CII0COGHEIX
CloeB,  3mak  3apsya), JISTEKTHPOBATE COOTBETCTBYIOLLIE
CIIOCOGHBIX  JICTEKTHPOBATE gg‘;’qum B OIIHOIT sideike. =
COOTBETCTBYIOIIIHE MIpEIETICHB JHAasol
cyGcTpars! B O/HOI sraeiike. ACHCTBYIOUHX KORNeHTpaLt
CybCTpaToB, moNy4eHs
KMHETHYECKHC XaPAKTePHCTHKH.
.| BymyT monoGpassI cpens! st
. HCCJIEOBAHITH. .
1.3 HWzyuernue METOIaMH HUrons mo 1 BymyT my4eHs MeTonaMu
CBETOBOH M KoH(OKanbHOH |  2018r. HOAGps | CBeToBCH 11 KOH(POKATBHOR
CIIEKTPOCKOIHeH 2018 r. | CHEKTPOCKOMHH
TIOJTHIEKTPOIHTHOTO TIOJHAICKTPO/IATHOTO
GHOUYBCTBHTEITEHOTO GHOUYBCTBHTEITEHOIO TIOKPEITHS X
€0 COCTABHBIX YacTei.

TIOKPBITHA H €10 COCTABHBIX

Meroname cBeToBo# H
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KOH(OKATEHO# MHKPOCKOHEH
GynyT nosyders! dororpadm
MHFPOKAIICYJT H TIOIHMEPHOTO

TIOKPBITHS

14

OG30p mareparypsI o Teme
HCCIIEIOBAHMS, TIOATOTOBKA
nyommkampmis.  TlogroToska
TIPOMEKYTOYHOIO OTYETa

OkTs6ps
2018r.

nol
HOAOps
2018 .

Byner nposezies o63op
JHTEpATypPBI 110 TeMe
HCCIE/IOBAHHA, BKIOYAT
GHOCEHCOpHEIE paspaboTKy i
TIOJIMEPHER: TEXHOJIOTHH B
6Guocencopax. Byayr
TIO/rOTORJICHB! ITYO/IHKAIH B
poBeicHa paboTa C peaKITHsMIL.
Tlo pesymsTaram paBots: Gyzer
TIOINOTOWIEH IPOMEXYTOUHBIE
oryer

PaspaGorka TEXHOJIOTUH
H3TOTORJICHHS
MyJIETH()EPMEHTHOrO
MHKpPOpeaKTopa,
CoJiepIKaIIero B
GHOUYBCTBHTENEHOM
TOKpEITHH 2-3 (hepMerTa

Deppanb
2019 r.

mo 1
HOAOps
2019 .

Byner paspaGorana Texnonorns
IBIOTORMIEHIIN
MyJbTH(EPMEHTHOrO
MHKPOPEAKTOPa, COZIEPIKALLETO 1
GHOUYBCTBHTE/IBHOM NIOKPBITHH 2-
3 epmenTa.

Pesymsrarer pabor 6ymyr
JIOTIOKEHBI Ha MEXTyHAPOIHOMH
KoH(epenmut. Byxer )
onySmmkosana 1 cramesu 1 crares
TIO/IAHA PELICH3HPYEMBIX
3apyOEKHBIX HayIHBIX H3IAHKSX,
HHJIEKCHPYCMBIX B 6a3ax JaHHBIX
WebofScience wm Scopus ¢
HEHYJIEBLIM HMITAKT-(PaKTopom.
Byzer nonana 3aspka na narent
Byner noarotornen
TIPOMEXKYTOUHBIH OTYeT.

2.1

ITpopenenue
TIOJINOTOBHTEBHBIX
UCCIIENIOBAHMI 110 CO3LAHMIO
MyJBETH(EPMENTHBIX
CEHCOPOB  C  NOMOLIBIO
MHKPOKAIICYT, CONEPKAIIAX
OT OJIHOTO JI0 HECKOJBKHX

depmerTOB

ODeppans
2019r.

no 1
HOsOps
2019r.

Byayt npopenentt
TO/TTOTOCITCIIBHBIC HCCIIEI0BAIIHS
TI0 CO3JAIHIO, MYTETH(EPMEHTHBIX
CEHCOPOB C IOMOIITHIO
MIHKPOKATICYJL, COZSPHKALIFX OT
OJIFIONO JI0 IICCKOJIEKHX .
(PSPMEHTO3.

BynyT nomyuens: MUKpokancys:,
cozeprkanme 2-3 depmenTa. Byrer
H3ydena Hx pabora 1o
CTIOCOGHOCTII ICTEKTHPOBATH

22

Cosnarme  epMeHTHBIX M
MYTETHEPMEHTHBIX

(comepalIX  HECKONHKO
HE3aBACHMBIX  (DepMEHTOB)

Deppans
2019r.

zo |
HOAOps
2019r.

Bynyr co3nasel pepmenTHbIe 1t
MYNBTIEHNETITHEIS
(cortepKalIie HeCKOIBKO
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Abstract—In the last decade, significant progress has been made in the development of enzyme biosensors,
which are used in pharmacology, clinical practice, agriculture, food quality control, monitoring of infectious
disease pathogens, and the spread of environmental pollution factors. The functioning of the amperometric
multi-enzyme biosensors is based on natural recognition mechanisms. For the best efficiency, the design of
the biosensor should enable the analyzed substances to freely interact with enzymes involved in catalytic reac-
tions; this requires knowledge of both the properties of the medium under study and the properties of the ana-
lyzed substances. To detect, recognize, and evaluate the concentration of substances in the medium it is also
necessary 1o Lake [actors that can suppress or distort the signal into account, which may be due (o the inter-
action of biosensor components with each other and with molecules of the studied medium. These factors
can change not only during storage or after repeated usc of a biosensor, but also during a single measurement.
Significant progress has been achieved in improving the design of biosensors in the process of development
of measuring equipment. This review considers the development of the most interesting and promising trends

in the development of amperometric multi-enzyme biosensors that have emerged in recent years.

Keywords: biosensor, multi-enzyme complexces, cascade reaction, metabolites
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INTRODUCTION

Multi-enzyme biosensors are a type of enzyme bio-
sensor in which the recognition system consists of two
or more enzymes using cascades of enzymatic reac-
tions | 1—6]. Their occurrence was caused by the need
to increase the sensitivity, selectivity and range of ana-
lyzed substances. In some cases, biosensors based on a
single enzyme cannot be used to detect the analyzed
compound. Therefore, researchers use biosensor s
tems consisting of several enzymes that provide a
cade of multi-enzyme reactions. The use of multi-
enzyme cascade reactions in biosensors has a signifi-
cant advantage over biosensors that contain only one
enzyme according to a number of indicators |7].
Multi-enzyme biosensors are widely used in pharma-
cology and clinical diagnostics [5, 6, 8, 9], food anal-
ysis [10—14], and environmental monitoring [15, 16].
Electrochemical biosensors have been developed to

Abbreviations: NAD', nicotinamide adenine dinucleotide;
NADH, reduced form of nicotinamide adenine dinucleotide:
CholOx, cholesterol oxid: CholEst, cholesterol esterase
PtNP, platinum nanoparticles; 1TO, indium and tin oxide;
HRP, horseradish peroxidase.

quantify the concentration of biochemical metabolites
[7]. Early diagnosis of diseases such as Parkinson’s,
Alzheimer’s, diabetes, and various types of cancer, as
well as monitoring patient responses to therapy, plays
a crucial role in the treatment of diseases. The analysis
of nutrients in foods is important for quality control in
the food industry. Glucan, L-lactate [17], polyphenol
[18] and sulfites [19] are typical target analytes for
multi-enzyme biosensors in food analysis.

Biosensors that use carbon nanomaterials have
become important tools in the recognition of bio-
markers in which electrode materials and architecture
play a crucial role. Carbon nanomaterials in the form
of sheets, particles, dots, tubes, and wires have
recently become indispensable elements of biosensor
platforms due to their excellent mechanical, elec-
tronic, and optical properties [20—25]. This brief
review discusses the basic principles of biosensor
development based on cascade multi-enzyme reac-
tions and their application in practice.
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BASICS OF BIOSENSORS

Biosensors are based on the natural ability of anti-
bodies and enzymes to recognize different molecules
dissolved in the environment or in liquids inside ani-
mals and plants, including cells and tissues. When cre-
ating biosensors, detectors are used to convert the rec-
ognition signal into physical or chemical processes
that can be recorded by specialized detectors designed
to convert the detected changes into an electric current
(Fig. 1).

Calorimetric detectors are used to detect heat in
calorimetric biosensors [27]; electrochemical detec-
tors are used to detect moving charges in electrochem-
ical biosensors [28]; optoclectronic devices are used to
detect quanta of light in optical biosensors [29], and
piczoclectric detectors are used to detect mechanical
impacts in piezoelectric biosensors [30]. The received
electrical signals are amplified, after which they are
subject to analysis, visualization, and storage.

AMPEROMETRIC BIOSENSORS

The biosensors whose work is based on the usc of
electrochemical reactions that affect the electric cur-
rent in a system are called amperometric biosensors.
Extensive research in this area has been carried out in
recent years. A wide variety of biosensors has been cre-
ated, which can be divided into at least three genera-

BIOPHYSICS  Vol. 64
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tions according to the method of clectron transport
used in their design.

In the first generation of amperometric biosensors,
the enzyme is immobilized on the surface of a trans-
ductor, which is able to detect the transformation of
the substrate into an clectroactive product resulting in
hydrogen peroxide (Fig. 2). Electrons are transferred
to oxygen during the redox reaction resulting in a
change in the concentration of hydrogen peroxide,
which can be detected by the magnitude of the clectric
current. The concentration of the analyzed com-
pounds is measured in this manner [7, 31, 32].

Usually two main classes of enzymes are used,
namely, oxidases and dehydrogenases. These enzymes
usc nicotinamide adenine dinucleotide (NAD') or
nicotinamide dinucleotide phosphate, adenosine tri-
phosphate, flavin adenine dinucleotide and its
reduced form as coenzymes, which are subjected to
cyclic oxidation—reduction processes that are needed
to allow mcasurcment.

Flavin adenine dinucleotide was the most common
cofactor in the first gencration biosensors based on the
use of oxidases. These biosensors can track the pro-
duction of hydrogen peroxide at the anode potential of
+0.7 V against the silver chloride electrode
(Ag/AgCl), or oxygen consumption at the cathode
potential of —0.7 V against Ag/AgCl. These biosensors
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depend on the presence of oxygen in the medium as an
electron acceptor, which can lead to measurement
crrors if the concentration of oxygen dissolved in the
medium changes. Therefore, they are ineffective in
measurcments under anacrobic conditions, such as
ischemia.

First-generation dehydrogenase-based biosensors
depend on the presence of the reduced form of nico-
tinamide adenine dinucleotide (NADH), which is
required to produce a signal; this becomes problematic
when implantable sensors are used. The advantage of
the first-generation sensors is a short response time
(approximately | s) and high sensitivity. However, in
order to increase the reproducibility of the data, these
biosensors often need pretreatment of the electrodes
before operation and may also be influenced by exog-
enous factors, as a result of which a correction of the
data may be necessary. These shortcomings can be
most evident in measurements in complex biological
media [33].

Biosensors of the second generation use mediators
as oxidizers, which function as clectron carriers. This
allows one to work with low potentials and eliminates
the influence of oxygen and interference with other
chemical agents. Ferrocyanide and ferrocene are the
best-known mediators. Methylene blue, methyl violet,
alizarin yellow, Berlin azure, thionine, lapis lazuli A
and C, and toluidine blue should also be mentioned
134].

Electrocatalysis is used in biosensors of the third
generation, due to which there is a direct transfer of
clectrons between the enzyme and the clectrode.
Redox polymers are used to electrically conduct the
signal from the site of the redox reaction on the
enzyme to the electrode surface. Currently, such bio-
sensors are under development and are little used in
practical work [32], although numerous laboratory
studies are known. As an example, a biosensor has
been created recently to detect p-hydroxyphenyl ace-
tate, which is a biomarker of urinary system diseases;
it contained bacterial reductasc enclosed in an clectri-
cally conductive redox polymer; this enabled reliable
measurements of the concentration of the analyzed
compound [35]. In another study, a highly sensitive
amperometric acetylcholinesterase biosensor based on
a conjugated polymer and a metal-containing nano-
composite was created to detect organophosphorus
pesticides [36].

MULTI-ENZYME AMPEROMETRIC
BIOSENSORS

Bioscnsors may contain onc or morc cnzymes.
Biosensors containing two or more enzymes are called
multi-enzyme biosensors; they are more effective than
mono-enzyme biosensors. The main principle of
multi-enzyme electrochemical biosensors is based on
cascades of multi-enzyme reactions |37] that contain
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Fig. 3. Types of multi-enzyme cascade reactions: (a) a cas-
cade reaction of nonredox-conversion and redox-conver-
sion enzyme pairs; (b) a cascade reaction of an oxidase—
horseradish peroxidase enzyme pair; (c) a cascade reaction
of a dehydrogenase—diaphorase enzyme pair. Designa-
tions: a, substrate (analyte); b, enzymes of conversion; ¢,
intermediate reagent; d, redox enzymes; EP, electroactive
product. Adapted from [37].

pairs of redox enzymes and other enzymes that are
able to convert an analyte into a particular form, which
can be oxidized in the following reaction with a redox
enzyme [37]. Any possible enzymes, such as kinases,
transferascs, invertas and hydrola an be used as
nonredox enzymes for the conversion reaction of the
analyzed compound. Cascade enzymatic reactions of
these redox—nonredox enzyme pairs lead to the for-
mation of hydrogen peroxide as an electroactive prod-
uct that is capable of generating clectrochemical sig-
nals (Fig. 3).

A NAD"-dependent dehydrogenase, such as lac-
tate dehydrogenase, can be combined with diapho-
rase, which oxidizes NADH, as a oxidase—peroxidase
pair. The reaction of the dehydrogenase with an ana-
lyte results in oxidized substrates and NADH. Dia-
phorase re-oxidizes NADH into the oxidized form of
NAD™ and generates electrochemical signals on the
electrode. In this case, the diaphorase reaction effec-
tively recycles NAD™/NADH and finally provides an
enhanced clectrochemical signal. Electrochemical
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Fig. 4. A diagram of a matrix-bond three-enzyme system. Abbreviations: B-Gal, B-galactosidase; HK, hexokinase; G-6-PDG,

glucose-6-phosphate dehydrogenase. Adapted from [39].

methods of signal recording are used in most develop-
ments of multi-enzyme biosensors with cascade
chemical reactions [38].

The first artificial bi-enzyme system consisting of
immobilized enzymes of hexokinase and glucose-6-
phosphate dehydrogenase covalently bound to a poly-
meric carrier was designed by K. Mosbach in 1970
[39]. It has been shown that the efficiency of spatially
organized enzyme system is higher compared to
enzymes in solution in free form. The same authors
proposed a three-enzyme system for the first time,
namely, B-galactosidase—hexokinase—glucose-6-
phosphate dehydrogenase [40] (Fig. 4), which was
proposed to obtain the cumulative effect.

Three enzymes were immobilized on the surface of
a reinforeed cross-linked polymer matrix [41]. It was
shown that the kinetic behavior of a matrix-bound
three-enzyme system was more efficient compared to
a similar system consisting of three unbound cnzymes
in solution. In this case, the increase in the efficiency
of the immobilized system becomes more noticeable
with the increase in the number of enzymes that arc
involved. Currently, there are several dozen immobi-
lized multi-enzyme complexes consisting of two,
three, four, or more enzymes, whose cffectiveness is
much higher than that of free cnzymes, duc to the
local concentration of substrates included in the sys-
tem [42—44].

THE LATEST DEVELOPMENTS IN THE FIELD
OF MULTI-ENZYME AMPEROMETRIC
BIOSENSORS

Biosensor technologies based on the use of redox
enzymes are one of the fastest growing areas of analyt-
ical chemistry due to their high sclectivity, sensitivity,
speed and reliability of measurement, compactness,
and relatively low price [2]. The research and develop-
ment of multi-enzyme biosensors for monitoring
some clinically important metabolites over the past
10 years are presented below.

BIOPHYSICS

Vol.64 No.5 2019

Determination of Cholesterol in the Blood

High cholesterol in the blood is closely related to
coronary heart discase, atherosclerosis, myocardial
infarction, brain thrombosis, lipid metabolism disor-
ders, hypertension, etc.; therefore the development of
sensitive methods for its determination is important
for diagnostic purposes [45]. Early development of an
electrochemical biosensor for the determination of
cholesterol was based on the direct transfer of elec-
trons between cholesterol oxidase (CholOx) and the
surface of the electrodes |46, 47]. Cholesterol determi-
nation was carried out with cholesterol oxidase and
cholesterol esterase (CholEst) enzymes.

A biosensor was created later for cholesterol deter-
mination, in which cholesterol oxidase and cholesterol
esterase were covalently immobilized on a graphite
electrode functionalized with graphene [48]. When
determining  free  cholesterol, the  CholOx—
graphene/graphite electrode showed a sensitivity of 50
to 350 uM (R = —09972) with a detection limit of
5 UM of cholesterol; joint immobilization of CholEst
and CholOx at a (CholEst/CholOx)—graphene/
graphitc modificd clectrode showed a lincar range for
total cholesterol from 50 to 300 pM (R = —0.9982)
with a detection limit of 15 pM. At the same time, glu-
cose, ascorbic acid, and uric acid did not cause any
interference due to the use of a low operating poten-
tial.

A titanium clectrode was modified by three
enzymes, cholesterol oxidase, cholesterol esterase,
and horseradish peroxidase (HRP) for estimation of
total cholesterol by a multi-enzyme biosensor [49].
The cascade enzymatic reaction for the determination
of cholesterol consists of a redox—nonredox and
redox—redox enzyme pair (Fig. 5).

The biosensor was manufactured by the joint immo-
bilization of three enzymes on nanoporous gold grids
directly grown on a titanium substrate (Ti/NPAu/
CholOx—HRP—CholEst). Electrochemical characteris-
tics of biosensor Ti/NPAu/CholOx—HRP—CholEst,
studicd by cyclic voltammetry, showed its high sclectivity
and sensitivity (29.33 HMA mM~! c¢cm™2). The biosensor
ted on real samples of margarine, butter, and fish
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Fig. 5. A diagram of a three-enzyme cascade reaction and electrochemical signaling. Adapted from [49].

oil, showing the possibility of using it as a tool for detect-
ing cholesterol in food and additive quality control.

In addition, an attempt was made to develop a
three-layer nanocomposite film based on platinum
nanoparticles (PtNP) and polypyrrole to estimate
total cholesterol using impedance spectroscopy [50].
Changes in the impedance of nanobiocomposite clec-
trodes were used to measure the concentration of cho-
lesterol oleate. The Impeda biosensor was fabricated
based on platinum nanoparticles and a multilayer
nanocomposite electrode made of polypyrrole. Its
advantage is casc of manufacturc [50]. Platinum
nanoparticles were electrochemically deposited
between two layers of polypyrrol on glass plates of
indium and tin oxide (1TO) (PtNP/polypyrrol/ITO);
they had a high electroactive surface area and served as
a favorable microenvironment for the immobilization
of CholEst and CholOx, which led to the efficient
transfer of electrons between the enzyme system and
the electrode. The CholEst—CholOx/PtNP/ITO
electrode had linearity of parameters in the range from
2.5-10*10 6.5 - 10~ M/L, a low sensitivity threshold
(2.5-10~* M/L), a rapid response time (25 s), and high
sensitivity (196 Q/mM/cm~2). The unique features of
the CholEst—CholOx/Pt-NP/polypyrrole/ITO na-
nobioelectrode included a low cost of manufacture,
ease of measurement, reusability, minimal interfer-
ence, and a very low Michaelis constant. The authors
note that the drawbacks of impedance measurement
arc the semi-logarithmic dependence of the calibra-
tion curve and the choice of a representative scheme
from the Nyquist graphs (the amplitude-phase fre-
quency response).

As noted above, the development of an electro-
chemical cholesterol biosensor based on the direct
transfer of electrons between cholesterol oxidase and
the clectrode surface limited the analytical cfficicncy
ofthe sensors. Voltammetry as an analytical technique
provides greater accuracy than amperometric methods
[46, 47]. The use of horseradish peroxidase makes it
possible to convert the oxidized state to the reduced
statc and back with the participation of the heme
group of HRP [45].

A voltammetric sensor was fabricated by co-immo-
bilization of two enzymes, cholesterol oxidase and
HRP, on porous graphite for determination of total
cholesterol [51]. The sensor was sclective and showed
resistance to interference, such as ascorbic acid, glu-
cose, lactic acid and uric acid; it had high stability,
sensitivity (16 JA mM~' ecm~2), and a linear range of
up to 300 mol/dm? under conditions close to physio-
logical (pH 6.86), which determined its prospects for
use in clinical practice.

DNA is widely used in biosensors as a biorecogni-
tion clement, as well as a building block in nanode-
vices [532]. Modified DNA materials for the immobili-
zation of enzymes such as horseradish peroxidase [53]
and glucose oxidase [54] are used to make biosensors.

Silver-coated Fe;0,—Ag-NPs magnetic nanoparti-
cles were synthesized, in which Fe;O,NP (magnetite)
was used as a core and Ag- NP (nanoparticles of silver)
were used as an envelope [55]. Cholesterol levels were
determined by cyclic voltammetry with a detection
limit of 5.0 mg/dL and a linear range from 5.0 to
195 mg/dL. It was found that interference caused by
the presence of glucose, ascorbic acid, and acetamin-
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Fig. 6. A diagram of a threc-enzyme cascade reaction used in an clectrochemical biosensor for creatinine. Adapted from [62].

ophen had no significant effect on the biosensor, indi-
cating its high selectivity. The high sensitivity of the
biosensor was due to the large surface arca for efficient
enzyme loading. A SiO,/Fe;0,—Ag—DNA nanocom-
posite had good compatibility with enzymes and good
conductivity. Different types of cholesterol biosen-
sors, as well as prospects for their further improvement
and commercialization, were discussed in a recently
published review [56].

Creatinine Biosensors

Creatinine is formed as a result of the cleavage of
creatine and phosphocreatine; it serves as an import-
ant indicator of renal function in clinical analysis [57,
58]. Traditional methods for determining creatinine,
such as colorimetric, spectrophotometric, and chro-
matographic methods, have a number of drawbacks,
in particular, laboriousness, the need for pre-process-
ing of samples, expensive equipment and high require-
ments for the qualification of specialists. In contrast,
biosensors are easy to use, cost-effective and highly
sensitive [58—60].

Three enzymes, creatinine amidohydrolase, cre-
atine amidinohydrolase, and sarcosine oxidase, were
immobilized on a platinum clectrode coated with a
film of nanoparticles zinc oxide/chitosan/carboxi-
lated carbon nanotubes/polyaniline to create a creati-
nine biosensor [61]. The electrode detected a creati-
nine level of 0.5 pM for 10 s at pH 7.5 and 30°C; it was
characterized by a working range of 10—650 uM, a
sensitivity of 0.03 A pM~' cm~2and only 15% loss of
the initial response in 120 days when stored at 4°C.
The device has been successfully used to detect creati-
nine in human serum. In another work [62] the same
authors developed a creatinine biosensor using a car-
boxylated multi-walled carbon nanotube (¢c-MCNT)
and a polyaniline modified electrode. The nanocom-
posite film of ¢-MCNT /polyaniline was clectrode-
posited on the surface of a platinum electrode to man-
ufacture a multi-enzyme modified clectrode. Three
enzymes (creatinine amidohydrolase, creatine amidi-
nohydrolase, and sarcosine oxidase) were covalently
immobilized on the activated carbon electrode using
1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide/
N-hydroxysuccinimide for determination of creati-
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nine. Direct oxidation of hydrogen peroxide, which
was generated as a result of a cascade of enzymatic
reactions, was used for clectrochemical signaling
(Fig. 6).

The biosensor was characterized by a linear
response range from 10 to 750 uM of creatinine with a
detection limit of 0.1 pM; it was successfully used to
determine creatinine in human serum samples. In
another study [60], the same authors developed a bio-
sensor in which the commercial enzymes creatininase
from Pseudomonas sp., creatinase from Pseudomonas
sp. and sarcosine oxidase from Bacillus sp. were jointly
immobilized on iron oxide/chitosan—graft—polyani-
line nanoparticles (Fe;0,—NPs/CHIT-g-PANI). The
biosensor was characterized by a response of 2 s at
pH 7.5 and 30°C, a lincar dependence on creatinine
concentration in the range from 1 to 800 uM, a sensi-
tivity of 3.9 pA uM~" cm~2 with a detection limit of
I UM (S/N = 3), and 10% loss in its initial response
after 120 uscs for 200 days and storage at 4°C.

An improved amperometric biosensor for detection
of creatinine based on the immobilization of nanopar-
ticles containing creatininase, creatinase, and sarco-
sine oxidase on a glassy carbon electrode has been
developed [59]. The biosensor had a response of 2 s at
pH 6.0in 0.1 M sodium phosphate buffer at 25°C. The
biosensor had a wide linear range from 0.01 uM to
12 uM with a detection limit of 0.01 pM. There was a
good correlation (R? = 0.99) between serum creatinine
levels in healthy individuals and patients with renal
and muscular dysfunction obtained by standard enzy-
matic colorimetric method and using the biosensor.
The loss of initial electrode activity was only 10% after
240 days of regular use and storage at 4°C.

Determination of Triglycerides in the Blood

Triglycerides are the main carriers of fats in the
blood. In addition to transporting fat, triglycerides
also act as accumulated fat in adipose tissue, which is
used when there is insufficient intake of carbohy-
drates. Lipopolysaccharides are the carriers of fat in
the blood. Elevated triglyceride levels in the blood
exceeding 500 mg/dL may increase the risk of cardio-
vascular discase [63], vascular dementia and diabetes
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[64]; thus, the determination of triglycerides in the
blood is very important in clinical diagnostics. Tri-
glyceride biosensors based on nanomaterials are capa-
ble of measuring triglyceride levels in fruit juices, bev-
erages, serum and urine [65]. These biosensors are not
sufficiently advanced for wide practical application,
further studies are required to improve their reliability
and cfficiency [66, 67].

Various methods are used for the determination of
triglycerides, such as colorimetric [68], spectrophoto-
metric [69], chromatographic [70], fluorometric [71],
and a number of other methods, including measure-
ment by biosensors as the simplest, fastest, and most
economical method. Biosensors for triglycerides are
based on the principle of generating an clectric signal
proportional to the amount of the analyzed compound
[72]. Among different classes of biosensors based, for
example, on conductive polymers and metal oxides,
biosensors with infrared fibers, and microgel optical
biosensors, electrochemical biosensors are the most
sensitive, simple, specific, and economical [73—76].

Electrochemical biosensors for triglycerides are
classified, according to the principles of their mea-
surement, into potentiometric, amperometric,
impedimetric, and conductometric sensors, biosen-
sors based on metal oxide, optical biosensor, biosen-
sors based on microgel, and biosensors based on
enzyme nanoparticles.

Potentiometric biosensors for triglycerides are
based on lipase-catalyzed hydrolysis of tributyrin into
glycerin and free fatty acid (butyric acid). The produc-
tion of fatty acids causcs a change in pH of the reaction
buffer, which is measured using the open-circuit
potential [77]. These bioscensors generate a constant
potential, which is dependent on the concentration of
the analyzed compounds [78].

In the amperometric mecthod, the current is
directly proportional to analyte concentration (tri-
glycerides) [79]; the biosensor compriscs two or three
electrodes, in which H,0, is generated from tri-
glycerides in a lipase, glycerolkinase, and glycerol-3-
phosphateoxidase/dehydrogenase cascade reaction.
The produced H,0, is decomposed at high voltages to
generate electrons (Fig. 7).

Amperometric biosensors for triglycerides were
fabricated on the basis of joint immobilization of
lipase, glycerol kinase, and glycerol-3-phosphate oxi-
dase on the nanoparticles of nickel oxide—chitosan
[80], on chitosan and ZnO nanoparticles (ZnONPs)
[81], and on chemically synthesized particles of
Au/nanocomposite of poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate [82].

An electrochemical biosensor for triglycerides was
developed by applying lipase, glycerol kinase, and
glycerol-3-phosphate  oxidase onto the polymer
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matrix by electrostatic forces and subsequent stabiliza-
tion by covalent cross linking. It was able to measure
the level of triglycerides in the serum of patients with
skin diseases [83]; it was easy to manufacture, had a
stable adhesion of enzymes, and a long lifetime of the
electrode. The drawbacks of the biosensor could
include heterogeneity of dispersion of the conductive
polymer, chemical instability, and poor manufactur-
ability.

An efficient electrochemical biosensor for tri-
glycerides, in which enzymes were covalently co-
immobilized on a modified glassy carbon clectrode
(MNPCHIT/ZnO-ZnHCF/GCE), was of consider-
able interest associated with an ability for significant
signal amplification and high stability during storage
[84].

In the amperometric bionanosensors for tri-
glycerides, aggregates of nanoparticles of lipase from
porcine pancreas, glycerol kinase from Cellulomonas
sp. and glycerol-3-phosphate oxidase from Aerococcus
viridans were linked with glutaraldehyde and function-
alized with cysteamine. The obtained enzyme
nanoparticles were covalently immobilized on a poly-
crystalline Au electrode via thiolated bonds [85]. The
bioscensor showed an optimal current at 1.2 Vfor 5, at
pH 6.5 and 35°C. In addition, a linear relationship
between current (mA) and triolein concentration in a
wide range of low concentrations was obtained. The
detection limit of triglycerides was 1.0 pg/mL. A good
correlation (&2 = 0.99) between the content of tri-
glycerides in serum measured by the biosensor and the
standard colorimetric enzymatic method was
obtained. The electrode was used 180 times over
3 months with a loss of 50% of its activity when stored
in a dry place at 4°C.

An improved amperometric triglyceride biosensor
produced with nanoparticles containing commercial
lipase from Candida rugosa and glycerol kinase from
Cellulomonas, as well as glycerol-3-phosphate oxidase
from Aerococcus viridans, which were immobilized on
a pencil graphite clectrode, showed an optimal
response for 2.5 s at pH 7.0 and 35°C. The electrode
had high sensitivity (1241 + 20 pJA cm=2 mM~'), a low
detection limit (0.1 nM), and a good correlation cocf-
ficient (R? = 0,99) with the standard enzymatic colo-
rimetric method. The biosensor was used to determine

BIOPHYSICS  Vol. 64

No.5 2019

triglycerides in the serum of healthy individuals and
patients with hypertriglyceridemia. The loss of its ini-
tial activity after prolonged use for 240 days when
stored at 4°C was only 20% [86].

Determination of Methyl Salicylate

Volatile organic compounds arc considered as
important marker chemicals for the detection of plant
diseases caused by pathogens. Methyl salicylate is one
of the most important volatile organic compounds
released by plants during biotic stress, such as infec-
tion by pathogenic fungi.

The development of a fast, sufficiently sensitive,
reliable, non-destructive, and field-friendly method
for the detection of methyl salicylate in infected plants
is very important for the detection of infection at an
carly stage. A multi-enzyme amperometric sensor on
the basis of a modified bi-enzyme stencil electrode has
been developed for the detection of methyl salicylate
87, 88]. A sensor based on a three-cnzyme system has
been proposed for direct detection of methylsalicylate
secreted by infected plants (Fig. 8).

The use of multi-enzyme electrochemical sensors
of methyl salicylate has a number of advantages in
comparison with other methods due to their reliabil-
ity, sensitivity, and the possibility of quantitative anal-
ysis [87, 89]. In the proposed design of the biosensor,
methyl salicylate released from infected plants was
hydrolyzed by esterases to methanol and salicylic
acid (1); the formed salicylic acid was then converted
to catechol by salicylate hydrolase, which was also
immobilized on the stencil electrode (11). The result-
ing catechol was then oxidized by tyrosinase to form an
electroactive  compound, 1,2-benzoquinone (111},
which was further reduced to catechin on the surface
of the stencil electrode, contributing to the generation
of electric current (1V). The concentration of methyl
salicylate was inversely proportional to the current at
the cathode. The biosensor sensitivities determined by
cyclic voltammetry and constant potential amperom-
ctry were 112.37 and 282.82 pA cm—2 mM~', respec-
tively, and the detection limits were 22.95 and
0.98 UM, respectively.
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Determination of the Content of Sugars
and Their Derivatives

L-lactate is a key agent that is formed as a result of
anacrobic metabolism of glucose in the body; its
determination is very important in clinical diagnostics
190, 91], in sports medicine |92, 93], and in food qual-
ity analysis [94, 95]. Electrochemical biosensors have
many advantages in the determination of lactate such
as speed, high specificity, low cost, and the ability to
miniaturize/integrate into circuits to perform auto-
matic sensing compared to various analytical methods
[73, 96].

A simple and sensitive impedance bi-enzyme bio-
sensor based on lactate dehydrogenase and pyruvate
oxidase has been developed [97], which had high sta-
bility during operation and storage, as well as high
selectivity with a detection limit of 17 and 20 uM for
the layers of lactate dehydrogenase and pyruvate oxi-
dase, respectively (Fig. 9).

An original method of combination of lactate
dehydrogenase and pyruvate oxidase has been pro-
posed for the determination of L-lactate, by which a
biosensor was prepared by drip coating of the electrode
surface with dehydrogenase, NAD' and pyruvate oxi-
dase by screen printing using a vapor of glutaralde-
hyde. The determination of L-lactate in complex
matrices has shown the applicability of an impedance
multi-enzyme biosensor for food quality analysis and
clinical diagnostics.

The lactate oxidase, peroxidase, and glucose oxi-
dase enzymes were encapsulated into micron-sized
polyclectrolyte capsules for the simultancous detec-
tion of oxygen, glucose, and lactate using a single sen-
sor [98]. The microcapsules were prepared by layer-
by-layer deposition of oppositely charged polyelectro-
lytes: polyallylamine hydrochloride and polystyrene
sulphonate on CaCOjs particles, resulting in the for-
mation of a polystyrene sulphonate/polyallylamine
hydrochloride envelope. The enzymes were located in
the inner part of the capsule, while fluorescent dyes
were attached to the surface, which were retained due
to electrostatic and hydrophobic interactions with
polyclectrolytes of multilayer envelopes [98].

Gluconic acid, which isa product of glucose oxida-
tion, is widely distributed in nature and is present in
various food products [99]. An amperometric biosen-
sor that uses multi-enzyme cascade consisting of glu-
cosidase, creatine kinase, sarcosin oxidase, and perox-
idase has been developed for the determination of glu-
conic acid [12]. Enzymes were immobilized between
chitosan layers on the surface of a flat nanocomposite
electrode containing multi-walled carbon nanotubes.
The medium for the measurements contained adenos-
ine triphosphate, creatine phosphate, and hexacyano-
ferrate(1l) as a redox mediator. The response to the
presence of gluconic acid in the medium was mani-
fested as a change in the current measured at a con-
stant voltage of —50 mV. The biosensor had linearity in
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Fig. 9. A diagram of an L-lactate-selective impedance bio-
sensor based on a bioselective membrane. Abbreviations:
GA, glutaraldehyde; PyrOx, pyruvate oxidase; BSA,
bovine serum albumin; LDH, lactate dehydrogenase.
Adapted from [97].

the range from 4 to 620 uM with a detection limit of
2.6 UM, sensitivity of 45.3 nA pM~'cm~2 and the
responsc time of 70 s. The advantage of this design was
also that the enzymes used to create the biosensor were
affordable, cheap, stable, and function efficiently
under suitable working conditions, which made it pos-
sible to produce sensitive, reliable, and stable biosen-
sors. This multi-enzyme biosensor was used for the
analysis of gluconic acid in various worts and wines
without any pre-treatment. The results obtained using
the biosensor did not differ from the results of refer-
ence measurcments by liquid chromatography. A bi-
enzyme biosensor based on horseradish peroxidase
and glucose oxidase was constructed by in situ hybrid-
jzation of a covalently bond organic-inorganic bio-
composite film, which had high stability in an acidic
solution [100]. Glucose oxidase and [-galactosidase
were co-immobilized on a graphite working electrode
in a three-clectrode amperometric biosensor for the
detection of two different saccharides, that is, lactose
and glucose, in aqucous solutions [11]. The lactose
biosensor had a linear range up to 0.010 mM with a
detection limit and sensitivity of 0.001 mM and 850 =
81 HA /mM, respectively; it was tested on real samples,
fruit juices, skim milk, and milk whey.

OTHER MULTI-ENZYME BIOSENSORS

The use of fluorescent dyes is a promising direction
of biosensor development, which are usually enclosed
in capsules, in various matrices [ 101, 102] or envelopes
[103], designed in such a way as to facilitate the inter-
action between the analyzed compound and the sensi-
tive material. The encapsulation of sensitive material
in multilayer nanostructures obtained by sequential
adsorption of positively and negatively charged polye-
lectrolytes is a widespread approach in the manufac-
ture of sensors of this type, which was first described
in the early 2000s [104, 105]; later it received signifi-
cant upgrading and was uscd in a varicty of applica-
tions [ 106—109].
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As an example, the possibility of joint encapsula-
tion of enzymes with sensitive dyes in micron-sized
polyclectrolyte capsules was shown in [98]. The multi-
component structure of the capsules [110] enabled
production of chemical bioscnsors for detecting both
oxygen and glucose with one capsule [98]. Potentially,
the capsules can be located inside the cell [111, 112]
and track changes in the concentration of metabolites
throughout the life cycles of the cells. Studies have
shown that millimolar concentrations of such sub-
stances as glucose and lactate can be reliably detected
by fluorescence. Thus, the joint encapsulation of an
enzyme and fluorescent dye, which enables optical
monitoring of biologically important metabolites in a
single microcapsule, is a unique system for real-time
investigation of the microenvironment in the cyto-
plasm.

Studies have been performed on multi-enzyme
biosensor systems for measuring the concentration of
fluoride and phosphate [ 113, 114], for the detection of
acetylcholine [115], arginine [116], aspartate transam-
inase, and alanince transferase using a multi-enzyme
modified electrode surface [117, 118], transaminases
in serum [117], secretory phospholipase of group
2-11A, a biomarker of bacterial septic infection [119],
and lysine as an indicator of food quality [120], for the
detection and control oligonucleotides [ 121], and ana-
logues of nucleosides, which are a universal family of
drugs with a wide spectrum of action [ 122].

Modern methods of immobilization make it possi-
ble to create not only multi-enzyme complexes, but
also to bind them to whole cells, subcellular structures
[123], and microorganisms [124]. The use of immobi-
lized cells eliminates the need for isolation and purifi-
cation of the required enzymes. The living cell, in con-
trast to the isolated enzyme, is a ready-made biotech-
nological reactor, which performs the processes that
lead to the formation of the final product. With cells it
is possible to obtain natural multi-enzyme systems
that perform multi-stage chemical transformations.
Many different biosensors have been created using liv-
ing cells [125, 126]; in this case, the method of cell
immobilization is the key issue [127, 128].

CONCLUSIONS

In recent years, there has been a rapid development
of technologies for the creation of multi-enzyme bio-
sensors for use in biomedicine, pharmacology, food
industry, agriculture, and environmental monitoring.
These devices are compact and portable, and have
high sensitivity and sclectivity; they are simple and
easy to use, as they do not require complex preparatory
work for the measurement.

Biosensors based on a cascade of enzymatic reac-
tions have several advantages compared to mono-
enzyme biosensors. The selection of suitable enzyme
pairs is an important factor in the development of
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effective biosensors based on cascade reactions; they
must have a relative similarity of their operating con-
ditions, including the similarity of the optimal pH,
temperature profiles, and metabolite concentrations.

Modern trends in the development of these devices
are aimed at further minimization of their size and
increasing their reliability, sensitivity, selectivity, as
well as their resistance to interfering agents and factors
that reduce their service life. The reduction of manu-
facturing costs and the expansion of areas of the use of
these devices are important issues as well.
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Activity of angiotensin-converting enzyme (ACE) and intensity of ROS generation in the
aorta were studied in male Wistar rats intraperitoncally injected with a mixture of (+) and (-)
stercoisomers of catechin. ACE activity in aortal segments was cvaluated by hydrolysis of
hippuryl-histidine-leucine; ROS generation was measured by oxidation of dichlorodihydro-
fluorescein. The dynamics of ACE activity and intensity of ROS generation in the aorta after
catechin administration and their dependence on the catechin dose were studied. The cffects
of dihydroquercetin and fucoidin on the studied parameters were analyzed. Catechin increased
ACE activity; the maximum increase was achicved in 3 h after administration. Catechin dose
producing a half-maximum incrcasc in ACE activity was 0.04 pg/kg. The cffects of catechin
on ACE activity was attenuated by dihydroquercetin and completely abolished by fucoidin.
Catechin did not enhance ROS production in the aorta, and in a dose of 0.1 pg/kg even in-
hibited this process. It is hypothesized that isomers of catechin produce opposite effects on
ROS generation in the aorta.

Key Words: aorta,; angiotensin-converting enzyme, reactive oxygen species; dihydroquer-

cetin; catechin

Catechin, its halo derivatives, and the products of cate-
chin conjugation arc the main flavonoids of tea, cacao,
and chocolate. Green tea contains up to 30% catechin
of the dry weight of the leaves [15]. Up to a half of
all flavonoids are consumed by humans with tea [7].
Clinical and preclinical data show that tea consump-
tion inhibits atherosclerosis development and reduces
the risk of development of cardiovascular disorders
[7]. This effect is mediated by complex influence of

{nstitute of Theoretical and Experimental Biophysics, Russian Acad-
emy of Sciences: Institute of Cell Biophysics, Russian Academy of
Sciences, Pushchino, Moscow region, Russia. Address for correspon-
dence: ykorystov@rambler.r. Yu. N. Korystov

flavonoids on blood vesscls. It is known that vari-
ous flavonoids reduce LDL oxidation, inhibit platelet
aggregation, de te the formation of atheroscle-
rotic plagues, de: ¢ the expression of adhesion mo-
lecules on endothelial cells, induce vasorelaxation, and
reduce BP [2]. Oxidative stress in vessels is one of the
main factors responsible for induction and progression
of atherosclerosis [4] and angiotensin 11, a product of
angiotensin-converting enzyme (ACE), significantly
contributes to these processes [3]. Angiotensin Il ac-
tivates NADPH-oxidase [5], which leads to activation
of ROS generation, stimulation of cell proliferation,
expression of monocyte-adhesion molecules on endo-
thelial cells, inflammation, and atherosclerosis [6]. The

0007-4888/20/1685-0627 © 2020 Springer Science + Business Media, LLC
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effects of tea and its compounds on ACE activity and
intensity of ROS production in vessels in vivo were
nether studied.

Catechin has 4 stereoisomeric forms in trans-
(+)-catechin and (-)-catechin, and cis- (+)-epicatechin
and (-)-epicatechin. Natural products (tea, cacao,
and other products of plant origin) primarily contain
(+)-catechin and (-)-epicatechin. However, thermal
treatment converts (-)-epicatechin of cacao and tea into
(-)-catechin [10]. Thermal treatment of cacao beans is
used during production of cacao and chocolate [10],
while thermal treatment of tea is used for sterilization
of bottled tea. This type of tea is widely consumed,
particularly 10° liters of bottled tea was produced in
Japan in 2000 [8].

Here we studied the effects of catechin on ACE
activity and ROS production in rat aorta. Considering
that humans now consume both types of #rans-cate-
chins, a mixture of these forms was used in the study.

MATERIALS AND METHODS

The experiments were performed on male Wistar rats
(n=78) weighing 300-320 g and aging 9-10 wecks. The
animals were kept in cages with free access to water
and standard pelleted food. The study was conducted
in accordance with Russian and International Ethical
Standards.

Stock solution of (+)-catechin (Sigma) in the
concentration of 1 mg/ml was prepared in a mixture
of DMSO and cthanol (1:4) and brought to required
concentrations with physiological saline. Catechin so-
lution in a volume of 0.6 ml was injected intraperito-
neally. Control animals intraperitoneal received 0.6
ml physiological saline. To study the cffects of dihy-
droquercctin (DHQ; Sigma) on catechin cffects, DHQ
in a dosc of 10 pg/kg was intraperitoncally injected
15 min before catechin. Fucoidin (Sigma) in a dose of
10 mg/kg was intravenously administered 5 min before
catechin. ACE activity and intensity of ROS genera-
tion were measured in segments of the aorta. The rats
were anesthetized with cther, the chest was opened,
heparin (500 U) was injected into the heart to prevent
blood clotting, and adjacent fat was removed from the
aorta. Then, the aortal fragment from the aortic arch
and bifurcation of renal artery was isolated, washed
with cold (4°C) Hanks solution with HEPES (pH 7.4;
Sigma), and placed into this solution. The duration of
the surgery was about 3 min. The aorta was cut into
segments with a length of 4-5 mm starting from the
site where it becomes parallel to the spinal cord. Aor-
tal segments were marked from 1 to 8 starting from the
nearest to the aortal arch. The segments of the aorta
were lengthwise cut and attached to a plastic tip of a
pipette with the endothelium outwards. After measur-
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ing ACE activity and intensity of ROS production,
aortal segments were removed from the tip. The linear
size of the segment was measured using a caliper with
an accuracy of 0.1 mm to calculate their area.

ACE activity was evaluated by hydrolysis of hip-
puric-histidine-leucine (Hip-His-Leu, Sigma) using a
modified method [1]. Aortal segments were placed in
Hanks solution with HEPES pH 7.4 (450 pl) and incu-
bated at 37°C and constant shaking (25 Hz, amplitude
1 mm) for 10 min for adaptation before the addition of
ACE substrate. The reaction was initiated by adding
10 mM Hip-His-Leu (50 pl) and stopped by adding
1000 pl 0.1 N NaOH after 30-min incubation at 37°C.
After agitation of the reaction mixture, the aortal seg-
ments were removed from the solution, and their di-
mension were measured. The solution (200 ul) was in-
cubated with 50 pl o-phthaldialdehyde (Sigma) in the
initial concentration of 20 mg/ml at 37°C for 30 min.
The reaction was stopped by adding 2 ml 0.8 N LIClL.
The samples were centrifuged (3000g, 2°C, 8 min) and
the fluorescence was measured on an MF44 Perkin-
Elmer fluorimeter at A =360 nm and 2., =500 nm. To
cvaluate ACE activity, a standard curve of fluores-
cence intensity as a function of [lis-Leu concentration
was constructed. ACE activity was expressed in pmol
Hip-1lis-Leu hydrolyzed over 1 min at 1 mm? of the
internal surface of the aorta.

ROS level was measured as described previously
[11]. Aortal segments (4-5 mm) were incubated in
2.5 ml Hanks solution with HEPES (pH 7.4) at 37°C
and constant shaking (25 Hz, 1 mm amplitude) for
30 min. Then 27,7 -dichlorodihydrofluorescein di-
acctate (H,DCFDA; Sigma) in a final concentration
of 20 uM was added. The mixture was incubated
for 20 min at 37°C and constant shaking. After in-
cubation, the solution containing H,DCFDA was re-
moved, and aortal segments were twice washed with
cold Hanks solution with HEPES (pH 7.4). Then the
scgments were placed in 2.5 ml citrate buffer (pH
4.0) containing 0.02% digitonin solution (Sigma)
and incubated at 37°C and shaking for 20 min for
extraction of gencrated dichlorodihydrofluorescein
(DCF). DCF fluorescence in the extracts (pH 7.0)
was measured on an MF44 Perkin Elmer fluorimeter
at % =475 nm and ). =525 nm.

Statistical analysis of differences was performed
using ANOVA multiple comparison test. The data are
presented as the MESEM. Each dot on the graphs rep-
resents the mean of 3-6 animals. The differences were
significant at p<0.05.

RESULTS

ACE activity increased in 3 h after administration of
catechin in a dose of 1 pg/kg and then decreased to
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the control level in 24 h after the injection (Fig. 1).
The dose dependence of changes in ACE activity on
catechin dose was studied for the timepoint corre-
sponding to maximum changes (3 h after adminis-
tration). Catechin in a dose of 0.1 pg/kg produced
the most pronounced effect on ACE activity and did
not increase with further increase in catechin con-
centration (Fig. 2). The dose of catechin inducing a
half-maximum increase in ACE activity in the aorta
(AD,,) was 0.04 pg/kg. It was previously shown that
DHQ and fucoidin, the blocker of leukocyte adhesion
to the endothelium [9], abolished the increase in ACE
activity in the aorta induced by ionizing radiation [12].
DHQ in a dose of 10 pg/kg reduced catechin effect,
and fucoidin fully abolished it (Fig. 2). These data
indicate the contribution of leucocyte adhesion to the
endothelium to catechin-induced increase in ACE ac-
tivity, as fucoidin blocks this rise.

ROS generation in rat aorta was not affected by
fucoidin and tended to decrease after administration of
catechin; this decrease became significant at catechin
dose of 0.1 pg/kg (Fig. 3). Normally, the factors en-
hancing ACE activity (ionizing radiation, inhibitor of
NO synthase, ageing and others) also enhance ROS
production in blood vessels. This can be explained
by the fact that ACE product angiotensin 11 activates
NADPI-oxidase that gencrates ROS. However, this
was not true after catechin administration to rats (Figs.
2, 3). As we used a mixture of catechin stercoisomers,
the multidircctional cffects of catechin on ACE activ-
ity and ROS production can be explained by opposite
influence of stercoisomers on ROS gencration. When
onc stcroisomer activates NADPIH-oxidase via ACE
activation and the other directly inhibit it, combined
administration of these isomers can enhance, reduce,
or causc no cffect on ROS production depending on
the ratio of catechin isomers in the mixture. A tenden-
¢y to a decrease in ROS gencration after administra-
tion of low doses of catechin isomer mixture (Fig. 3)
suggests that inhibition of activity by one catechin iso-
mer occurs at lower doses than ACE activation by the
other isomer. Activitics of ACE and NADPH-oxidase
and ROS generation increase with increasing catechin
dose. Opposite effects of stereoisomers on activity of
various enzymes and processes were reported [14]. In
particular, (+)-catechin stimulates glycogen production
in rat hepatocytes, while (-)-catechin suppresses this
process [13]. The individual effects of catechin stereo-
isomers on ACE activity and ROS production in the
aorta will be addressed in our future studies.

Black and green tea contain 1.4 and 2.85 mg (+)-
catechin per 100 ml. Chocolate contains 218 mg/kg (-)-
catechin. Thus, a subject (70 kg) drinking a cup of
black tea (200 ml) with 20 g chocolate consumes
40 pg/kg (+)-catechin and 62 pg/kg (-)-catechin. Com-
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parison of this dose of catechin isomers (total of
100 pg/kg) with AD_ by ACE activity increase shows
that this dose more than 3-fold surpasses IC,, i.e. ef-
fective doses are definitely achieved after consumption
of these products.

REFERENCES

1. Ackermann A, Fernindez-Alfonso MS, Sanchez de Rojas

R, Ortega T, Paul M, Gonzilez C. Modulation of angioten-

sin-converting enzyme by nitric oxide. Br. J. Pharmacol.

1998;124(2):291-298.

Almeida Rezende B, Pereira AC, Cortes SF, Lemos VS, Vascu-

lar effects of flavonoids. Curr. Med. Chem. 2016;23(1):87-102.

3. Dzau VIJ. Theodore Cooper Lecture: Tissue angiotensin and
pathobiology of vascular disease: a unifying hypothesis. Hy-
pertension 2001;37(4):1047-1052.

4. Grassi D, Desideri G, Ferri C. Flavonoids: antioxidants against

atherosclerosis. Nutrients, 2010;2(8):889-902

. Griendling KK, Minieri . Ollerenshaw JD, Alexander RW.

Angiotensin II stimulates NADH and NADPH oxidase ac-
tivity in cultured vascular smooth muscle cells. Circ. Res.
1994;74(6):1141-1148,

6. Heeneman S, Sluimer JC, Dacmen MJ. Angiotensin-converting
enzyme and vascular remodeling. Cire. Res. 2007;101(5):441-
454.

7. Hodgson IM, Croft KD. Tea flavonoids and cardiovascular
health. Mol. Aspects Med. 2010;31(6):495-502.

)

w

1€

8. Ikeda I, Tsuda K, Suzuki Y, Kobayashi M, Unno T, Tomoyo-
ri H, Goto H, Kawata Y, Imaizumi K, Nozawa A, Kakuda T.
Tea catechins with a galloyl moiety suppress postprandial
hypertriacylglycerolemia by delaying lymphatic transport of
dictary fat in rats. J. Nutr. 2005;135(2):155-159.

9. Kanwar S, Bullard DC, Hickey MJ, Smith CW, Beaudet AL,

Wolitzky BA, Kubes P. The association between alpha4-inte-

grin, P-selectin, and E-selectin in an allergic model of inflam-

mation. J. Exp. Med. 1997;185(6):1077-1087.

Kofink M, Papagiannopoulos M, Galensa R. (-)-Catechin in

cocoa and chocolate: occurrence and analysis of an atypical

flavan-3-ol enantiomer. Molecules 2007.12(7):1274-1288.

11. Korystov YN, Emel’yanov MO, Korystova AF, Levitman MK,

Shaposhnikova VV. Determination of reactive oxygen and ni-
trogen species in rat aortausing the dichlorofluorescein assay.
Free Radic. Res. 2009;43(2):149-155.

12. Korystova AF, Kublik LN, Kim YA, Levitman MK, Shaposh-

nikova VV, Korystov YN. Dihydroquercetin and fucoidin
inhibit the increase of angiotensin-converting enzyme acti-
vity in the rat aorta after irradiation. Bull. Exp. Biol. Med.
2018;165(3):360-363,

13. Nyfeler I, Moser UK, Walter P. Stercospecific effects of (+)-

and (—)-catechin on glycogen metabolism in isolated rat hepa-
tocytes. Biochim. Biophys. Acta 1983;763(1):50-57.

14. Smith SW. Chiral toxicology: it’s the same thing...only differ-

ent. Toxicol, Sei, 2009;110(1):4-30.

15. van het Hof KH, Kivits GA, Weststrate JA, Tijburg LB. Bio-

availability of catechins from tea: the effect of milk. Eur. T.
Clin. Nutr. 1998;52(5):356-359.




image45.jpeg
. molecules

Article

Synthesis of Novel 2-(Het)arylpyrrolidine Derivatives
and Evaluation of Their Anticancer and

Anti-Biofilm Activity

!

Andrey Smolobochkin 1@, Almir Gazizov 1*(, Marina Sazykina 2(, Nurgali Akylbekov 3,
Elena Chugunova '#*@, Ivan Sazykin ?, Anastasiya Gildebrant >©, Julia Voronina 3,
Alexander Burilov 1, Shorena Karchava 2, Maria Klimova 2, Alexandra Voloshina !,
Anastasia Sapunova !, Elena Klimanova °, Tatyana Sashenkova ¢, Ugulzhan Allayarova ®,
Anastasiya Balakina ®7 and Denis Mishchenko %70

1 Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center of RAS, Arbuzov str., 8,
Kazan 420088, Russia
2 Southern Federal University, Stachki Avenue, 194/2, Rostov-on-Don 344090, Russia
Institute of Chemical Research and Technology of Korkyt Ata Kyzylorda State University, Aiteke bie str.,
29A, Kyzylorda 120014, Kazakhstan
Kazan Federal University, Kremlyovskaya str., 18, Kazan 420008, Russia
5 N.S. Kurnakov Institute of General and Inorganic Chemistry, RAS, 31 Leninsky Av., Moscow 119991, Russia
6 Institute of Problems of Chemical Physics RAS, Chernogolovka 142432, Russia
Scientific and Educational Center in Chernogolovka of Moscow Region State University, Mytishi 141014,
Russia
*  Correspondence: agazizov@iopc.ru (A.G.); chugunova.c.a@gmail.com (E.C.);
Tel.: +7-843-272-7324 (A.G.); +7-843-272-7324 (E.C.)

Academic Editors: Carla Boga and Gabriele Micheletti & lc:",edC:t'g;
Received: 22 July 2019; Accepted: 22 August 2019; Published: 25 August 2019

Abstract: A library of novel 2-(het)arylpyrrolidine-1-carboxamides were obtained via a modular
approach based on the intramolecular cyclization/Mannich-type reaction of N-(4,4-diethoxybutyl)ureas.
Their anti-canceractivitiesbothin vitroand in vivo weretested. Thein vitro activity of some compounds
towards M-Hela tumor cell lines was twice that of the reference drug tamoxifen, whereas cytotoxicity
towards normal Chang liver cell did not exceed the tamoxifen toxicity. In vivo studies showed that
the number of surviving animals on day 60 of observation was up to 83% and increased life span
(ILS) was up to 447%. Additionally, some pyrrolidine-1-carboxamides possessing a benzofuroxan
moiety obtained were found to effectively suppress bacterial biofilm growth. Thus, these compounds
are promising candidates for further development both as anti-cancer and anti-bacterial agents.

Keywords: pyrrolidine; carboxamide; anti-tumor activity; anti-cancer activity; cytotoxicity; apoptosis;
bacterial biofilm; anti-bacterial activity

1. Introduction

The pyrrolidine moiety is an important structural part of many natural alkaloids [1-4] and
one of the most frequently occurring heterocyclic scaffolds in approved drugs [5]. A number of
anti-cancer drugs possess an N-carboxypyrrolidine scaffold. These include both fairly old ones (e.g.,
dactinomycin [6], approved in 1964) and those that have appeared recently. Acalabrutinib [7,8]
(approved by FDA in 2017) and larotrectinib [9,10] (approved by the FDA in 2018) may serve as
illustrative examples (Figure 1). Notably, larotrectinib is the first drug to be specifically developed and
approved to treat any cancer containing certain mutations, as opposed to cancers of specific tissues.
It should also be emphasized that both acalabrutinib and larotrectinib contain a 2-(het)aryl-substituted

Molecules 2019, 24, 3086; doi:10.3390/molecules24173086 www.mdpi.com/journal/molecules




image46.jpeg
Molecules 2019, 24, 3086 20f26

pyrrolidine fragment. Considering that in the past few decades, cancer has been one of major causes
of death in most countries of the world [11], a search for novel anti-cancer drug candidates among
2-(het)aryl-N-carboxypyrrolidine derivatives is undoubtedly a promising field of research.

O =
Z N N\
O < kz WOH
NN N
o A HN~(
L Actinomycin D (1964) F o il
NH O E Larotrectinib (2018)

e o0~ N
‘oo N.. 2 N
) o N R -
3 o OO
| =
Oa\ﬂ) O HNT N

g O Acalabrutinib (2017)

Figure 1. Approved anti-cancer drugs possessing 2-substituted N-carboxypyrrolidine scaffold.

Despite the increasing number of research works aimed at obtaining and studying
2-(hetaryl)pyrrolidines, the synthesis of these compounds still meets certain difficulties. Approaches to
these compounds can be divided into two main groups. The first one includes the modification of an
existing pyrrolidine fragment. Various cross-coupling reactions of (hetero)aromatics with appropriately
substituted pyrrolidine derivatives [12-17], including oxidative [18-20] and photooxidative ones [21-24],
are the most often used within this pathway. In several cases, the synthesis of enantiomerically pure
2-(het)arylpyrrolidines has been also accomplished by decarboxylative (hetero)arylation of proline
derivatives [25-31]. The second approach is based on the formation of a pyrrolidine ring from acyclic
precursors. Within this approach, the intermolecular [3+2] dipolar cycloaddition of activated alkenes
to azomethine ylides plays a significant role [32-37]. Essential drawbacks of the abovementioned
approaches are the need of expensive metal catalysts and/or harsh reaction conditions, as well as
the need of the preliminary synthesis of starting compounds with appropriate functional groups
and desired fragments. Hence, methods employing inexpensive, readily available reagents and
catalysts and allowing simultaneous pyrrolidine ring closure and C—Chetaryl bond formation are of a
special interest. »

Earlier, we developed a metal-free approach to 2-arylsubstitued pyrrolidine derivatives based on
the acid-catalyzed intramolecular cyclization of N-(4,4-diethoxybutyl)ureas, leading to the formation of a
pyrrolinium cation. Further Mannich-type reaction of this cyclic iminium ion with various electron-rich
aromatic C-nucleophiles allowed us to obtain a range of 2-arylpyrrolidine-1-carboxamides [38-45].
The main benefits of this approach are the usage of easily accessible starting materials and its
modularity, which allows wide variability in both the aromatic moiety and substituents at the nitrogen
atom (Scheme 1).
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Scheme 1. Modular synthetic approach to 2-(het)arylpyrrolidine-1-carboxamides.

Herein, we report the successful extension of this approach to the synthesis of novel
2-(het)aryl-substituted pyrrolidine-1-carboxamides, as well as the evaluation of their anti-cancer
activities in vivo and in vitro and studies of the inhibition of bacterial biofilm growth.

2. Results and Discussion

2.1. Chemistry

We started our research from the synthesis of initial N-(4,4-diethoxybutyl)ureas 1 by the previously
described procedure [38,46]. Both aliphatic amines and substituted anilines were employed as the
amine building block (see Scheme 1). It is well known that the ionization of an amine group is
widely used for drug solubility enhancement [47,48]. Thus, N-(4 4-diethoxybutyl)urea 1h possessing a
dimethylamino moiety was also obtained (Table 1).

Table 1. Synthesized library of novel (het)arylpyrrolidines 5-8 1.

(Het)Ar Block

OH
(0]
HO = O
v I 0
~ e N 0H
N
Oe
H 5a (93) = 5 .
Ph 5b (98) 6b (87) 7b (69) 8b (51)
4-MeO-CgHy 5¢ (91) 6¢ (89) 7c (87) 8¢ (45)
R (amine 4-Br-CgH, 5d (95) 6d (95) 7d (75) 8d (68)
block) 4-F-CgHy e (91) 6e (76) 7e (58) 8e (51)
n-CeHys 5 (72) 6f (44) 76 (47) 8f (34)
cyclo-CgHyy 5g (84) 6g (67) 7g (60) 8g (68)
TFA®(CH,),NMe,  5h (75) 6h (57) 7h (77) 8h (73)

Isolated yields are given in parentheses.

The choice of aromatic (sesamol [49,50]) and heterocyclic (4-hydroxycoumarin [51],
4-hydroxy-6-methyl-2H-pyran-2-one [52,53]) C-nucleophiles was determined by both their well-known
biological activity and high reactivity in electrophilic substitution reactions. One more heterocyclic
scaffold, namely, the benzofuroxan moiety, was also of interest due to its biological properties [54-56]
and ability to serve as NO donor [57,58]. However, it could not be introduced to the target pyrrolidines
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directly due to its extremely low nucleophilicity. Thus, the phenol derivative 4 was used instead, which
was obtained by the reaction of 4,6-dichloro-5-nitrobenzofuroxan 2 with 3-aminophenol 3 (Scheme 2).

OH
Hy DMSO,
p +
=N
[C]
2 b
’@ 93%

Scheme 2. Synthesis of substituted phenol 4 possessing a benzofuroxan fragment.

Next, we carried out the reaction of ureas la-h with these C-nucleophiles in the
presence of trifluoroacetic acid as catalyst (Scheme 3). As a result, a library of 28 novel
2-(het)arylpyrrolidine-1-carboxamides 5b-h, 6b-h, 7b-h, 8b-h was obtained, which included all
possible combinations of amine and (het)aryl building blocks. Additionally, the non-substituted
pyrrolidine-1-carboxamide 5a was also obtained. Yields of target compounds varied from moderate to
excellent (Table 1). The substitution sites of the used C-nucleophiles were confirmed by NMR data.
The structure of compound 8f was additionally confirmed by X-ray analysis data.

N—  + (HetAr—H ——— N

o 58 OJ\N'R
1a-h gt A

EtQ CHCl,, TFA,
G’ﬂ HN-R i, 12h (Het)Ar/O

Scheme 3. Synthesis of (het)arylpyrrolidine-1-carboxamides 5-8.

Compound 8f crystallized with three independent molecules in the unit cell. Bond lengths,
valence, and torsion angles were within the intervals typical for each bond type (Figure 2A). Molecules
a, b, and c differed in the conformations of the pyrrolidine cycle (envelope in each case, however
in molecules a and ¢ atom C3 was out of the plane formed by other atoms, while in molecule b it
was atom C4 and hexane substituent (Supplementary Materials, Table S1). Crystal packing consisted
of centrosymmetric H-bonded dimers in which each independent molecule interacted only with its
symmetric equivalent (Figure 2A, Supplementary Materials, Table S2). Dimers formed columns via
707 interactions (Supplementary Materials, Table S3). The three-dimensional system (Supplementary
Materials, Figure 515) was formed by weaker CH-O (Supplementary Materials, Table S1) and CH--7
interactions (Supplementary Materials, Table 54).
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Figure 2. (A) Molecular structure of compound 8f in crystal (on the example of molecule a). Ellipsoids
are shown with 50% probability; (B) F-bonded dimer in crystal of 8f (on the example of molecule b).

2.2. Biological Studies

2.2.1. In Vitro Studies of Anti-Cancer Activity

Cytotoxic assay. The resulting compounds were tested for cytotoxicity against normal and
cancerous human cell lines at concentrations of 1-100 uM. The pyrrolidines 6b-h containing the
benzofuroxane fragment were found to be the most active, while the others (5a-5h, 7b—7h, 8b-8h) did
not show anti-cancer activity (Table 2, Supplementary Materials, Table S5). Table 2 shows the IC5o
data for compounds 6b-h. It can be seen that in relation to the M-Hela cancer line, IC5j values for
substances 6d, 6¢, and 6e were comparable to the reference compound tamoxifen. Compound 6g (ICsy
—14.7 uM) was most active against cervical cancer. At the same time, with regard to the Chang’s liver
cell line, all test compounds were less toxic than tamoxifen.

Table 2. Cytotoxic effects of pyrrolidines 5a-6h on the cancer and normal human cell lines '.

Test 1C50 (uM) Test 1C5 (uM)
Compound Cancer Cell Normal Cell Compound Cancer Cell Normal Cell
Line Line Line Line
M-Hela Chang Liver M-Hela Chang Liver
5a >100 >100 5 & -
5b >100 >100 6b 56+ 4.1 >100
5¢ >100 >100 6¢ 26.0+19 62+43
5d >100 >100 6d 255+ 1.6 53+38
5e >100 >100 6e 26+ 18 48 £ 3.0
5f >100 >100 6f 47+29 57+43
5g >100 >100 6g 147+ 09 46+ 27
5h >100 >100 6h 100 £ 8.6 >100
tamoxifen 280+25 462+ 35

! Three independent experiments were carried out.

Induction of apoptotic effects by test compounds. For compound 6g, the ability to induce apoptosis
in the human cancer cell line M-Hela was studied. As shown in Figure 3 (bottom), after 24 hours
of treatment with compound 6g, apoptotic effects were observed in M-Iela cells (red fluorescence).
The data presented in Figure 3 show that at concentrations corresponding to the ICs( value, compound
6g induced apoptosis in 25% of M-Hela cells. The top row of images in Figure 3 (control) presents
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images of intact M-Hela cells. It is seen that apoptotic effects were weakly expressed. The results show
that the cytotoxicity of compound 6g in M-Hela cancer cells was caused by an apoptotic pathway.

DAPI Propidium iodide Annexin V — Alexa Fluor 647 Merge

6g (1C50 - 14.7 pM)

Figure 3. Images of control intact M-Hela cells (top) and M-Hela cells after treatment with 6g at an
ICs concentration of 14.7 uM (bottom), obtained using the Cytell Cell Imaging multifunctional system
using the BioApp Automated Imaging application. Annexin V-Alexa Iluor 647 (red fluorescence) was
used to detect apoptotic cells; living cells—DAPI (blue fluorescence); dead cells—propidium iodide

(yellow fluorescence).

Multiplex analysis of early apoptosis markers. Next, using the MILLIPLEX® MAP 7-plex Early
Phase Apoptosis Signaling kit, seven markers of early apoptosis of JNK, Bad, Bcl-2, Akt, Caspase-9,
P53, and Caspase-8 were detected in M-Hela cell lysates. The median fluorescence intensity (MFI) was
measured using the Luminex® system. This assay is a quick and convenient alternative to Western
blot and immunoprecipitation.

Figure 4 shows that the fluorescence intensity of Caspase-8 in the experimental sample (after
exposure to the test substance 6g was two times higher than that in the control. The results suggest
that apoptosis proceeded along the extrinsic pathway of activation of Caspase-8 (death is initiated by
activation of the surface cell receptor), and not along the intrinsic pathway associated with the activation
of Caspase-9 (fluorescence intensity at the control level) in which death occurs due to mitochondrial
dysfunction. This assumption was also confirmed by the predominance of pro-apoptotic Bad proteins
over anti-apoptotic Bcl-2, which are responsible for irreversible cellular damage in mitochondrial
processes. At the same time, apoptosis in M-Hela cells can be induced by activating the transcription
of many pro-apoptotic genes by the transcription factors AP1 (signaling pathway activated by JNK
stress) and p53 (response to DNA damage).

Effects on the mitochondrial membrane potential (Aym) by lead compounds. In confirmation of
data on the course of apoptosis in cells along an external pathway not associated with dysfunctional
mitochondria, the ability of the tested compounds to reduce the potential of the mitochondrial membrane
(Apm) in M-Hela culture cells was examined using the example of compound 6g. Studies were
performed using flow cytometry methods using JC-10 reagent. In normal cells with a high potential of
the mitochondrial membrane, the dye JC-10 forms aggregates (J-aggregate) near the mitochondrial
membranes. When the membrane potential due to the stimulation of apoptosis falls, JC-10 is evenly
distributed in the cell as a monomer (J-monomer). JC-10 units in normal cells have red fluore

cence, and

JC-10 monomers are green. The ratio between orange-red and green fluorescence can be used to assess
the onset of apoptosis. No decrease in Al)m was demonstrated using flow cytometry analysis (Figure 5).
The intensity of red fluorescence after treating cells with compound 6g in an IC5q concentration of
14.7 uM did not actually change compared with the control. The results obtained indicate that the
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mechanism of action of the studied compounds is not associated with the induction of apoptosis,
which proceeds along the mitochondrial pathway.

600
mControlM-Hela cells wM-Hela cellst+test compound
500

400

300

MFI

200

il PRI

INK Bad Bel-2 Akt Casp 9 P33 Casp 8

Early Apoptosis Markers

Figure 4. Multiplex analysis of early apoptosis markers in M-TTela cells treated with the test substance
6g at an ICx) concentration of 14.7 uM as well as M-Hela cells untreated with the test substance (control).
The median fluorescence intensity (MI'l) was measured using the Luminex® system. The graph shows
the mean and standard deviation values for the wells in triplicate.
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Control M-Hela 6g (IC50 14.7 uM)

JC-10 green fluorescence

Figure 5. Flow cytometry analysis of M-Hela cells treated with compound 6g, along with the
quantification of % of cells with red aggregates. The values are presented as mean + SD.

2.2.2. In Vivo Studies of Anti-Cancer Activity

In vivo evaluation was performed on the syngeneic P388 murine leukemia. Murine leukemia
models have been an essential component of the initial drug discovery programs since the 1970s. P388
leukemia played a major role in the screening of potential antitumor agents. Today, the majority of
currently used clinical drugs were first detected by the murine leukemias. These models are suitable
for the initial evaluation of the antitumor activity of new compounds [59]. The compounds were
administered i.p. (thus, as an intra-tumor treatment), which was believed to maximize exposure and
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limit pharmacokinetic influences. Due to the fact that as a solvent for parenteral administration of the
substance it is permissible to use any physiologically appropriate solvent that does not cause local
irritating effects such as water or saline [60], we selected only water-soluble compounds 5b, 5h, 6h,
and 7h for in vivo studies.

We found that the compounds 5b, 5h, and 8h had pronounced anti-leukemic activity with the
number of surviving animals on day 60 of observation from 17% to 83% and increased life span
(ILS) from 80% to 447% (Table 3, Table 4, and Supplementary Materials, Figure 516). Compound 5h
had the greatest anti-leukemic activity. Indeed, in the group of mice that received intraperitoneal
administration of compound 5h at a dose of 40 mg/kg/day, 1,5, and 9 days after tumor transplantation,
83% of the animals remained alive, and ILS was 447%. In general, the studied compounds can be
arranged in the following order of reducing the antitumor activity during therapy of P388 leukemia:
5h > 8h > 5b. However, compounds 6h and 7h in the dose range and the mode of administration
used did not show antitumor properties. Thus, 5b, 5h, and 8h can be recommended as promising
compounds for the creation of new anticancer drugs.

Table 3. Mean survival time and increased life span (ILS) of murine leukemia P388 at individual
treatment with 5h, 8h, 5b, 6h, and 7h.

Dose
Compound 18 mg/kg/day 26 mg/kg/day 40 mg/kg/day 55 mg/kg/day 83 mg/kg/day
MST:SDT  ILS?2  MST:SDT ILS? MST:SD! ILS? MST:SD' ILS? MST:SD' ILS?
(days) (%) (days) (%) (days) %) (days) ) (days) (%)
5b 07 £ 103"~ 177 26 1("106 165 26.0 +108* 160 18.0 + 84~ 80 97+02 0
5h B7+ 109" 276 185+83* 9% 52.0=8.0% 447 38099 300 19.0 =82 100
6h 138106 3 135:05% M geo7w g7 8202 4 112+ 16 11
7h 110=06* 0 103202 0 10202 0 10702 0 10302 0
8h 195ax81" 93 207 +8.0* 107 132+ 1.6 32 198 +8.1% 98 262 +107* 162

1 MST: mean survival time; SD: standard deviation; 2 T1.5%: the percentage of the median survival time (MST) of
the treated group (t) to that of the control group (c). ILS% = (MST/MSTc) x 100. * Statistically significant increase
over the control (p < 0.05); ** Statistically significant increase over the control (p < 0.01); *** Statistically significant
increase over the control (p < 0.001).
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2.2.3. Anti-Biofilm Activity of Pyrrolidine-1-Carboxamides Possessing Benzofuroxan Moiety

Biofilms are communities of microorganisms attached to the surface or the interface in which
cells are immersed in an exopolymer matrix consisting of polysaccharides, proteins, and DNA [61].
More than 90% of microorganisms occurring in nature exist in the form of biofilms [62]. Microbial
biofilms are responsible for the ctiology and pathogenesis of many acute and especially chronic
bacterial infections in humans [63]. Among bacterial diseases in humans and animals, more than 80%
are associated with the presence of stable bacterial communities enclosed in biofilms [64,65].

The possibility of interspecies community formation in biofilms along with high antibiotic
resistance of many pathogenic and potentially pathogenic microorganisms make them almost
invulnerable. The drug resistance of bacteria living in biofilms has increased manyfold in comparison
to planktonically grown bacteria [66,67]. In this regard, the ability of pathogenic bacteria to form
biofilms is a significant problem.

Moreover, in around 20% of all cases, microbial organisms are the causative agents of
cancer-inducing inflammation. Tt is unclear if these microorganisms are causally involved in
tumorigenesis, or if they benefit from the consequences of tumor growth and in turn promote
tumor progression [68,69]. Furthermore, the work of Samanta et al. [70] demonstrates that the
mechanisms behind advanced anti-biofilm and anticancer activities are linked to the generation of
excess labile toxic reactive oxygen species (ROS). Such toxic ROS species cause the rapid oxidation
and deterioration of cellular membranes. The unity of the action mechanism possibly testifies to the
interconnection of anti-biofilm and anticancer activities in certain substances. Taking this into account,
we also evaluated the ability of pyrrolidine-1-carboxamides 6a—e possessing a benzofuroxan moiety
and the initial benzofuroxan 4 to inhibit bacterial biofilm growth.

A staining assay was performed to estimate the extent of biofilm formation by Vibrio aquamarinus
DSM 26054 and Acinetobacter calcoaceticus VKPM B-10353 under treatment with 6a, 6b, 6¢, 6d, 6e, and 4
(doses of 1 x 10791 x 1077 M). The natural strains A. calcoaceticus VKPM B-10353 and V. aquamarinus
DSM 26054 were chosen as models due to their ability to actively form biofilms and for their extreme
degree of similarity to pathogenic species. The obtained biological activity results are summarized
in Table 5 (see Supplementary Materials, Figures S1-S14 for additional data). The compounds
were evaluated for biofilm production compared to control. The results showed that compounds
exhibited a variable degree of anti-biofilm activity against V. aquamarinus DSM 26054 and A. calcoaceticus
VKPM B-10353.

Table 5. Biofilm formation (%) by Vibrio aquamarinus DSM 26054 and Acinetobacter calcoaceticus VKPM
B-10353 in the presence of pyrrolidine-1-carboxamides possessing benzofuroxan moiety in reference to
control (control = 100%).

Biofilm Formation, %

Ne Compound Strain Compound Concentration, M
1x10°7 1x10°% 1x10°7 1x10°6 1x10°53
1 6 V. aguamarinus DSM 26054 17.70% 1023* 20347 1649° 265"
A calcoaceticus VKPM B-10353 79587 2377 51837 95.00 86.19
2 b V. aquamarinus DSM 26054 821* 1542 26.04* 39.02* 89.12
A. calcoaceticus VKPM B-10353 9041 7079 7393*% 88.44 119.69*
3 e V. aguamarinus DSM 26054 1354 14,67+ 922+ 1828+ 2665+
A caloaceticis VRPM B-10353 B75 55747 72777 79317 8282
4 6d V. aguamarinus DSM 26054 67.29* 646" 1070+ 2411+ 63.12
A calconceficus VKPM B-10353 79.16" 16957 50.00 9571 5950
5 = V. aguamarinus DSM 26054 67.29 17.96* 11.01* 2602 3957+
A. calcoaceticus VKPM B-10353 87.92% 47.66 % 55.40 * 53.27* 86.50
6 4 V. aquamarinus DSM 26054 6658 931+ 1134+ 4356+ 96.57
A calcoaceticus VKPM B-10353 86677 62127 7563 57.99 922
T thrormycin V. aguamarinus DSM 26054 103.42 10243 99.39 103.80 8150
A calcoacelicis VKPM B-10353 95.00 96.07 10571 106.07 10179

* Differences compared to the control samples are statistically significant, ¢ criterion, p < 0,05; the solutions
of appropriate solvent in ethanol with the same concentration were used as control in experiments with
pyrrolidine-1-carboxamides; six replicates were done for each treatment and control.
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Substances 6b and 4 had different effects on A. calcoaceticus VKPM B-10353 biofilm formation—both
suppressing and stimulating, depending on the concentration. Due to the dual nature of their action,
they are not recommended for use as agents suppressing biofilm development.

For substances 6a, 6d, 6¢, and 6e, the suppressive effect of different values on the formation of
biofilm strains V. aquamarinus DSM 26054 and A. calcoaceticus VKPM B-10353 was registered in the
range of investigated concentrations. Biofilm formation in comparison with control varied from 6.46%
to 87.92%.

Biofilm formation by A. calcoaceticus VKPM B-10353 was less suppressed in the presence of
substances than biofilm formation by V. aquamarinus DSM 26054. Biofilm formation varied from 42.37%
to 87.92% with respect to control in the presence of the studied substances. For the V. aquamarinus DSM
26054 strain, it ranged from 6.46% to 67.29%.

Substances actively inhibited the growth of A. calcoaceticus VKPM B-10353 biofilms at the
concentrations of 1 x 1078 M and 1 x 107 M. The maximum inhibition of biofilms was registered
under the influence of 6a and 6d at the concentration of 1 x 1078 M, and biofilm formation was 42.37%
and 46.95%, respectively.

The maximum inhibition of V. aquamarinus DSM 26054 biofilm was caused by 6a and 6d at the
concentration of 1 x 1078 M (biofilm formation was 10.23% and 6.46% in comparison with the control)
and 6¢ and 6e at the concentration of 1 x 1077 M (biofilm formation amounted to 9.22% and 11.01%).

Note that 6a and 6c¢ actively suppressed the formation of V. aquamarinus DSM 26054 biofilm at the
minimum concentration of 1 x 10~ M—the preservation of biofilm was 17.7% and 13.54%, respectively.

The tested compounds were also compared with standard antibiotics azithromycin (see
Supplementary Materials for additional data). Azithromycin exhibited an insignificant suppression
of biofilm at high concentrations. Azithromycin suppressed the intensity of biofilm formation by V.
aquamarinus DSM 26054 at the concentration of 1 x 107> M (Supplementary Materials, Figure S13).
The optical density was 81.5% of the control values. The inhibitory effect of azithromycin in the
studied concentrations on biofilm formation by A. calcoaceticus VKPM B-10353 was not detected
(Supplementary Materials, Figure 514).

Taken together, pyrrolidine-1-carboxamides 6a, 6¢, 6d, and 6e possessed a greater potential to
suppress the formation of biofilms compared to the initial substance, as well as to the antibiotic
azithromycin, and are promising as agents suppressing biofilms.

Genotoxicity and pro-oxidant characteristics of pyrrolidine-1-carboxamides possessing
benzofuroxan moiety. All compounds in the same concentrations used for biofilm attenuation
were also tested with Escherichia coli MG1655 (pRecA-lux). This strain was used for the evaluation
of genotoxicity (Table 6). Bioluminescent response to DNA damage was detected for compounds
6b, 6¢, and 6e. The detected genotoxic effect was evaluated as medium (I > 2) for 6b, 6¢, and 6e in
the concentration range of 1079-10"> M, and as weak (I < 2) for 6b at the concentration of 107> M.
These compounds are direct mutagens. Substance 6¢, in addition, is also a promutagen. Its genotoxicity
was registered under conditions of metabolic activation in the concentration range of 1077-1076 M.
Compounds 6a, 6d, and 4 do not belong to the class of DNA-damaging substances.
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Table 6. Genotoxicity (induction factor, I) of the pyrrolidine-1-carboxamides possessing a benzofuroxan
moiety registered with the bacterial lux-biosensor Escherichia coli MG1655 (pRecA-lux).

Compound  Activation ! Concentration of Compound, M
chivabion

109 1078 1077 107 103
6 = 0.65+0.01 0.88 + 0.06 0.88 +£0.03 0.61+0.03 0.54 +0.01
i 0.72+0.04 0.86 + 0.01 0.80 +0.03 0.70 £ 0.05 0.65 + 0.06
6b - 234+006* 228+012* 207+0.11* 215+006* 177+0.04*
+ 147 +£0.04 131+£0.01 1.30 £0.02 1.36 £ 0.04 1.23 £0.02
6c # 267+007* 284+£002* 264x014* 282+005* 233+0.04%
+ 1.30 £ 0.01 1.37 £ 0.02 1.49£0.02* 1.54+0.03* 1.35 £ 0.02
6d & 0.64 +0.03 0.70 £ 0.01 0.62 +0.03 0.70 £0.01 0.60 + 0.02
+ 0.76 £ 0.05 0.79 £ 0.03 0.71 +£0.05 0.71+£0.03 0.66 + 0.04
e - 256+010* 274+004* 246+0.02* 239+002* 200+0.02*
+ 143+ 0.01 1.35+0.04 145 +0.02 147 +0.04 1.24 +0.02
4 - 1.21 +0.04 1.27 £0.07 1.14 £ 0.02 1.27 £0.01 1.10 £ 0.00
+ 1.19+£ 0.01 1.11 £ 0.02 1.18 £0.01 1.28 £ 0.04 1.11 £ 0.01

1 Variants with metabolic activation (+59) and without it (-89); * difference from the control experiment are statistically
significant, -test; p < 0.05

Prooxidant characteristics (production of superoxide anion and NO) were evaluated using the
biosensor E. coli MG1655 (pSoxS-lux) (Table 7). Compound 6b did not possess prooxidant activity.
A weak response was observed for compounds 6a (1077-1078 M), 6d (107° M), 6¢ (10~8-107 M), and
6e (1077 M). On the other hand, for compound 4, a significant effect of superoxide-anion radical or NO
level increase was registered in a bacterial cell at the concentration of 1 x 1078 M, and a weak effect
was seen for concentrations 10°-107% M and 107-10"> M.

Table 7. Prooxidant activity (induction factor) of the pyrrolidine-1-carboxamides possessing a
benzofuroxan moiety registered with the bacterial lux-biosensor E. coli MG1655 (pSoxS-lux).

Concentration of Compound, M

Compound
1079 108 1077 106 10-5
6a 1.54£0.13* 170 +£0.23* 1.36 £ 0.03 1.46 + 0.06 124 £0.08
6b 1.03 £0.10 1.21 +0.00 1.04 £ 0.04 1.24 +0.11 0.89 £ 0.03
6¢ 1.11+0.03 1.54+£0.20* 1.68+020* 1.46 +0.03 0.96 + 0.09
6d 1.34 +0.09 1.11+0.07 1.11+£0.01 1.60+0.23* 1.10 £ 0.07
be 0.93 £ 0.03 1.25+0.28 1.85+0.15* 1.34 £ 0.10 0.84 £ 0.04
4 1.85+0.10* 2.08+0.05* 174 +0.14* 154 +0.07* 1.64+004%

* Difference from the control experiment are statistically significant, -test; p < 0.03.

Taken together, the most promising candidates for further studies are compounds 6a and 6d, for
which maximum suppression of bacterial biofilm growth was observed. These compounds were found
to be non-genotoxic and possessed a weak pro-oxidant activity. However, a careful study of their
biological activity in eukaryotic models is still required.
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3. Materials and Methods

3.1. Chemistry

IR spectra were recorded on a UR-20 spectrometer in the 400-3600 cm ™! range in KBr. 'H-NMR
spectra were recorded on a Bruker AVANCE 400 (400 MHz) spectrometer (Bruker BioSpin, Rheinstetten,
Germany) with respect to the signals of residual protons of deuterated solvent (CDCl3, DMSO-dg).
13C-NMR spectra were recorded on a Bruker Avance 600 (151 MHz) spectrometer (Bruker BioSpin,
Rheinstetten, Germany) relative to signals of residual protons of deuterated solvent (CDCl3, DMSO-dg).
Elemental analysis was performed on a CHNS-O Elemental Analyser EuroEA3028-HT-OM (EuroVector
S.p.A., Milan, Italy). The melting points were determined in glass capillaries on a Stuart SMP 10
instrument. N-(4,4-diethoxybutyl)ureas 1a-g were obtained as previously described [38,46].

The X-ray diffraction data for crystal of compound 8f were collected at 150 K on a Bruker AXS
Smart Apex II CCD diffractometer in the w and ¢ scan modes using graphite monochromated MoK
(A 0.71073A) radiation. The structure was solved by direct method and refined by the full matrix
least-squares using the SHELXTL program [71]. All non-hydrogen atoms were refined anisotropically.
The positions of hydrogen atoms were located from the Fourier electron density synthesis and were
included in the refinement in the isotropic riding model approximation. All figures were made using
OLEX2 [72] and Mercury [73]. Crystallographic data for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Center (1941912, www.ccdc.ac.uk).

6-Chloro-4-((3-hydroxyphenyl)amino)-5-nitrobenzolc][1,2,5]oxadiazole 1-oxide (4). To the solution of
benzofuroxan 3 (0.40 g, 1.6 mmol) in DMSO (3 mL) a solution of 3-aminophenol (0.35 g, 3.2 mmol) in
DMSO (3 mL) was added at room temperature. The reaction mixture was stirred at room temperature
for 2 h, reagents consumption was monitored by TLC (eluent: toluene/ethylacetate, 2/1). Then the
reaction mixture was poured in water (100 mL), precipitate was filtered off, washed with water, and
dried. Crude product was purified by column chromatography (eluent: toluene/ethylacetate, 2/1) and
recrystallized from chloroform/hexane (3/1) to give target compound 4 as dark solid. Yield 93%, m.p.
128-130 °C; IR (v, cm™): 1563, 1628, 3094, 3320, 3447; 'H-NMR (400 MHz, CHCl3, § ppm) 4.91 (s, 1H,
NH), 6.73-6.75 (m, 1H, Ar-H), 6.80-6.84 (m, 2H, Ar-H), 6.92 (s, 1H, Ar-H), 7.27 (s, TH, Ar-H), 8.49 (s,
1H, OH); '®*C-NMR (151 MHz, CHCly, § ppm) 102.7, 111.8, 113.0, 114.8, 117.1, 128.4, 1304, 130.6, 132.6,
138.8, 146.1, 156.3; Elemental analysis: calc. for C;oH7CIN4O5 (322.5): C 44.67; H 2.19; C1 10.99; N 17.36;
found C 44.49; H 2.32; C1 10.83; N 17.44. ESI m/z: [M + H]™: calc. for C1oHgCIN4Os 323; found 323.

1-(4,4-Diethoxybutyl)-3-(2-(dimethylamino)ethyl)urea (1h). To a solution of N',N'-dimethylethane-1,2
-diamine (0.97 g, 11.0 mmol) in dichloromethane (11 mL) 1,1’-carbonyldiimidazole (2.0 g, 12.3 mmol)
was added. The reaction mixture was stirred for 48 hours at room temperature. Then
4,4-diethoxybutan-1-amine (1.77 g, 11.0 mmol) was added and reaction mixture was stirred for
another 48 h at room temperature. The reaction mixture was extracted with water (3 x 10 mL), the
organic layer was separated, and solvent was removed in vacuum to give target compound 1h as
yellow oil. Yield 64%; 'H-NMR (400 MHz, CHCl3, 5 ppm) 1.10 (t, 6H, | = 7.1 Hz, CHs), 1.40-1.49 (m,
2H, CHy), 1.53-1.60 (m, 2H, CH3), 2.13 (s, 6H, CH3), 2.31 (t, 2H, ] = 5.9 Hz, CHy), 3.04-3.11 (m, 2H,
CHy), 3.12-3.20 (m, 2H, CH,), 3.36-3.45 (m, 2H, CHy), 3.51-3.60 (m, 2H, CH,), 4.39 (t, 1H, ] = 5.6 Hz,
CH), 5.37 (s, 1H,NH), 5.55 (s, 1H,NH); '3C-NMR (151 MHz, CHCl3, § ppm) 15.2, 25.5, 31.1, 38.1, 40.0,
45.2,59.3,61.2,102.8, 159.1.

General method for the synthesis of pyrrolidine-1-carboxamides 5-8. To a mixture of appropriate
C-nucleophile (1.61 mmol) and chloroform (5 mL), urea 1 (1.61 mmol) and trifluoroacetic acid (0.18 g,
1.61 mmol; 0.36 g, 3.22 mmol in the case of urea 1h) were added. The reaction mixture was stirred
for 24 h at room temperature, the solvent was removed in vacuum, and the residue was washed
thoroughly with diethyl ether and dried in vacuum to give title compound.

2-(6-Hydroxybenzold][1,3]dioxol-5-yl)pyrrolidine-1-carboxamide (5a). Beige solid, yield 93%, m.p.
206-207 °C; IR (v, cm™!): 1534, 1637, 2986, 3174, 3294; 'H-NMR (400 MHz, DMSO-ds, 5 ppm) 1.69-1.77
(m, TH, CHy), 1.78-1.88 (m, 2H, CH,), 2.06-2.16 (m, 1H, CHy), 3.29-3.36 (m, 1H, CH3), 3.46-3.52 (m,
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1H, CHy), 4.93-4.99 (m, 1H, CH), 5.48-5.80 (br s, 2H, NH,), 5.86 (dd, 2H, ] = 4.3 Hz, 1.0 Hz, CHy), ),
6.41 (s, TH, Ar-H), 6.47 (s, TH, Ar-H); 9.07-9.86 (br s, 1H, OH). 3C-NMR (151 MHz, DMSO-dg, 5 ppm)
23.8,33.2, 46.9, 55.3, 98.4, 100.9, 106.2, 122.9, 140.1, 146.3, 149.1, 157.9; Elemental analysis: calc. for
C1oH14N, Oy (250): C,57.59; H, 5.64; N, 11.19; found C, 57.70; H, 5.71; N, 11.01; ESI m/z: [M + H]*: calc.
for C1pH5N,04 251; found 251.

2-(6-Hydroxybenzo[d][1,3]dioxol-5-yl)-N-phenylpyrrolidine-1-carboxamide (5b). Beige solid, yield 98%,
m.p. 190191 °C; IR (v, cm™"): 1596, 1627, 2997, 3050; ' H-NMR (400 MHz, DMSO-d, § ppm) 1.72-1.91
(m, 3H, CH,), 2.12-2.22 (m, 1H, CH,), 3.48-3.56 (m, 1H, CH,), 3.72-3.80 (m, 1H, CHj), 5.14-5.20 (m,
1H, CH), 5.85 (s, 2H, CHy), 6.44 (s, 1H, Ar-H), 6.52 (s, TH, Ar-H), 6.90 (t, 1H, ] = 7.4 Hz, Ar-H), 7.20 (t,
2H, ] = 7.8 Hz, Ar-H), 7.43 (d, 2H, ] = 8.1 Hz, Ar-H), 7.97 (s, 1H,NH), 9.33 (s, 1H, OH); *C-NMR (151
MHz, DMSO-dg, § ppm) 23.7, 33.3, 47.1, 55.7, 98.2, 101.0, 106.1, 119.8, 122.1, 122.7, 128.7, 140.2, 140.9,
146.4, 148.8, 154.1; Elemental analysis: calc. for CigHgN,O4 (326): C, 66.25; H, 5.56; N, 8.58; found C,
66.31; H, 5.70; N, 8.35; ESI m/z: [M + H]": calc. for C;3H19N,0;4 327; found 327.

2-(6-Hydroxybenzold][1,31dioxol-5-yl)-N-(4-methoxyphenyl)pyrrolidine-1-carboxamide (5¢). Beige solid,
yield 91%, m.p. 112-114.°C; IR (v, cm™1): 1597, 1627, 2971, 2989, 3037; 'H-NMR (400 MHz, DMSO-ds,
8 ppm) 1.72-1.92 (m, 3H, CH,), 2.10-2.27 (m, 1H, CH,), 3.45-3.56 (m, 2H, CH,), 3.68 (s, 3H, CH3),
5.12-5.22 (m, 1H, CH), 5.85 (s, 2H, CHy), 6.46 (s, 1H, Ar-H), 6.52 (s, 1H, Ar-H), 6.79 (d, 2H, ] = 9.1 Hz,
Ar-H), 7.33 (d, 2H, | = 9.0 Hz, Ar-H), 7.85 (s, 1H,NH), 9.39 (s, 1H, OH); 3 C-NMR (151 MHz, DMSO-ds,
§ ppm) 23.7, 33.2, 47.0, 55.6, 55.6, 98.3, 100.9, 106.2, 114.0, 121.8, 128. 8, 133.9, 140.2, 146.4, 148.9, 154.5,
154.9; Elemental analysis: calc. for C19HyN>Os (356): C, 64.04; H, 5.66; N, 7.86; found C, 64.21; H, 5.87;
N, 7.94; ESI my/z: [M + H]*: calc. for C19H21N>Os 357; found 357.

N-(4-Bromophenyl)-2-(6-hydroxybenzo[d][1,3]dioxol-5-yl)pyrrolidine-1-carboxamide (5d). White solid,
yield 95%, m.p. 164 °C; IR (v, em™): 1595, 1627, 2848, 2978, 3047; "H-NMR (400 MHz, DMSO-dg, &
ppm) 1.71-1.94 (m, 3H, CH,), 2.11-2.23 (m, 1H, CH,), 3.46-357 (m, 1H, CHy), 3.70-3.81 (m, 1H, CHy),
5.14-5.24 (m, 1H, CH), 5.85 (s, 2H, CH>), 6.44 (s, 1H, Ar-H), 6.49 (s, 1H, Ar-H), 7.37 (d, 2H, ] = 8.8 Hz,
Ar-H), 7.44 (d, 2H, | = 8.7 Hz, Ar-H), 8.17 (s, 1H,NH), 9.30 (s, 1H, OH); 3C-NMR (151 MHz, DMSO-ds,
§ ppm) 23.7,33.2,47.1,55.9, 98.2, 100.9, 106.1, 113.5, 121.6, 122.6, 131.5, 140.1, 140.4, 146.3, 148.8, 153.9;
Elemental analysis: calc. for CigH;7BrN2Oy (405): C, 53.35; H, 4.23; Br, 19.72; N, 6.91; found C, 53.41;
H, 4.33; Br, 19.79; N, 6.79; ESI mjz: [M + H]*: cale. for C1,HgCIN;O5 323; found 323; ESI myfz: [M + HJ*:
calc. for C1gH3BrN,O4 406; found 406.

N-(4-Fluorophenyl)-2-(6-hydroxybenzo[d][1,3]dioxol-5-yl)pyrrolidine-1-carboxamide (5e). White solid,
yield 91%, m.p. 184-185 °C; IR (v, cm™1): 1595, 1638, 2883, 2948, 2989, 3164; 'H-NMR (400 MHz,
DMSO-dg, 5 ppm) 1.72-1.83 (m, 2H, CHy), 1.88-1.98 (m, 1H, CHy), 2.11-2.28 (m, 1H, CHy), 3.48-3.59
(m, TH, CH,), 3.68-3.78 (m, 1H, CH,), 5.17-5.27 (m, 1H, CH), 6.57 (d, 2H, ] = 7.9 Hz, CH,), 6.64 (s,
1H, Ar-H), 6.85 (d, 1H, ] = 8.2 Hz, CH3), 6.99-7.07 (m, 2H, Ar-H), 7.33 (s, 1H, Ar-H), 7.40-7.48 (m, 2H,
Ar-H), 8.09 (s, 1H, Ar-H), 9.72 (s, 1H,NH), 9.84 (s, 1H, OH); '*C-NMR (151 MHz, DMSO-d¢, § ppm) 23.6,
32.8,47.1,559,102.2,110.2,113.7, 115.1 (d, ] = 22.0 Hz), 121.6 (d, ] = 7.6 Hz), 126.1, 130.5, 133.2, 137.8
(d, ] = 1245 Hz), 148.3, 154.2, 1575 (d, ] = 137.9 H); Elemental analysis: calc. for C1gH;7FN,O; (344):
C, 62.79; H, 4.98; N, 8.14; found C, 62.93; H, 5.09; N, 8.30; ESI m/z: [M + H]*: calc. for C1sHisFN2Oy
345; found 345.

N-Hexyl-2-(6-hydroxybenzo[d][1,3]dioxol-5-yl)pyrrolidine-1-carboxamide (5f). White solid, yield 72%,
m.p. 91-93 °C; IR (v, cm™"): 1535, 1624, 2720, 2855, 2929, 3115; 'H-NMR (400 MHz, CDCl3, 5 ppm)
0.87 (t, 3H, ] = 6.9 Hz, CH3), 1.23-1.31 (m, 6H, CHy), 1.42-1.51 (m, 2H, CHy), 2.04-2.13 (m, 2H, CHp),
2.18-2.32 (m, 2H, CH,), 3.10-3.16 (m, 1H, CH,), 3.19-3.28 (m, 1H, CH,), 3.40-3.54 (m, 2H, CH,),
5.12-5.21 (m, 1H, CH), 5.85 (d, 2H, ] = 12.4 Hz, CH,), 6.47 (s, 1H, Ar-H), 6.61 (s, 1H, Ar-H); 3C-NMR
(151 MHz, CDCl3, 6 ppm) 14.0, 22.6, 24.9, 26.5, 30.1, 31.5, 32.7, 40.9, 46.4, 55.0, 99.9, 100.9, 105.3, 120.8,
141.0, 147.3, 150.4, 158.0; Elemental analysis: calc. for C1gHyN»Oy4 (334): C, 64.65; H, 7.84; N, 8.38;
found C, 64.75; H, 8.06; N, 8.25; ESI m/z: [M + H|": calc. for CygH»7N,Oj 335; found 335.

N-Cyclohexyl-2-(6-hydroxybenzoldl[ 1,3]dioxol-5-yl)pyrrolidine-1-carboxamide (5g). White solid, yield
84%, m.p. 159-160 °C; IR (v, cm™): 1528, 1624, 2720, 2855, 2929, 3113, 3403; "H-NMR (400 MHz,
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DMSO-dg, 5 ppm) 1.03-1.12 (m, 2H, CHy), 1.13-1.25 (m, 3H, CHy), 1.47-1.66 (m, 4H, CH,), 1.69-1.78
(m, 2H, CH,), 1.79-1.90 (m, 2H, CH,), 2.07-2.19 (m, 1H, CH,), 3.31-3.43 (m, 2H, CH,), 3.47-3.54 (m,
1H, CH,), 4.95-5.04 (m, 1H, CH), 5.85 (d, 2H, | = 8.2 Hz, CH,), 6.42 (s, 1H, Ar-H), 6.47 (s, 1H, Ar-H);
13C-NMR (151 MHz, DMSO-d, § ppm) 23.9, 25.2, 25.8, 33.5, 33.6, 46.7, 49.1, 55.0, 98.3, 100.9, 106.2,
122.7,140.3, 146.5, 149.1, 156.3; Elemental analysis: calc. for CigH»4N>Oy4 (332): C, 65.04; H, 7.28; N,
8.43; found C, 65.16; H, 7.42; N, 8.35; ESI m/z: [M + H]*: calc. for C;gH,5N>04 333; found 333.
2-(2-(6-Hydroxybenzold[1,3]dioxol-5-yl)pyrrolidine-1-carboxamido)-N,N-dimethylethan-1-aminium
2,2,2-trifluoroacetate (5h). White solid, yield 75%, m.p. 171-172 °C; IR (v, em~!): 1527, 1626, 2838, 2929,
3113, 3394; "H-NMR (400 MHz, DMSO-dg, § ppm) 1.69-1.80 (m, 2H, CHy), 1.81-1.89 (m, 1H, CHy),
2.04-2.09 (m, 1H, CHy), 2.79 (s, 6H, CH3), 3.06-3.16 (m, 2H, CHy), 3.31-3.37 (m, 3H, CH,), 3.53-3.60 (m,
1H, CHy), 4.99-5.05 (m, 1H, CH), 5.85 (d, 2H, | = 11.0 Hz, CH,), 6.42 (s, 1H, Ar-H), 6.44 (s, 1H, Ar-H),
9.37 (s, 1H,NH), 9.63 (s, 1H, OH); *C-NMR (151 MHz, DMSO-dg, § ppm) 234, 33.2, 35.9, 43.1, 46.7,
55.9,57.9,98.3,100.9, 106.1, 117.7 (q, | = 300.4 Hz), 122.8, 139.9, 146.2, 148.9, 157.1, 158.6 (q, | = 31.0 Hz);
Elemental analysis: calc. for C1gHz4F3N3Og (435): C, 49.66; H, 5.56; N, 9.65; found C, 49.85; H, 5.67; N,
9.80; ESI my/z: [M — CF3CO;]*: cale. for C1sH24N304 322; found 322.
6-Chloro-4-((3-hydroxy-4-(1-(phenylcarbamoyl)pyrrolidin-2-yl)phenyl)amino)-5-nitrobenzo[cl[1,2,5]oxadia
zole 1-oxide (6b). Dark solid, yield 87%, m.p. 165-170 °C with decomposition; IR (v, cm™1): 753, 1383,
1559, 1627, 3073, 3336, 3396; "H-NMR (400 MHz, DMSO-d, 5 ppm) 1.80 (m, 2H, CH,), 1.91 (m, 1H,
CH,), 2.20 (m, 1H, CH), 3.53-3.54 (m, 1H, CH,), 3.75 (m, 1H, CH,), 5.22-5.23 (m, 1H, CH), 6.57 (d, 1H,
] =77 Hz, Ar-H), 6.64 (s, 1H, Ar-H), 6.87 (d, 1H, | = 8.2 Hz, Ar-H), 691 (t, 1H, ] = 7.40 Hz, Ar-H), 7.20
(t,2H, ] =79 Hz, Ar-H), 7.33 (s, 1H, Ar-H), 743 (d, 2H, | = 7.1 Hz, Ar-H), 7.99 (s, 1H, NH), 9.74 (s, 1H,
NH), 9.84 (s, 1H, OH); '3C-NMR (151 MHz, DMSO-ds, 5 ppm) 23.7, 33.0, 47.1, 55.8, 102.3, 110.3, 113.9,
114.3, 119.9, 122.1, 126.2, 127.1, 128.1, 128.7, 130.6, 133.3, 138.5, 140.9, 148.3, 154.2, 154.4; Elemental
analysis: calc. for Co3H 9CINgOg (510.9): C 54.07; H 3.75; C1 6.94; N 16.45; found C 54.18; H 3.83; Cl
6.85; N 16.32; ESI my/z: [M + H]*: calc. for Co3HCINgOg 511.9; found 512.
6-Chloro-4-((3-hydroxy-4-(1-((4-methoxyphenyl)carbamoyl)pyrrolidin-2-yl)phenyl)amino)-5-nitrobenzolc]
[1,2,5]oxadiazole 1-oxide (6¢). Dark solid, yield 89%, m.p. 196-202 °C with decomposition; IR (v, em™):
750, 1377, 1557, 1628, 3075, 3306, 3391; "H-NMR (400 MHz, DMSO-ds, § ppm) 1.73-1.84 (m, 2H, CHy),
1.86-1.94 (m, 1H, CHy), 2.12-2.23 (m, 1H, CH,), 3.47-3.53 (m, 1H, CH,), 3.69 (s, 3H, CH3), 3.69-3.74 (m,
1H, CH,), 5.16-5.23 (m, 1H, CH), 6.57 (d, 1H, ] = 7.6 Hz, Ar-H), 6.63 (s, 1H, Ar-H), 6.78 (d, 2H, ] =9.02
Hz, Ar-H), 6.87 (d, 1H, ] = 8.3 Hz, Ar-H), 7.31 (s, 1H, Ar-H), 7.33 (d, 2H, ] = 4.8 Hz, Ar-H), 7.86 (br s,
1H, NH), 9.73 (br s, 1H, NH), 9.83 (nr s, 1H, OH); '*C-NMR (151 MHz, DMSO-d¢, § ppm) 23.7, 32.1,
329,471, 55.6,102.2, 107.0, 110.3, 114.0, 121.8, 121.9, 123.0, 124.5, 127.1, 130.6, 133.9, 138.5, 141.3, 146.7,
148.2, 154.5, 154.9; Elemental analysis: calc. for Co4HpCINgO7 (540.9): C 53.29; H 3.91; C16.55; N 15.54;
found C 53.38; H 3.81; Cl 6.42; N 15.67; ESI m/z: [M + H|": calc. for Co4H»CINO7 541.9; found 542.
4-((4-(1-((4-Bromophenyl)carbamoyl)pyrrolidin-2-yl)-3-hydroxyphenyl)amino)-6-chloro-5-nitrobenzolc]
[1,2,5]oxadiazole 1-oxide (6d). Dark solid, yield 95%, m.p. 166-170 °C with decomposition; IR (v, cm™hy:
753, 1362, 1560, 1629, 3100, 3297, 3382; 'H-NMR (400 MHz, DMSO-dq, § ppm) 1.74-1.84 (m, 2H, CH,),
1.84-1.97 (m, 1H, CHy), 2.15-2.24 (m, 1H, CHy), 3.47-3.57 (m, 1H, CHy), 3.68-3.77 (m, 1H, CHy),
5.18-5.25 (m, 1H, CH), 6.56 (d, 1H, ] = 8.2 Hz, Ar-H), 6.63 (s, 1H, Ar-H), 6.85 (d, 1H, ] = 8.24 Hz, Ar-H),
7.33 (s, 1H, Ar-H), 7.36 (d, 2H, ] = 8.8 Hz, Ar-H), 7.44 (t, 2H, | = 8.8 Hz, Ar-H), 8.19 (br s, 1TH, NH), 9.71
(br's, TH, NH), 9.83 (br s, 1H, OH); 3C-NMR (151 MHz, DMSO-dg, 5 ppm) 23.6, 32.9, 47.1, 56.0, 110.2,
113.5,113.8, 114.3, 120.8, 121.7, 126.1, 127.1, 130.6, 131.4, 132.0, 138.5, 139.5, 140.4, 148.3, 153.9, 154.4;
Elemental analysis: calc. for Co3H1gBrCINgOg (589.8): C 46.84; H 3.08; C1 6.01; N 14.25; found C 46.92;
H 3.12; C1 6.05; N 14.34; ESI my/z: [M + H]*: cale. for Co3H;9BrCINgOp 590.8; found 591.
6-Chloro-4-((4-(1-((4-fluorophenyl)carbamoyl)pyrrolidin-2-yl)-3-hydroxyphenylamino)-5-nitrobenzolc]
[1,2,5]oxadiazole 1-oxide (6e). Dark solid, yield 76%, m.p. 175-177 °C with decomposition; IR (v, cm™hy:
1348, 1564, 1623, 3247, 3404; 'H-NMR (400 MHz, DMSO-dg, § ppm) 1.65-1.83 (m, 2H, CH), 1.86-1.98
(m, 1H, CHy), 2.11-2.27 (m, 1H, CH,), 3.49-3.58 (m, 1H, CH,), 3.69-3.79 (m, 1H, CH}), 5.16-5.25 (m,
1H, CH), 6.57 (dd, 1H, ] = 8.2 Hz, | = 2.1 Hz, Ar-H), 6.64 (d, 1H, ] = 2.1 Hz, Ar-H), 6.85 (d, 1H, ] = 8.1
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Hz, Ar-H), 6.98-7.07 (m, 2H, Ar-H), 7.33 (s, 1H, Ar-H), 7.41-7.49 (m, 2H, Ar-H), 8.09 (s, 1H, NH), 9.72
(s, TH,NH), 9.84 (s, 1H, OH); '*C-NMR (151 MHz, DMSO-dg, § ppm) 23.6, 32.8,47.1, 5.9, 102.2, 110.2,
113.7,114.2,115.10 (d, ] = 22.0 Hz), 121.6 (d, ] = 7.6 Hz), 126.1, 127.1, 128.0, 130.5, 133.2, 137.2 (d, ] = 2.1
Hz), 138.4, 148.3, 154.2, 157.7 (d, ] = 237.9 Hz); Elemental analysis: calc. for Co3H;sCIFNgOg (528.9): C,
52.23; H, 3.43; C1, 6.70; N, 15.89; found C, 52.00; H, 3.61; Cl, 6.87; N, 16.07; ESI n/z: [M + H]™: calc. for
Ca3H19CIFNGOp 529.9; found 530.
6-Chloro-4-((4-(1-(hexylcarbamoylpyrrolidin-2-yl)-3-hydroxyphenyl)amino)-5-nitrobenzo[cl[1,2,5loxadia
zole 1-oxide (6f). Dark solid, yield 44%, m.p. 121-122 °C with decomposition; IR (v, cm’l): 722,1347,
1563, 1630, 3106, 3194, 3426; 'H-NMR (400 MHz, DMSO-dg, § ppm) 0.84 (t, 3H, | = 6.7 Hz, CH3),
1.17-1.26 (m, 6H, CH,), 1.31-1.38 (m, 2H, CHy), 1.71-1.79 (m, 2H, CHy), 1.80-1.90 (m, 1H, CHy),
2.07-2.18 (m, 1H, CHy), 2.90-3.02 (m, 2H, CH>), 3.42-3.54 (m, 2H, CH>), 4.99-5.06 (m, 1H, CH), 5.85 (br
s, 1TH,NH), 6.55 (d, 1H, ] = 7.2 Hz, Ar-H), 6.61 (s, 1H, Ar-H), 6.79 (d, 1H, | = 8.3 Hz, Ar-H), 7.34 (s, TH,
Ar-H), 9.01 (br s, 1H, NH), 9.85 (br s, 1H, OH); '>*C-NMR (151 MHz, DMSO-dq, & ppm) 14.4, 22.5,23.7,
26.5,30.4,31.5, 32.9, 46.7, 55.3, 102.3, 110.4, 113.7, 126.3, 127.1, 128.3, 130.6, 133.3, 134.9, 138.5, 148.3,
154.6, 157.0; Elemental analysis: calc. for Ca3H,7CINgOy (518.9): C 53.23; H 5.24; C1 6.83; N 16.19;
found C 53.35; H 5.33; Cl 6.72; N 16.12; ESI m/z: [M + H]*: calc. for Co3HasCINgOp 519.9; found 520.
6-Chloro-4-((4-(1-(cyclohexylcarbamoyl)pyrrolidin-2-yl)-3-hydroxyphenyl)amino)-5-nitrobenzo[c][1,2,5]
oxadiazole 1-oxide (6g). Dark solid, yield 67%, m.p. 170-175 °C with decomposition; IR (v, cm™): 632,
1348, 1564, 1623, 2934, 3247, 3404; "H-NMR (400 MHz, DMSO-dg, § ppm) 0.99-1.23 (m, 6H, CHy),
1.50-1.79 (m, 7H, CH,), 2.30-2.35 (m, 1H, CH,), 2.64-2.69 (m, 1H, CHy), 3.27-3.33 (m, 1H, CH,),
3.33-3.39 (m, 1H, CH), 4.95-5.02 (m, 1H, CH), 6.57 (d, 1H, | = 8.05 Hz, Ar-H), 6.61 (s, 1H, Ar-H), 6.82
(d, 1H, ] = 8.13 Hz, Ar-H), 7.31 (s, 1H, Ar-H), 7.93 (br s, 1H, NH), 9.83 (br s, 1H, NH), 9.94 (br s, 1H,
OH). '3C-NMR (151 MHz, DMSO-dy, § ppm) 23.8, 25.3, 25.8, 33.6, 46.8, 49.2, 55.0, 65.5, 102.3, 110.4,
114.0, 126.5, 127.1, 128.7, 129.4, 130.6, 133.4, 138.7, 148.3, 154.7, 156.3; Elemental analysis: calc. for
C23H25CINGO5 (516.9): C 53.44; H 4.87; C1 6.86; N 16.26; found C 53.33; H 4.75; C1 6.79; N 16.21; ESI ny/z:
[M + HJ*: cale. for Co3HaCINgOg 517.9; found 518.
6-Chloro-4-((4-(1-((2-(dimethylammonio)ethyl)carbamoyl)pyrrolidin-2-yl)-3-hydroxyphenyl)amino)-5-ni
trobenzolcll1,2,5]oxadiazole 1-oxide 2,2,2-trifluoroacetate (6h). Beige solid, yield 57%, m.p. 211-212 °C
with decomposition; IR (v, em™): 1349, 1566, 1623, 3175, 3275, 3400; 'H-NMR (400 MHz, DMSO-ds,
§ ppm) 1.70-1.79 (m, 1H, CH,), 1.84-1.91 (m, 1H, CH,), 2.08-2.19 (m, 1H, CHy), 2.79 (s, 6H, CH3),
3.07-3.13 (m, 2H, CHy), 3.32-3.38 (m, 3H, CH,), 3.51-3.58 (m, 1H, CH},), 5.04-5.12 (m, 1H, CH), 6.54 (d,
1H, ] = 7.9 Hz, Ar-H), 6.58 (s, 1H, Ar-H), 6.63 (s, 1H, Ar-H), 7.35 (s, 1H, NH), 9.76 (s, 1H,NH), 9.83 (s,
1H, OH); 3C-NMR (151 MHz, DMSO-dg, § ppm) 23.3, 32.9, 36.0, 43.1, 46.7, 55.9, 58.0, 102.3, 110.1,
113.5,114.3,114.7,117.7 (q, ] = 300.3 Hz), 126.1, 127.1, 130.5, 133.4, 138.5, 140.3, 148.3, 154.5, 157.1, 158.2,
158.5 (q, ] = 31.0 Hz); Elemental analysis: calc. for C23H25CIF3N7Og (619.9): C, 44.56; H, 4.06; Cl, 5.72;
N, 15.82; found C, 44.79; H, 3.81; Cl, 5.87; N, 15.99; ESI m/z: [M — CF3CO,]*: calc. for C31Hp5CIN;Oq
506.9; found 507.
2-(4-Hydroxy-6-methyl-2-oxo-2H-pyran-3-yl)-N-phenylpyrrolidine-1-carboxamide (7b). White solid,
yield 69%, m.p. 190-191 °C; IR (v, cm™"): 1588, 1612, 1692, 2630, 2687, 2872, 2961; "H-NMR (400 MHz,
DMSO-dg, § ppm) 1.76-1.87 (m, 1H, CH,), 1.95-2.06 (m, 2H, CH,), 2.08-2.21 (m, 1H, CHy), 2.13 (s,
3H, CH3), 3.50-3.65 (m, 2H, CHy), 4.99-5.09 (m, 1H, CH), 5.98 (s, 1H, Ar-H), 6.88 (t, 1H, ] = 7.3 Hz,
Ar-H), 7.18 (t, 2H, | = 7.8 Hz, Ar-H), 7.42 (d, 2H, ] = 8.1 Hz, Ar-H), 7.81 (s, 1H, NH), 11.54 (s, 1H, OH);
13C-NMR (151 MHz, DMSO-dg, 5 ppm) 19.7, 25.4, 30.8, 47.4, 52.1, 100.7, 118.1, 119.4, 121.8, 128.7, 141.1,
153.6, 161.3, 163.8, 166.1; Elemental analysis: calc. for Ci7HgN,O4 (314): C, 64.96; H, 5.77; N, 8.91;
found C, 65.22; H, 5.89; N, 8.80; ESI m/z: [M + H]*: calc. for C;7H;9N»Oy 315; found 315.
2-(4-Hydroxy-6-methyl-2-oxo-2H-pyran-3-yl)-N-(4-methoxyphenyl)pyrrolidine-1-carboxamide ~ (7c).
White solid, yield 87%, m.p. 168-169 °C; IR (v, cm™): 1579, 1612, 1690, 2631, 2678, 2872, 3006; "H-NMR
(400 MHz, DMSO-de, § ppm) 1.75-1.86 (m, 1H, CH3), 1.97-2.18 (m, 3H, CH,), 2.13 (s, 3H, CH3),
3.46-3.59 (m, 2H, CH,), 3.68 (s, 3H, CH3), 4.96-5.03 (m, 1H, CH), 5.97 (s, 1H, Ar-H), 6.78 (d, 2H, ] = 8.8
Hz, Ar-H), 7.31 (d, 2H, ] = 9.1 Hz, Ar-H), 7.69 (s, 1H, NH), 11.54 (s, 1H, OH); 13C-NMR (151 MHz,
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DMSO-dg, 5 ppm) 19.7, 25.4, 30.7, 47.3, 52.1, 55.6, 100.7, 102.9, 114.0, 121.2, 134.1, 154.0, 154.7, 161.3,
163.8, 166.2; Elemental analysis: calc. for CgHpgN2O5 (344): C, 62.78; H, 5.85; N, 8.13; found C, 62.89;
H, 5.98; N, 8.06; ESI m/z: [M + HJ*: calc. for C1gH1N,Os 345; found 315.
N-(4-Bromophenyl)-2-(4-hydroxy-6-methyl-2-oxo-2H-pyran-3-yl)pyrrolidine-1-carboxamide (7d). White
solid, yield 75%, m.p. 194-195 °C; IR (v, cm™1): 1578, 1612, 1679, 2654, 2815, 2877, 2989; 'H-NMR (400
MHz, DMSO-d, § ppm) 1.76-1.86 (m, 1H, CH,), 1.92-2.04 (m, 2H, CH,), 2.06-2.17 (m, 1H, CHy), 2.12
(s, 3H, CH3), 3.50-3.61 (m, 2H, CHy), 4.97-5.05 (m, 1H, CH), 5.96 (s, 1H, Ar-H), 7.35 (d, 2H, | = 8.7
Hz, Ar-H), 7.43 (d, 2H, | = 8.5 Hz, Ar-H), 8.03 (s, 1H, NH), 11.42 (s, 1H, OH); '*C-NMR (151 MHz,
DMSO-dg, § ppm) 19.7, 25.4, 30.8, 47.4, 52.3,100.7, 102.7, 113.1, 121.2, 131.5, 140.6, 153.3, 161.2, 163.7,
166.0; Elemental analysis: calc. for C17H;7BrN,Oy4 (392): C, 51.92; H, 4.36; Br, 20.32; N, 7.12; found C,
52.09; H, 4.50; Br, 20.48; N, 7.31; ESI my/z: [M + HJ™: calc. for C;7H;§BrN,Oy4 393; found 393.
N-(4-Fluorophenyl)-2-(4-hydroxy-6-methyl-2-oxo-2H-pyran-3-yl)pyrrolidine-1-carboxamide (7e). White
solid, yield 58%, m.p. 177-178 °C; IR (v, cm™"): 1602, 1631, 1689, 2631, 2689, 2881, 3066; 'H-NMR
(400 MHz, DMSO-dg, 5 ppm) 1.74-1.87 (m, 1H, CHy), 1.91-2.14 (m, 3H, CHy), 2.12 (s, 3H, CH),
3.50-3.63 (m, 2H, CHy), 4.95-5.07 (m, 1H, CH), 5.97 (s, 1H, Ar-H), 6.98-7.04 (m, 2H, Ar-H), 7.39-7.49
(m, 2H, Ar-H), 7.92 (s, 1H, NH), 11.62 (s, 1H, OH); '3C-NMR (151 MHz, DMSO-dy, § ppm) 19.7, 254,
30.8,47.3,52.2,100.6,102.7, 115.1 (d, ] = 22.0 Hz), 121.0 (d, ] = 7.4 Hz), 1374 (d, ] = 2.5 Hz), 153.6, 157.5
(d, ] = 237.6 Hz), 161.2, 163.7, 166.0; Elemental analysis: calc. for C17Hi7FN2Oy (332): C, 61.44; H, 5.16;
N, 8.43; found 61.55; H, 4.89; N, 8.27; ESI my/z: [M + H]": calc. for Cy7HgFN,Oy 333; found 333.
N-Hexyl-2-(4-hydroxy-6-methyl-2-0x0-2H-pyran-3-yl)pyrrolidine-1-carboxamide (7f). White solid, yield
47%, m.p. 137-138 °C; IR (v, em™!): 1592, 1690, 2631, 2686, 2935, 3079; 'H-NMR (400 MHz, DMSO-d¢,
& ppm) 0.84 (t, 3H, ] = 7.0 Hz, CH3), 1.16-1.27 (m, 6H, CH3), 1.30-1.38 (m, 2H, CH>), 1.70-1.80 (m,
1H, CHy), 1.95-2.10 (m, 3H, CHy), 2.13 (s, 3H, CH3), 2.87-2.96 (m, 1H, CHy), 2.98-3.07 (m, 1H, CH,),
3.31-3.35 (m, 1H, CHy), 3.36-3.41 (m, 1H, CH,), 4.80-4.88 (m, 1H, CH), 5.70 (s, 1H, NH), 5.96 (s, 1H,
Ar-H); 13C-NMR (151 MHz, DMSO-dg, § ppm) 14.4, 19.7, 22.5, 25.3, 26.5, 30.3, 30.4, 31.5, 35.6, 47.0, 51.9,
101.0, 103.0, 156.9, 161.4, 163.5, 167.0; Elemental analysis: calc. for C17Hz6N2Oy4 (322): C, 63.33; H, 8.13;
N, 8.69; found C, 63.50; H, 8.31; N, 8.87; ESI m/z: [M + H]*: calc. for Cy7H,7N,04 323; found 323.
N-Cyclohexyl-2-(4-hydroxy-6-methyl-2-oxo-2H-pyran-3-yl)pyrrolidine-1-carboxamide (7g). Beige solid,
yield 60%, m.p. 184-185 °C; IR (v, em™1): 1593, 1692, 2631, 2686, 2934, 3079; 'H-NMR (400 MHz,
DMSO-dg, 5 ppm) 0.99-1.14 (m, 3H, CHy), 1.16-1.28 (m, 2H, CH,), 1.48-1.54 (m, 1H, CH,), 1.55-1.66
(m, 3H, CHy), 1.69-1.77 (m, 2H, CHy), 1.99-2.09 (m, 3H, CHy), 2.12-2.22 (m, 1H, CHy), 2.14 (s, 3H,
CHj), 3.36-3.39 (m, 1H, CHy), 3.40-3.47 (m, 1H, CHy), 4.78-4.87 (m, 1H, CH), 5.36 (s, TH, NH), 5.97 (s,
1H, Ar-H), 12.01 (s, 1H, OH); ®C-NMR (151 MHz, DMSO-dg, 5 ppm) 19.7, 25.1, 25.3, 25.8, 30.3, 33.6,
47.1,49.1,51.6, 100.8, 102.8, 156.1, 161.7, 163.6, 167.0; Elemental analysis: calc. for C;7H4N»Oy (320):
C,63.73; H, 7.55; N, 8.74; found C, 63.87; H, 7.76; N, 8.59; ESI my/z: [M + H]*: calc. for C17H25N,04 321;
found 321.
2-(2-(4-Hydroxy-6-methyl-2-oxo-2H-pyran-3-yl)pyrrolidine-1-carboxamido)-N,N-dimethylethan-1-aminium
2,2,2-trifluoroacetate (7h). White solid, yield 77%, m.p. 146-147 °C; IR (v, em™): 1592, 1692, 2683, 2985,
3064; "H-NMR (400 MHz, DMSO-dg, § ppm) 1.73-1.81 (m, 1H, CHy), 1.83-1.90 (m, 1H, CHy), 1.96-2.08
(m, 2H, CHy), 2.12 (s, 3H, CH3), 2.78 (s, 6H, CH3), 3.05-3.12 (m, 2H, CH,), 3.21-3.30 (m, 1H, CHy),
3.32-3.39 (m, 3H, CH>), 4.85-4.94 (m, 1H, CH), 5.98 (s, 1H, Ar-H), 6.22 (s, 1H, NH), 9.56 (s, 1H, OH),
11.70 (s, 1H, NH*); BC-NMR (151 MHz, DMSO-dg, 5 ppm) 19.7, 25.2, 31.3, 36.0, 43.1, 46.9, 52.4,58.1,
100.8, 1029, 177.7 (q, ] = 31.2 Hz), 156.8, 158.6 (q, | = 299.4 Hz), 160.9, 163.6, 166.2; Elemental analysis:
cale. for Cy7Hp4F3N304 (423): C,48.23; H, 5.71; N, 9.92; found C, 48.30; H, 5.85; N, 10.14; ESI my/z: [M —
CF3CO,]*: calc. for Ci5Hp4 N304 310; found 310.
2-(4-Hydroxy-2-0xo-2H-chromen-3-yl)-N-phenylpyrrolidine-1-carboxamide (8b). Beige solid, yield 51%,
m.p. 179-180 °C; IR (v, cm™): 1595, 1616, 1695, 2853, 2930, 3075. 'H-NMR (400 MHz, DMSO-ds,
ppm) 1.87-1.98 (m, 1H, CHy), 2.13-2.27 (m, 3H, CH>), 3.64-3.71 (m, 2H, CH,), 5.23-5.29 (m, 1H, CH),
691 (t, 1H, ] = 7.4 Hz, Ar-H), 7.19 (t, 3H, ] = 7.9 Hz, Ar-H), 7.32-7.37 (m, 2H, Ar-H, NH), 7.42 (d, 2H, |
=8.0Hz, Ar-H),7.59 (t, 1H, ] = 8.0 Hz, Ar-H), 7.94 (d, 1H, ] = 7.9 Hz, Ar-H), 8.26 (s, 1H, OH); '*C-NMR
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(151 MHz, DMSO-dg, 5 ppm) 25.8, 29.6,47.8, 53.2, 106.5, 116.5, 118.1, 120.2, 122.3, 124.0, 124.3, 128.7,
132.5, 140.6, 152.7, 154.9, 161.3, 162.2; Elemental analysis: calc. for C2oHigN2Oy (350): C, 68.56; H, 5.18;
N, 8.00; found C, 68.70; H, 5.40; N, 7.89; ESI m/z: [M + H]*: calc. for C;oH19N,O4 351; found 351.

2-(4-Hydroxy-2-oxo-2H-chromen-3-yl)-N-(4-methoxyphenyl)pyrrolidine-1-carboxamide (8¢). Beige solid,
yield 45%, m.p. 152-153 °C; TR (v, cm™1): 1596, 1617, 1697, 2847, 2984, 3036; 'H-NMR (400 MHz,
DMSO-dg, & ppm) 1.81-2.00 (m, 1H, CH,), 2.12-2.23 (m, 2H, CH,), 2.24-2.34 (m, 1H, CH>), 3.59-3.66
(m, 2H, CH,), 3.69 (s, 3H, CH3), 5.18-5.28 (m, 1H, CH), 6.79 (d, 2H, | = 9.1 Hz, Ar-H), 7.25-7.38 (m, 5H,
Ar-H,NH), 7.59 (t, 1H, ] = 7.0 Hz, Ar-H), 7.92 (d, 1H, ] = 6.7 Hz, Ar-H), 8.19 (s, 1H, OH); 3C-NMR (151
MHz, DMSO-d, § ppm) 25.8,29.4, 47.7,53.2, 55.6, 106.5, 114.0, 116.4, 120.4, 122.3, 123.9, 124.3, 132.5,
133.3,152.7,155.1, 155.5, 161.2, 162.6; Elemental analysis: calc. for C»1HyN»Os (380): C, 66.53; H, 5.50;
N, 7.49; found C, 66.53; H, 5.50; N, 7.49; ESI m/z: [M + H]*: calc. for Cy1H,1N,Os5 381; found 381.

N-(4-Bromophenyl)-2-(4-hydroxy-2-oxo-2H-chromen-3-yl)pyrrolidine-1-carboxamide (8d). Beige solid,
yield 68%, m.p. 179 °C; IR (v, em™): 1595, 1617, 2797, 2837, 2987, 3078; "H-NMR (400 MHz, DMSO-ds,
5 ppm) 1.83-1.86 (m, 1H, CHj), 2.08-2.27 (m, 3H, CHy), 3.62-3.72 (m, 2H, CHy), 5.23-5.31 (m, 1H, CH),
7.30-7.40 (m, 5H, Ar-H, NH), 7.43 (d, 2H, ] = 8.90 Hz), 7.59 (t, 1H, ] = 8.2 Hz, Ar-H), 7.94 (d, 1H, ] = 8.3
Hz, Ar-H), 8.39 (s, 1H, OH); '*C-NMR (151 MHz, DMSO-dq, § ppm) 25.8, 29.8, 47.8, 53.2, 106.5, 113.6,
116.5,120.0, 121.8, 123.9, 124.3, 131.5, 132.4, 140.2, 152.7, 154.3, 161.3, 161.9; Elemental analysis: calc. for
CooH17BrN>Oy4 (429): C, 55.96; H, 3.99; Br, 18.61; N, 6.53; found C, 56.14; H, 4.18; Br, 18.73; N, 6.70; ESI
mjz: [M + HJ*: calc. for CooH;BrN, Oy 430; found 430.

N-(4-Fluorophenyl)-2-(4-hydroxy-2-oxo-2H-chromen-3-yl)pyrrolidine-1-carboxamide (8e). Beige solid,
yield 51%, m.p. 165 °C; IR (v, cm™!): 1589, 1624, 1697, 2847, 2983, 3036, 3106; 'H-NMR (400 MHz,
DMSO-dg, § ppm) 1.92-1.98 (m, 1H, CH,), 1.12-1.28 (m, 3H, CH,), 3.61-3.70 (m, 2H, CH,), 5.22-5.29
(m, 1H, CH), 6.99-7.05 (m, 2H, Ar-H), 7.29-7.40 (m, 3H, Ar-H, NH), 7.40-7.47 (m, 2H, Ar-H), 7.59 (t,
1H, ] = 8.5 Hz, Ar-H), 7.93 (d, 1H, ] = 6.9 Hz, Ar-H), 8.33 (s, 1H, OH); 3C-NMR (151 MHz, DMSO-dg, 5
ppm) 25.7,29.6,47.7,53.1,106.5, 115.2 (d, ] = 22.0 Hz), 116 .4, 117.0, 121.9 (d, ] = 7.7 Hz), 123.9, 124.2,
1324, 136.9 (d, ] = 2.5 Hz), 152.7, 154.8, 157.8 (d, | = 138.1 Hz), 161.3, 162.2; Elemental analysis: calc. for
CaoH17FN, 04 (368): C, 65.21; H, 4.65; N, 7.60; found C, 65.42; H, 4.78; N, 7.83; ESI m/z: [M + H]*: calc.
for CpoH 3sFN2Oy4 369; found 369.

N-Hexyl-2-(4-hydroxy-2-oxo-2H-chromen-3-yl)pyrrolidine-1-carboxamide (8f). Beige solid, yield 34%,
m.p. 124-125 °C; IR (v, cm™): 1554, 1614, 1687, 2858, 2929, 2953, 3075, 3374; 'H-NMR (400 MHz,
DMSO-dg, 8 ppm) 0.79 (t, 3H, | = 6.8 Hz, CH3), 1.19-1.22 (m, 5H, CH,), 1.30-1.35 (m, 1H, CH3), 1.37-1.41
(m, 1H, CHy), 1.85-1.95 (m, 1H, CH,), 1.07-1.16 (m, 1H, CHy), 2.20-2.17 (m, 1H, CH3), 2.40-2.48 (m,
1H, CHy), 2.94-3.02 (m, 2H, CH,), 3.03-3.10 (m, 1H, CHy), 3.31-3.39 (m, 1H, CH,), 3.41-3.49 (m, 1H,
CH,), 5.06-5.14 (m, 1H, CH), 6.57 (s, 1H, NH); 7.29-7.33 (m, 2H, Ar-H), 7.55-7.60 (m, 1H, Ar-H), 7.87
(d, 1H, ] = 7.8 Hz, Ar-H); '*C-NMR (151 MHz, DMSO-d, § ppm) 14.3, 22.5,25.7, 26.5, 28.8, 30.1, 31.5,
40.7,47.4,53.4,106.3,116.3,117.2, 124.1, 124.2, 132.6, 153.0, 158.8, 161.1, 164.5; Elemental analysis: calc.
for CapHpeN,O; (358): C, 67.02; H, 7.31; N, 7.82; found C, 67.29; H, 7.55; N, 7.99; ESI m/z: [M + H]*:
cale. for CyoHpzN, Oy 359; found 359.

Crystal data: CooH26N204, M = 358.43, colorless crystal 0.12 x 0.15 x 0.15 mm?, triclinic, space
group P-1,Z = 6, a = 12.9336(12), b = 14.2803(13), ¢ = 16.0108(14) A, « = 70.825(2), p = 84.411(2), y =
87.932(2)°, V = 2779.8(4) A3, pealc = 1.285 g/em?, p = 0.9 mm~!, 33,903 reflections collected (+h, +k, 1),
14,791 independent (Rint 0.0849) and 7433 observed reflections [I > 26(I)], 703 refined parameters, R =
0.0673, wR, = 0.1723, max. residual electron density was 0.667 (—0.528) eA3,

N-Cyclohexyl-2-(4-hydroxy-2-oxo-2H-chromen-3-yl)pyrrolidine-1-carboxamide (8g). Beige solid, yield
68%, m.p. 166-167 °C; IR (v, em™): 1549, 1616, 1694, 2475, 2853, 2935, 3075, 3373; 'H-NMR (400 MHz,
DMSO-ds, § ppm) 1.01-1.10 (m, 1H, CHy), 1.14-1.26 (m, 4H, CHy), 1.48-1.56 (m, 1H, CHy), 1.59-1.67
(m, 2H, CH,), 1.68-1.78 (m, 2H, CH,), 1.84-1.94 (m, 1H, CH,), 2.06-2.16 (m, 1H, CH,), 2.20-2.29 (m,
1H, CH,), 2.39-2.48 (m, 1H, CHy), 3.35-3.50 (m, 3H, CH,, CH), 5.04-5.13 (m, 1H, CH), 6.26 (s, 1H, OH),
7.30-7.35 (m, 2H, Ar-H), 7.59 (td, 1H, ] = 7.8 Hz, ] = 1.6 Hz, Ar-H) 7.88 (dd, 1H, ] =83 Hz, ] = 1.6 Hz,
Ar-H); BC-NMR (151 MHz, DMSO-dg, § ppm) 25.4, 25.7, 28.7, 33.3, 33.5, 47.5, 49.9, 53.4, 106.2, 116.3,
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117.2,124.1, 124.2, 132.6, 153.0, 158.1, 161.1, 164.5; Elemental analysis: calc. for CooHpsN,Oy (356): C,
67.40; H, 6.79; N, 7.86; found C, 67.54; H, 6.89; N, 7.73; ESI ny/z: [M + H]": calc. for Co0H5N,04 357;
found 357.
2-(2-(4-Hydroxy-2-oxo-2H-chromen-3-yl)pyrrolidine-1-carboxamido)-N,N-dimethylethan-1-aminium

2,2,2-trifluoroacetate (8h). Beige solid, yield 73%, m.p. 147-148 °C; IR (v, cm™!): 1544, 1615, 1684, 2718,
2876, 2957, 3038, 3368; 'H-NMR (400 MHz, DMSO-ds, 5 ppm) 1.83-1.94 (m, TH, CHy), 2.08-2.22 (m,
2H, CHy), 2.24-2.35 (m, 1H, CHy), 2.78 (s, 6H, CH3), 3.06-3.15 (m, 2H, CH3), 3.26-3.33 (m, 1H, CH,),
3.35-3.41 (m, 1H, CH,), 3.43-3.49 (m, 2H, CH,), 5.08-5.16 (m, 1H, CH), 6.75 (s, 1H, NH), 7.29-7.38 (m,
2H, Ar-H), 7.59 (t, 1H, ] = 8.2 Hz, Ar-H) 7.92 (d, 1H, ] = 7.9 Hz, Ar-H) 9.62 (s, 1H, OH); *C-NMR
(151 MHz, DMSO-dg, & ppm) 25.6,29.7, 36.0, 43.0, 47.2, 53.3, 57.4, 106.2, 116.2, 116.9 (q, | = 199.9 Hz),
117.4,124.1,124.2, 132.4, 152.9, 157.9, 158.7 (q, ] = 32.1 Hz), 161.3, 163.5; Elemental analysis: calc. for
CyoHa4F3N30¢ (458): C, 52.29; H, 5.27; N, 9.15; found C, 52.48; H, 5.16; N, 8.97; ESI ny/z: [M + H]*: calc.
for C1gH24N304 346; found 346.

3.2. Biological Studies

3.2.1. In Vitro Studies of Anti-Cancer Activity

Cytotoxicity assay. Cytotoxic effects of the test compounds on human cancer and normal cells
were estimated by means of the multifunctional Cytell Cell Imaging system (GE Health Care Life
Science, Sweden) using the Cell Viability Bio App which precisely counts the number of cells and
evaluates their viability from fluorescence intensity data. Two fluorescent dyes that selectively
penetrate the cell membranes and fluoresce at different wavelengths were used in the experiments.
A low-molecular-weight 4,6-diamidin-2-phenylindol dye (DAPI) is able to penetrate the intact
membranes of living cells and color nuclei in blue. The high-molecular-weight propidium iodide dye
penetrates only dead cells with damaged membranes, staining them in yellow. As a result, living cells
are painted in blue and dead cells are painted in yellow. DAPI and propidium iodide were purchased
from Sigma. The M-Hela clone 11 human, epithelioid cervical carcinoma, strain of Hela, clone of
M-Hela from the Type Culture Collection of the Institute of Cytology (Russian Academy of Sciences)
and Chang liver cell line (Human liver cells) from N. F. Gamaleya Research Center of Epidemiology
and Microbiology were used in the experiments. The cells were cultured in a standard Eagle’s nutrient
medium manufactured at the Chumakov Institute of Poliomyelitis and Virus Encephalitis (PanEco
company) and supplemented with 10% fetal calf serum and 1% nonessential amino acids. The cells
were plated into a 96-well plate (Eppendorf) at a concentration of 100,000 cells/mL, 150 uL of medium
per well, and cultured in a CO, incubator at 37 °C. Twenty-four hours after seeding the cells into wells,
the compound under study was added at a preset dilution, 150 L to each well. The dilutions of the
compounds at concentrations of 1-100 uM were prepared immediately in nutrient media; 5% DMSO
(which does not induce the inhibition of cells at this concentration) was added for better solubility.
The experiments were repeated three times. Intact cells cultured in parallel with experimental cells
were used as a control.

Induction of Apoptotic Effects by test compounds. Cell Culture. M-Hela cells at 1 x 10° cells/well
in a final volume of 2 mL were seeded into six-well plates. After 24 hours of incubation, a solution of
the test compound 6g was added to the wells at the concentration studied.

Cytell Cell Imaging System Assay. M-Hela cells were plated into a 24-well plate (Eppendorf) at a
concentration of 1 x 10° cells/mL, 500 uL of medium per well, and cultured in a CO, incubator at 37 °C.
Twenty-four hours after seeding the cells into wells the compound was added at a preset dilution,
500 pL to each well. The dilutions of compound 6g were prepared immediately in nutrient media;
5% DMSO (which did not induce the inhibition of cells at this concentration) was added for better
solubility. Evaluation of apoptotic effects was performed with the help of multifunctional system Cytell
Cell Imaging, using Cell Viability BioApp and Automated Imaging BioApp applications. The annexin
V-Alexa Fluor 647 apoptosis detection kit, DAPI and propidium iodide purchased from Sigma.
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Multiplex analysis of early apoptosis markers. M-Hela cells were incubated for 24 hours with
the test substance. Cells were lysed in MILLIPLEX® MAP Lysis buffer containing protease inhibitors.
Twenty micrograms of total protein of each lysate diluted in MILLIPLEX® MAP Assay Buffer 2 was
analyzed according to the analysis protocol (the lysate was incubated at 4 °C overnight). The mean
fluorescence intensity (MII) was detected using the Luminex® system, MERCK, USA.

Flow Cytometry Assay. Mitochondrial membrane potential. Cells were harvested at 2000 rpm
for 5 min and then washed twice with ice-cold PBS, followed by resuspension in JC-10 (10 pg/mL)
and incubation at 37 °C for 10 min. After the cells were rinsed three times and suspended in PBS, the
JC-10 fluorescence was observed by flow cytometry (Guava easy Cyte 8HT, Guava Technologies Inc.,
Hayward, CA, USA).

Statistical analysis. The experiments were repeated three times. The cytometric results were
analyzed by the Cytell Cell Imaging multifunctional system using the Cell Viability BioApp and
Apoptosis BioApp application. The data in the tables and graphs are given as the mean + standard error.

3.2.2. In Vivo Studies of Anti-Cancer Activity

Animals. In vivo experiments were performed using the BDF; hybrid male mice of 22-24 g
weight. The experimental animals were caged in a standard vivarium in 12 h light conditions with free
access to food and water. All manipulations with the animals were performed in accordance with the
solutions of the Commission on Bioethics of the Institute of Problems of Chemical Physics, Russian
Academy of Sciences (IPCP RAS).

Anti-tumor activity. The tumors were transplanted intraperitoneally (i.p.) in accordance with a
standard procedure inoculum: 106 tumor cells in isotonic solution of NaCl, V = 0.2 cm?3 (leukemia
P388) [60]. Original compounds were injected intraperitoneally as aqueous solution. Doses from
18 to 83 mg/kg/day and the mode of administration on days 1, 5, and 9 after transplantation were
used. In each experiment, a single group of tumor-bearing animals not injected with the compounds
served as the control group. Each group consisted of six mice. The animals were observed daily for
survival for a minimum of 60 days. The efficacy of the therapy against leukemia (defined as increase in
lifespan—ILS) was assessed as the percentage of the median survival time (MST) of the treated group
(t) to that of the control group (c): ILS(%) = (MSTt/MSTc) x 100.

Statistics. The experiments were carried out in triplicate. The data are presented in the form
X + SD (mean + standard deviation). The significance of the differences between the groups was
assessed using Student’s t-test. Values of p < 0.05 were considered statistically significant. The data
were processed statistically using GraphPad Prism.

3.2.3. Bacterial Biofilm Formation Inhibitory Activity

Bacterial strains and cultivation conditions. For the detection of biofilms, formation strains Vibrio
aquamarinus DSM 26054 and Acinetobacter calcoaceticus VKPM B-10353 were used. These strains form
biofilms, making them useful for studying biofilms.

E. coli MG1655 (pRecA-lux) was used for the evaluation of the genotoxicity of the synthesized
compounds. The biosensor with the PrecA promotor fixes the presence of the factors causing damage of
DNA in a cell [74]. The biosensor E. coli MG1655 (pSoxS-lux) was used for the evaluation of prooxidant
activity. The biosensor with the PsoxS promoter fixes the production of superoxide anion and NO [75].
Bioluminescent strains were obtained by the transformation of E. coli MG1655 by hybrid plasmids
pRecA-lux, pSoxS-lux. The gene cassette luxCDABE Photorhabdus luminescens under the control PrecA
promoters was used in this biosensor. This plasmid was created on the basis of pBR322 and contained a
selective marker of ampicillin resistance (Amp gene). The strains were kindly furnished by Manukhov
1.V, Federal State Unitary Enterprise “GosNIIGenetika”).

The bacterial strains Acinetobacter calcoaceticus VKPM B-10353, E. coli MG1655 (pRecA-lux), and E.
coli MG1655 (pSoxS-lux) were cultivated in Luria-Bertani (LB) medium [76] under constant shaking to
early exponential phase at 37 °C. Cells were used immediately for stress induction tests. One hundred
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micrograms of ampicillin per milliliter were added into LB medium at cultivation of E. coli MG1655
(pRecA-lux) and E. coli MG1655 (pSoxS-lux). Strain V. aquamarinus DSM 26054 was grown in LB
medium supplemented with 3% NaCl.

Chemicals.  All of the chemicals used were of analytical grade. Crystal violet and
N-methyl-N-nitro-N-nitrosoguanidine were obtained from Sigma-Aldrich (USA). Ampicillin was
obtained from Sintez (Russia). Azithromycin was obtained from Farmstandart (Russia). Test solutions
were prepared in deionized water immediately before the tests. Rat liver microsomal enzymes (S9
fraction) were from Moltox (USA).

The test compounds were dissolved in DMSO to the concentration of 1 x 1072 M. Then, they
were diluted with ethanol. The control solutions were analogous dilutions of DMSQO in ethanol. The
tested compounds were also compared with the standard antibiotic azithromycin. Azithromycin was
dissolved in DMSO to the concentration of 5 x 10-3 M and then diluted with deionized water.

Biosensors assay procedure. The detailed protocol of toxicity testing by means of a bacterial
lux-biosensors is described in the article [77].

Calculation. The criterion of toxic influence was bioluminescence intensity change of the test
object in the researched sample in comparison with the control sample.

The induction factor (I) was defined as the relation of luminescence intensity of a lux-biosensor
suspension containing tested sample (L) to the luminescence intensity of a lux-biosensor control
suspension (Ly): I = L¢/Ly.

If at significant differences from control induction factor values were <2, the detected genotoxic
effect was evaluated as “weak”, if they were in the range from 2 to 10 as “medium”, and above 10 as
“strong”. All the experiments were carried out three times independently.

Difference reliability of bioluminescence in experiment from control value was estimated by
t-criterion with the help of Excel software. The conclusions about sample toxicity were made at p <
0.05.

Test system for evaluation of biofilms production. To quantify the formation of biofilms, the
crystal violet assay was used, with some modifications [78]. The necessary concentrations of the test
compounds were prepared as described above.

V. aquamarinus DSM 26054 was cultivated for 24 h in LB medium supplemented with 3% NaCl in
the Innova 40R shaker incubator (New Brunswick Scientific, USA) at 25 °C and 200 rpm. A. calcoaceticus
VKPM B-10353 was cultivated for 24 h in LB medium in the Innova 40R shaker incubator (New
Brunswick Scientific, Enfield, CT, USA) at 30 °C and 200 rpm. Then, the suspensions of the daily
culture of V. aquamarinus DSM 26054 and A. calcoaceticus VKPM B-10353 were diluted with LB medium
supplemented with 3% NaCl to the density of 1 x 10° cells/mL.

The resulting suspension (180 uL) was added to the wells of a polystyrene microplate (Nuova
Aptaca, Canelli, Italy). To some of the wells, 20 pL of the test substances at various concentrations
were added. Since solvents used could also influence the biofilm formation, 20 uL of the appropriate
solvent was added to the other part of the wells at same dilutions (control). Six replicates were done
for cach treatment and control. The microplate was covered with a lid and wrapped with Parafilm
(Bemis Company, Inc., Oshkosh, WI, USA).

After incubation at 25 °C for 72 h, biofilms were stained. The contents in the wells were removed
by means of a dispenser. The wells were then carefully washed three times with 250 uL of sterile
saline. The microplates were shaken to remove all non-adherent bacteria. Biofilms were fixed with
200 pL of 96% ethanol for 15 min. After the microplates had dried in air, 200 L of 0.5% crystal violet
was introduced into the wells. After 10 min, the dye was removed. The excess dye was removed by
washing with water three times. After the microplates were air-dried, the dye in the wells bound
to biofilms was dissolved with 200 uL of 96% ethanol. The extraction level (absorption) of crystal
violet by ethanol was measured after 60 minutes at a wavelength of 570 nm using a FLUOstar Omega
microplate reader (BMG Labtech, Offenburg, Germany) in optical density units (OD570). The intensity
of biofilm formation directly corresponds to the intensity of staining of the contents of the wells with
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the dye. Biofilm formation was determined by the difference between the mean OD readings obtained
in the presence of compounds and the control.

Each experiment was performed in triplicate. The values were expressed as mean + SD. Student’s
t-test was used to compare these values. Differences were considered statistically significant at p < 0.05.

4. Conclusions

In conclusion, a series of novel 2-(het)arylpyrrolidine-1-carboxamides were obtained via a modular
approach based on intramolecular cyclization/Mannich-type reaction of N-(4,4-diethoxybutyl)urcas.
Their anti-cancer activities were tested both in vitro and in vivo. A pyrrolidine derivative possessing a
cyclo-hexyl substituent in the carboxamide moiety and a benzofuroxan fragment in the pyrrolidine ring
was determined as the most active in the in vitro assay. Notably, its activity towards M-Hela tumor
cell lines was found to be twice that of reference drug tamoxifen. At the same time, its cytotoxicity
towards normal Chang liver cells did not exceed tamoxifen’s toxicity. The obtained results indicate
that the death of M-Hela cells presumably occurs via an apoptotic pathway due to activation of the
surface cell receptors and not due to mitochondrial dysfunction. In the in vivo studies, water-soluble
compounds possessing N-(2-(dimethylamino)ethyl)pyrrolidine-1-carboxamide scaffold and either
a heterocyclic (hydroxycoumarine) or aromatic (sesamol) substituent in the pyrrolidine core were
proven to be the most effective. The number of surviving animals on day 60 of observation ranged
from 17% to 83% and increased life span (ILS) ranged from 80% to 447%. Additionally, compounds
possessing a benzofuroxan moiety were found to effectively suppress bacterial biofilm growth, and
thus are promising candidates for further development as anti-bacterial agents.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/17/3086/s1,
Figures 51-514 (Anti-biofilm activity data), Figure S15, Tables S1-54 (X-ray data); Figure S16 (In vivo anti-cancer
activity data), copies of NMR spectra of all synthesized compounds.
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(epMEHTOB IPH XPAaHEHHH M HMX BBICOKAs CTOMMOCTD,
SIBJISIONINECS HelocTaTKaMu (hePMEHTHOTO aHajIu3a Ul
IMUPOKOTO MPHMEHEHHS, MOTYT OBITh KOMIICHCHPOBAHEL
Ty TeM MMMOGHIM3AIHE (HEPMEHTOB Ha HEPACTBOPHMBIX
nocurensix. Ipu sToM ocoGoe 3Hauenne npruodperaer
croco6 BBEJICHHS MMMOGHIN30BAHHOTO (epMeHTa B
cocraB Grocencopa, TIOCKOIBKY AKTHBHOCTH
(bepMeHTOB, KaK INPABHIO, CYIIECTBEHHO CHIKACTCS
TIPH AMMOOHITH3AIHH.

H3BecTHEI COCOGE MMMOGHIM3AINH (hEPMEHTOB B

TOHKOILIEHOYHBIH MHKpOSYEHCTbIH TIOJIMMEPHBIi
Martepua, COCTOAIHAN u3 TPOTUBOTOIOKHO
3apsKEHHBIX TIOJIMAJIEKTPOIHTOB, dusmIeckn

ajlcopOUpOBaHHBIX Ha TBepIof moioKkke. Mexy
CITOSIME TIOITHAJICKTPOIINTOB HAXO/ATCSI MEKPOKATICY JIBI
M3 OTHX  OKe  IONMDIEKTPOIMTOB  COJEPIKAIINES
(YHKIMOHANLHO-aKTHBHBIE MOJIEKYJIL  (pepmenta [a)
Tepuosekuit B.M., Yeproxsocrop 10.B., ®omxuna
M.I"., Mourpens M.M. Tlorennmonmerpudeckuii cencop
HA  OCHOBE  ypeashl, HMMOOWIM30BaHHBIH B
TOJMDJIEKTPOIUTHBIX  MUKpOKancylax.  buodusnka,
2007. T.52, Ne5. C.825-829; 6) ITarent P® No 2333231
Ha  m3o0pereHme.  YIBTPATOHKOE  IOIMMEPHOE
TIOKPBITHE, ¢noco6 ero H3TOTOBICHHS u
(epMeHTaTHBHEL GHOCCHCOp Ha ero ocHose // Brom
Ne25. Jlata omyGir. 10.09.2008. Monrpeas M.M.,
Tepuoscknit B.M., ®omkuna MI., Tlerpor AH.; B)
Ilarenr P® Ne2567320 ma wusoGperenme. Cmocod
TOJIYYEHHS TIO/UI0KEK ¢ MHOTOCIORHBIM IOKPHLITHEM Ha
OCHOBE HOJHAIEKTPOIHTHBIX MHKPOKAIICY I,
COJIepXKAIUX GHOJIOTHIECKH AKTHBHBIC Marephaibl //
Bromn. Ne31. Jlara omy6u. 15.10.2015. ®omxuna M.I".,
Momnrpens  AM., Munkabupoa I'M.]. Jlannoe
GHOCEHCOPHOE TOKPHITHE IHPEJICTABISCT MHTEpPEC Kak
MaTepHal JUls CO3JaHMs MyJIbTHPEPMEHTHBIX CHCTEM,
TIOCKOJILKY TEXHOJIOTHSI H3TOTOBICHHS MHKPOKAIICYJI He

HakJIa/IbIBacT HHUKaKOTO OrpaHuvYCHUs Ha THIT
HHKAIICYJINPOBAHHBIX COEJMHSHMﬁ.
Taxxe — m3BecTHBl  c1OCOG  MMMOGHIM3AIAK

(EepMEHTOB ¢ NPUMCHCHHEM HOIHMEPHEIX TEXHOJIOTHIT
B KadeCTBE MPOMEKYTOUHOIO HTama IIpejnoiaractT

BKIIOYEHHE  (DEPMEHTOB B IOIHAICKTPOIUTHBIC
MUKPOKATICYJIBL. Karamuruaeckas AKTHBHOCTH
(depMeHToB, HO/IBEPIIIHXCS Hporeype
MHKAICY IMPOBAHHS, CHUIKACTCS JIOBOJILHO

3HAYATEILHO 110 CPABHEGHHIO ¢ AKTHBHOCTBIO
CBEKCIPHTOTOBICHHOTO CBOGOAHOrO (epmeHTa [a)
Tlarenr P® Ne 2333231 Ha  wu3o0pereHHe.
VIBTpaTOHKOE IOJTHMEPHOE MOKPHITHE, CHOCOG ero
M3rOTOBICHUs U (hepMEHTATUBHEI GHOCEHCOp Ha €ro

ocHoBe // Bromr Ne25. Jlara omyGr 10.09.2008.
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Mounrpens MM., Tepnosckuii B.M., ®omxuna M.I™.,
TletpoB  AM.; 6) Petrov AlL, Volodkin D.V.
Sukhorukov  G.B. Protein - Calcium Carbonate
Coprecipitation: A Tool for Protein Encapsulation.
Biotechnology Progress, 2005. V.21. Ne3. P.918-921; B)
CyxopykoB B.M., Tuxomenko C.A., CabypoBa E.A
Jly6poscknii A.B., Jle6oBekas FO.H., ITTaGapunna JLH.
Buodusuka, 2007. T.52. Ne6. C.1041-1048].

HenocrarkaMu  BBIMICIIPHBEJICHHBIX  CIIOCOGOB
SIBJISIETCA  CHIDKGHHE — KATaJIHTHYECKOH —aKTMBHOCTH
(bepmenToB, TOJIBEPIIIHXCS nporeype

HMHKAINCYJIMPOBaHUS IO CPAaBHEHHIO € aKTHBHOCTHIO
CBEKEIPUTOTOBICHHOTO CBOGOAHOTO hepMeHTa.

B Hacrosiineli monesHolt Mojien cTaBmiIach 3ajada
TMONYYCHHsT  MHKAICYJIMPOBAHHBIX  (JEPMEHTOB ¢
KaTaIuTHIECKO AKTUBHOCTBIO CpaBHUMOIT c
AKTHBHOCTBIO CBOGO/IHOTO Q)epmema. 3agava pemaiack
IyTEM IIOCJIEJOBATEILHOTO  PACCMOTPEHHs  OTaloB
HM3y9aEMOrO METO/Ia C IEIBIO BBHIIBICHHS KIFOYEBBHIX
MOMEHTOB, BIHSTEOTIHX Ha cBoifcTBa
MHKaINCY JIUPOBAHHBIX lbepmen'ron B wactHOCTH GBLTH
TIOCTABICHBl SKCHEPHMEHTHl 110  TOAGOpPY  ycinoBmit
HM3IOTOBJICHUS TIOJIMAJIEKTPOIHTHLIX MHUKPOKAICYJI ¢
(epMeHTOM TIEpOKCHa3a XpeHa B 3aBHCHMOCTH OT

crocoba pacTBOpEHHS KaTbIMi -KapOOHATHBIX
cheporuToB M OT  3HMaKa 3apsja  BHYTpEHHelH
TIOBEPXHOCTH TIOJTHDIIEKTPOTHTHON 06OIOUKH,

KOHTaKTHpyIomel ¢ hepmeHTamu.

TIpumepni ocy mECTBICHHS TOJIE3HOH MOJIEH:

Tlpumep 1. Ilonyuenue depMeHTCONEPKAIIUX
KaybItHii KapGOHATHEIX KOPOBBIX 9aCTHIL.

B kaecTBe KOPOBBIX MHKPOYACTHIL JUIsl TOJIY YSHIsI
HOIUIEKTPOIMTHBIX KAlCYJl HCHOIB30BAIN COCTABHbIE
mukpocepomntsl CaCOsz - Genmok (wim aBa Gerka),
KOTOPBIC 10 CPABHCHHIO C JPYIHMH BO3MOXHBIMH
KOPOBBIMH ~ YaCTHIIAMH  CHOCOGHBI  XMMHYECKH
paspyImathcsi B MSTKHX — YCIOBHSX — (KOMHATHAs
TeMIeparypa, Helfrpaibusie pH) B npucyrersun DITA
TIPH HEGOIBIIOM TIOIKHCIICHIE CPE/IBL

CaCO;3 MHKpOCGHEPOIHTHl IOIYYATH 1O PEAKIIHI
HMOHHOTO ~ OOMEHa IpPH  CMEIIMBAHMM  PACTBOPOB
NJIOPHCTOIO KajbIlusl M KapOoHara B IPHCYTCTBHU
Genka (depmenTta) - MeTOIOM OHOMHHEPATM3AITAN.
Metoka HOMyYeHHs] MHKPOC(HEPOIHTOB CBOIMIACH K
CHEJYIOMEMY: K HHTEHCHBHO IEPEMEIIMBAEMOMY Ha
MarHaTHOM Memanke 0,33M (umm 0.5M) BojgHOMY
pacrBopy CaCl, goGaBisimn hepMEHTEL, epeMeNnBaIn
B TeyeHue | MHHYTBL, a 3areM OBICTPO J00aBIIsIIM
paBubi o6beM 0,33M (i 0.5M) BojHOTO pacTBOpa
Na,CO;. [lepememuBanue npooikatoch B reuenue 30
CeKyHJI, HOocjie 4Yero oOpasoBaBIIascs —CyCHEH3us
BBIICPKUBATACH 15 MUH IIPH KOMHATHOM TeMIeparype
JI0 TIOJIHOTO HPOCBETICHHS HA0CATOTHOM IKIIKOCTH.
Tlocne  saBepmenms — mporiecca  HOpMHpOBaHHS
cocTaBHBIX MuKpochepomutoB pepmentsr — CaCOj,
TpENHIATAT TIMATETLHO OTMBIBATH oT noHos Na' u CI°
JIMCTIJLIMPOBAHHOM BOJIOM 1 BBLICYIIMBAIM Ha BO3LYXNe.

TmatenpHas TpPOMBIBKA —HMeeT — NPHHIMINATLHOES
3HAaUEHHE, MOCKOIBLKY OBUIO  OOHapyKeHO, 4TO
«COCTOSAHIE ceponuToBy HE SABJISETCS
TEPMO/IMHAMUYECKA  YCTOWYMBBIM, H BO  BIaXHOM
COCTOAHHU OHH TIOCTENEHHO TIEPEXOAT B
KJIaCCHYCCKUE pom’m‘)ﬂpuqecme TIOJIMKPUCTAJIIBL,
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npmaem B mpueyrerBuu  NaCl mporece  3amerHO
yekopsiercs. B cyxoMm cocrosnum  MHKpOcdepouTh
depmentsr — CaCO3 MOTYT XPaHHTHCSI HCOTPAHHICHHO
JI0IITO.
Venosus
KOHIEHTPAIIO

HpOBECHHST  mporiecca  (BapbHpYst
PEareHToB, TEMIIEPATy Py,
THAPOMHAMHYCCKHE XapaKTEPUCTHKH) B
CYIIECTBEHHOM ~ CTENEHH ONPEIENSIOT — pasMep U
MOp(OIOTHIO 0GPasyIOIIIXCS MHKPOYACTHIL.
Ilpuvep 2. IlomydeHnme  NOIHAIEKTPOIHTHBIX
MUKPOKAIICYJI, 3aIPy KEHHBIX (PePMEHTOM.
TToMMHIeKTPOIUTHBIE  MUKPOKAICYIIBl  TOJydain
IyTeM I00YepeHOl  ajcopOIHMH  HPOTHBOIOIOKHO
3apsDKCHHBIX  nomdIekTpoiautoB  [Sukhorukov G.B.,
Montrel MM., Petrov Al et al. Multilayer films
containing immobilized nucleic acids. Their structure
and possibilities in biosensor applications. Biosensors &
Bioelectronics, 1996. V.11 Ne9. P.913-922] Ha xanbumii

KapGOHATHEIX MHKPOYACTHIIAX, COJIepIKAIIIX
coorBercTBytomuit  depment.  Ha  stoit  craaum
HCCIICIOBAHUA TIOJTHDIIEKTPOIHTHL

TOJTHCTHPONICY TH(POHAT
rugpoxiopui (ITAAT).

K 100 mr sauep CaCOs-Genok jpoGapmsuma 1,5 M
pacropa ITAAT" (xommentparmst 1 mr/mim) B 0.5 M
NaCl. Cycnensmo nepeMemusajii B Tedenne 10 Mun
Ha KauajKe, 3aTeM HECBS3ABIMMIICS MOIUMED yAISUIH
nentpudyruposannem npu 700 ob6/MHH B TedcHHE
HECKOJILKMX — CEKYHJ, 4  YacTHIbl  TPEXKpPaTHO
NPOMBIBAIH JICHOHU3UPOBAHHON BOJIOH OT OCTaTKOB
TOJMANIEKTPOIATA ¢ HeHTpH(YrHpoBaHHEeM. 3aTeM
TAKYIO K€ NPONEAYPY HPOBOJILIH, HCIOIB3Ys PacTBOP
Tice.

Tlooduepesoe — HACHAMBAHHE  HPOTHBOIOIOKHO
3aPSUKEHHBIX  MAKPOMOJIEKYJ  IOJHIIEKTPOIHTOB  Ha
KOJUIOMJHBIE  YaCTHIBI  NPOBOJIMWIM  TPH-IATH  pas,
oIy das TPEX-TATHCIONHYIO 060I0Ky c
apxurextypoit ITAAI/(IICC/AIAAD),, rae n=1.2.
TIponeypa pOpMHPOBAHFST MEHKPOKATICYJT IPOBOIHIACE
npn KoMHaTHOH Temmeparype (15-25°C). B paGote
HCCIIEI0BATHCH TPEX-ISTUCIIONHHbIE
(bepMenTCoIepIKaIHe NOJOKHTEILHO H OTPUIATEILHO
3APSUKCHHBIC  TIOMHDICKTPOTHTHBIE  MHKPOKATICYJIB:
TIAAT/IICCAIAATL), u IICC/ITAAT/TICC),, n=1,2.
Konrpoas pasMepoB MHKpOKacysl H  chepHIHOCTD
KaTbIHii-kapGOHATHBIX ~ YACTHII  OCYINECTBISITH
TOMOIIBIO ¢cBeToBOrO MuKpockomna Nikon eclipse E200.
Vianenue  Kalblmi-KapOOHATHBLIX — YacTHIl U3
MHKPOKAICY ~ OCYIICCTRIISUIM  NPH  BBIICPKUBAHUH
pacTBOpa ¢ MHKPOKAIICYJIAMH B JIHAJH3HBIX MEIIKaxX B
Teuenue ot 3 yacos jo 12-15 wacos B 2-25 MM DI'TA
(OTWICHIIHKONL-0iC  (B-aMHHOSTHIOBBIH  5dup)-
N.N.N'N',  Ne-rerpaykcycnass kuciora) mmn DJ[TA
(STWICHTHAMHHTETPAYKCY CHAST KHCIOTA) pI
Temueparype 4°C wm 20°C npu HojuIeIaqHBaHUE
cpeqsl (pH  7.2). KommdecTBo Kamcyl B pacTBope
TOJICYMTHIBAIIH C TIOMOIIBIO KaMephl I opsieBa.

TIpn dopmupoBanuM TOJHDIIEKTPOJTHTHO M
OGONIOYKH B KadeCTBE IIEPBOTO  IOIHAJICKTPOINNTA
ucnoab3oBain noxmaekTponutsl [ICC mmm [TAAT

Kancyupr, sarpyxennbie jByma  depmentamu, B
HaIeM clIydae ypeasolf i mepokcuaasoif XpeHa, Ghutn
M3TOTOBIEHBl ~ HA  OCHOBE  KOPOBBIX  HacTHIL,

(Ice)

U HOTHAIMIAMHH

COJIEPKAIAX B CBOEM COCTaBe JIBa
OJIHOBPEMEHHO
Ilpumep 3. Cnoco6 mONyYeHHs YIBTPaTOHKOTO

MHKPOSYEHUCTOIO TIOJMMEPHOIO HOKPBITH.

tdepmenta

Henonb3oBannbii METOJ Oy YCHHS
VIBTPATOHKOTO  HOMMMEPHOTO — MarepHaia  ObLI
paspaGoran W 3amateHToBan B HmcrutyTe

TeopeTHuecKoll M HKCIEpUMEHTalbHON  Guopu3MKM
PAH [a) Tlarent P® Ne 2333231 na msoGperenue.
VILTPATOHKOE IMOIHMEPHOE IHOKPHITHE, CIOCOG ero
M3rOTOBICHUs M (hepMEHTATHBHbLI GHOCEHCOp Ha ero
ocHoBe //Bromr. Ne25. Jlara omy6a 10.09.2008.
Mounrpens M.M., Tepnosckuit B.W., ®omxuna M.I".,
TletpoB  AHM.. ©) Ilatenr PO Ne2567320 ma
usobperenne.  CrnocoG  MONYYEHHS INOUIOKEK €
MHOTOCIOMHBIM TOKPBITHEM Ha OCHOBE
HOMMOJIEKTPOIMTHBIX  MHKPOKAICYJI,  COJEPIKAIIMX
GHOIOrHICCKH aKTHBHBIC Martepranbl // Bromr Ne31.
Jara omyGm. 15.10.2015. ®omxuna M.I"., MonTtpens
AM., Munkabuposa I"M.].

HIMMoOmiIn3anuio  MHKpPOKAICyJ IPOBOJMIM  Ha
CTEHKE CTEKIISIHHOM KIOBETBI, Mapuke CTEKISHHOro pH-
anexTpota. Ha 5ToM srane JIONOMHATENBHO, B KauecTBe
TEPBOrO  CIIOSI,  WCTONB30BAIM  MOIMDICKTPOIHT
nommriienuyu (11DW), mam. 600 000 (“Aldrich™),
KOTOPBIH 10 JIMTEPATYPHBIM  JIAHHBIM  SABJISIETCS
ONTHMATBHBIM TPEKYPCOPOM JUIst CO3IaHus
HAHOPA3MEPHBIX CJIOEB METO/IOM MOIMHOHHOH cOOpKH
[Slmenox AM., T'opun JILA., TTauxkun K.E., JlomoBa
M.B., IlItsikos C.H., Knumor B.H., Kypoukuna I"H.,
Tpawes M.K. Koospdumment mnepeHoca IUICHOK
Jlenrmiopa-biokeTT Kak HMHIHKATOP IIOBEPXHOCTH
MOHOKPHCTJLUIHYECKOTO KPEMHHUS,
MO UIMPOBAHHOM MOTHHOHHEIMH clIosiMH. Pu3MKa I
TEXHHKa HOJNyIpoBojuuKoB, 2007. Ne6. C.706-710].
Konnenrparmus pacrBopos nosmiexrpoauros (ITOH,
TICC, TTAAT) 6bura 1 mr/mir

BoxoByio cTeHKy KBapleBolf KIOBETHI HMOKPBLIBAJIM
Imr/ M pactBopom TT9U (0,33M NaCl), BeiiepxuBaiu
20 MHH, HepeMelmHMBas ~ HEHHTEGHCHBHO  uepes
TPOMEKYTOK B HECKOJILKO MuHYT (3-5), mocie uero
asykparHo orMbiBann 0,1M pactBopom NaCl. 3arem
KIOBeTY 3anoiusn pactBopoM IICC u BeIepKUBaTH B
TeYeHHe 15 MMH, IOCIE Hero TaKkKe OTMBIBAIH OT
ocrarkoB nojmtexrpoiuta 0,IM pacrBopom NaCl.
Jlanee mopepx croa IICC  HaHOCHIHM  CYCICH3MIO
MHKDOKAIICYJI TaK 9TOOBL, MHKPOKAIICYJIBI POBHBIM
CIOEM  NOIHOCTBIO — NOKPBLUIM  MOJU(HIHPYEMYIO
TIOBEPXHOCTh, TOJICY ITHITH pu KOMHATHOI
TEMIepaType,  3aTeM  OTMBIBAIH ~ OT  JIHIIHHX
mukpokancys 0,1 M pacrBopom NaCl. Ha stom srane
HCIONB30BATNCh  Heounmennsle or CaCO; wactuiy
MuKpokareysl. Jlanee Hanocuan cion TTCC- TTAAT,
ONIMCaHHBIM ~ Bble  oOpasoM.  IloBepxHocTHBII
(HapyKHBIH) cJI0} GBI 3apsUKeH TONOKATENLHO, TAKkKe
KaK HOBEPXHOCTD MHKPOKAICY L. TToce
MMMOOHIM3AIHE MUKpOKaIcy bl ounmain or CaCOs
KOMIIOHEHTa KOpHI: KioBery omyckamn B 0,025M
pactBop DJTA ma 12-14 wac. Ilocne ynameHus
Kanpimii kapGonara pacrBop DJITA Obur 3aMerneH
JUCTHJITHPOBAHHOM BOJIOM, a KioBeTa IoMermnanach B
XOJIOUMIBHHUK.
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Ilpumep 4. Onpejenenue KoHIEHTpanuu Oeilka B
Karcyax.

Konnenrparmo ¢depmenTa, HHKANCYTHPOBAHHOTO
WIH NUPUIIMTOrO Ha CTEHKAaX KBApUEBOH KIOBETHI,
onpejensin MetogoM bpoadopaa [Bradford MMM, A
rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle
of protein-dye binding. Analytical Biochemistry, 1976.
V.72, Nel-2. P.248-254]. B 100 wMk1 pacTBOpa
depmenra gobasmsumn 400 Mk pearcura bpsadopaa
(M3HagaIbHO pasGaBieHHbIil B /Ba pasa), BhIIECPKUBAIH
B TeUCHHE 25 MUHYT, TOCJIEe 9ero oGheM JOBOIN JI0
1,5 M JeHOHM3HpOBaHHOM BOjOH M W3MEpsIH
OITHYECKYIO IUIOTHOCTL 1pH A=595. Kouuenrparuo
Gelka  PacCUMTHIBAIIA 110 KAaIMOPOBOYHOM KPHBOIA,
nocTpoeHHol mo BCA.

Jls onpejieniennst KOHUEHTpauu GepMenTon Gbut
TaKKe MCHONBL30BAH CIEKTPOPOTOMETPHICCKIH METO
C HCIOJIL30BAHHEM KOX(GQHIHEHTa SKCTHHKIMH IIPH
JUTHHE BOJHBL 280 HM.

Ilpumep 5. TloreHnmomerpudeckuit
OIPE/ICNICHAs] KOHIICHTPAIHH MOYCBHHEL

Ilponesypa m3MepeHust KOHIEHTPAIMH MOYEBHHEI
cocrosla B ciejyiomeM. Buadane u3MepurenbHas
sMelika  3alONHIACH — AHAMTHYIECKHM  PAacTBOPOM,
CoJIepKAITHM OIpPEICIEHHOE KOIMYECTBO
HU3KOMOJIEKYIApHOH comn u Oydepa. 3arem B Hee
JM06aBISLIN Tperapar (epMeHTa B HEOGXOMMBIX /UL
pelenus TeKyIelt 3a/1auu KOJIMYECTBAX WIH BBOJIN
MotuuIpoBanHbii pH H1ekTpos, a Jjatee mocie ~ 5
MHMH  MHKyOalMM TpH  3aJaHHOM  TemIepatype,
nobaBmsin  QUKCHPOBaHHBLIT ~ 0GbeM  pacTBOpa
MoueBHHBL Perncrpupyempiii (8 MB) menounoit csur
pH BBIXO/UUI HA HACHINEHHE NPUMEPHO depe3 50 cek.
Kaxaas mupeicrapieHHass Ha rpadukax TouKa -
pesyJIbTaT 3-5 HOBTOPOB.

TIpumep 6. Onpeienenne KOHICHTPAITIH TIEPOKCH A
BOJOPO/IA CEKTPOGOTOMETPHIECKIM METOIOM.

Kunernky [EPOKCH/Ia3HOU
PETHCTPHPOBAIM 10 H3MEHEHHIO  ONTHYECKOrO
HOIVIOIEHUs npu  JUIMHE  BOIHBI 590 HM,
COOTBETCTBYIOIEH — oKkMCaeHMIO  OeH3WjMHa  Ha
crekrpodoromerpe Beckman UV/Vis DU 520 (CIIIA).
HauanbHble  CTAIMOHAPHBIC — CKOPOCTH  PEaKIUH
oNpeelsM 110 HAKIOHY JHHEHHOM uacTu KpuBOM
HaKOILIEHHs IPOJyKTa Bo BpemenH B Tedenue 30 cek (B
HEKOTOPBIX cIydasx 10 cex) OT Hauama PErHCTpaIun
peaximu: V =D590/30 cek.

B pabore onpesensuin 3aBHCHMOCTH HAYATBHOM
CKOPOCTH NEPOKCH/IA3HOM Peakiuu OT KOHIEHTPAIUH
cyGerpata IpH PasIMIHLIX CHOCOOGAX KalCy IMPOBAHMUS
u uMMoOmmm3army.  KHHeTHUeckHe mapaMeTpel -
MaKCHMAIBHYIO  CKOPOCTb ~ Vipgx M KOHCTAaHTY
Muxasmuca K, - Haxomum u3 rpaduxos JlaitHyneepa-
Bepka (zBoitupie oGparHbie koopuHAaTh). 3Hadenus pH
KxoHTposMpoBatn Ha pH-merpe Beckman F 690
pH/Temp/mV/ISE Meter (CIIIA), ¢ TOYHOCTBIO 10
0,002 exunum.

TIpnmep 7. Cratuctideckast oGpaboTKa pe3yIbTaToB

Kaxmas osxcnepumenraabHas —Touka —  3-5
nopropHocTeif.  Pesyabrarhl  mpeicraBienbl  Ha
PUCYHKAX B BH/E CPEIHHX 3HAUeHMH + cTaHjapTHOE
orkionenne. Crarncrnueckas o0paboTKa pesyJbTaToB

€noco6

peaKiuun

4

TPOBOIMIIACH ¢ HOMOMIBIO 1porpammbl OriginPro 8.6.
JUis  ONEHKM  CTaTHCTHYECKOH  JIOCTOBEPHOCTH
ucnonb3oBatn Metot ANOVA ¢ BeposTHOCTEIO & < 0.

BaxHEIM  5TAaloM  TEXHOIOTMH  INOJIyHEeHHs
MHKAIICY THPOBAHHOIO (DYHKIHOHAIBHO -aKTHBHOTO
(epMeHTa SBISETCS NPONEAYPa YAAICHHS KabIumii-
KapOOHATHOM ~ KOMIIOHEHTHI ~ M3 MHKPOKAICYJL
Texnomornn yjaneHns: KalbIHi-KapGOHATHBIX sijiep,
HPUMEHSIEMOe  JUl  HOJBIX MHUKPOKAICYJ, B psie
CIyYacB MOXET He SBIATHCS ONTHMAIBHBIM JUIS
yAaleHns KajlbIi-kapGoHaTa U3 JIBY XKOMIIOHEHTHOIO
(kamplmii-kapOoHaT - (epMeHT) KOpOBOrO  sapa
MHKPOKAIICY I, TIOCKOJIBKY PpacTBOpHTENh
B3aUMOJleliCTBYET ¢ PEPMEHTOM M MOXKET H3MEHSTH €ro
aKTHBHOCTH.  BosHHKIa — HEOOGXOJUMOCTH — N0ojA00pa
yenoBuit (M pacTBOPHTENs) YAANCHMS — KaJbIHii-
KapOOHATHOM ~KOMIIOHEHTBI KOPOBOM —4acTHIbl M3
MHKDOKAICYI ¢ NEPOKCHAa30lf  XpeHa,  4TOOHI
TOBpEKJIAIONMEe  BO3/CHCTBHE  PAacTBOpHTENS — Ha
(depMenT GbLI0 MHUHMMATBHBIM. [1o5TOMY Hamu ObuIH

TOCTABIICHB HKCHEPUMEHTBI o JeticTpiio
pactBoputeneif  Ha  cocraBHBIE  CEpOIHTHI
IIEPOKCHIa30if  XpEeHa,  IIOKPBITBIE  ISITHCIONHOI

oGomouxoit  TTAAT/(IICC/TIAAT),.  Bapbupopanne
yenoBuit PacTBOPEHHS KOPOBOI KOMIIOHEHTHI, TaKHe
xak: ucnonbzoBanne DJITA mm DI'TA, xoHnenrpanus
XelaTHpylomero areuta (2-25 MM), JIATEILHOCTD
Bo3ztelicrBus  (2-18 wacoB), Temmeparypa (4-25°C),
TIEPEMEIIMBAHME PACTBOPOB, IOKA3AIH, YTO BO BCEX

ciaydasx, npu ucnoibzoBanmu OI'TA B kauecTBe
PacTBOpHUTENS  KalbIHif-kapOGOHATHOH — KOMIIOHEHTBI
MHKPOKATICY I, KaTaTHTHICCKAs aKTHBHOCTh

MHKAIICY IMPOBAHHOM MepOKCH/1ashl XpeHa Oblia BhINE,
geM npu npumenennn DJTA.

Ourypa 1 - 3aBHCHMOCTH Ha4aIbHOM CKOPOCTH
TEPOKCHJIA3HON PEAaKIMU OT KOHLEHTPAIMH NEPEKHCH
BOJIOpOJIA:

1 - bepment B pactBope Gydepa; Vi,=0,425+0,022,
K= 0,25+0,03

2 - KalCyJHpOBaHHBI (JEPMEHT, OUMINCHHEI B
pacrBope  DJITA B Tewemme 2 wacoB, Vmax
=0,105+0,022, Kykan= 0,53+0,03

3 - KalcyJMpoBaHHBIM (epMeHT, OYMINEHHBIH B 5
MM pactBope DI'TA B teuenne 16 wacoB: Vi, =
0,315£0,025, Kykask = 0,26+0,02

VeanoBus  ombITa:  KOHNEHTpamus — cBoGOJHOM
TIEPOKCH/Ta3BI 0.87 MKT/MIL, KOHIIGHTPAITHsI
HHKaICyIpoBaHHoro depmenra 1.25 mxr/wur, 0.1 MM
Gemsnmna, 0.2 M marpwmii-anerarnsiit 6ygep, pH 5.3,
oObeM peaknuoHHOM cMecn 3 mi KamcymnpoBaHHBIH
depment ¢ oGooukoit [TAAT/(TICC/IIAALD ).

Ha d¢urype 1 mnpescraBien rpadik 3aBHCHMOCTH

HA4albHOH  CKOPOCTH — KATAIHTHYCCKONW — peaKimn
NEPOKCHA3kl XpEHAa OT KOHIEHTpamunm cyGerpara
nepokeuia Bojopopa. M3 duryper 1 Buamo, uTO

CKOPOCTh PEaKIi HHKAICY IMPOBAHHOTO (pepMeHTa,
OUHINEHHOTO OT KaJIbIif-KapOOHATHON KOMIIOHEHTHI C
nomombio DJITA (xkpusas 2), npumepuo B 5-6 pa3
MEHBINE CKOPOCTH PEakImi CBOGOIHOTO  (hepMeHTa
(xpuBast 1). 3amena pacrBopurens DJITA ma DI'TA
HpUBEJa K MOBBINEHUIO KaTATHTHIECKOH aKTHBHOCTH
MHKAICY IMPOBAHHOM IIepOKCHIa3kl XpeHa B 2.5 pasa
(kpuBbi€ 2 U 3), IPH STOM €€ aKTHBHOCTb yiKe MOXKHO
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CpaBHUBATL € AKTHBHOCTBIO CEOﬁO}lHOl‘O EpepMCHTﬁ
(xpuBble 1 1 3).

CHmkeHHE — AKTHBHOCTH — MHKAIICYJIHPOBAHHOM
(oummennodt  or CaCO; ¢  momomsio  DJTA)
TIEPOKCHA3EI XpeHa MOXKHO OOBSICHATE
Biaumojeiicreuem  DJITA ¢ wmoHamm  Kelesa,

NPUCYTCTBYIOIMMH B aKTHBHOM IEHTpPe (pepMeHTa
TEPOKCH/IA3hI XPEHA, M, COOTBETCTBEHHO, H3MEHEHUIO
cpozietBa (epmenta Kk cyGerpary. Ilostomy, Hamu
Tpe/iIaraeTest HCIIOJIB30BATH B KavecTBe
XejraTupylomero arenra pacrop DI'TA, xoropbiii B
ormmaue oT DJITA, cBA3BIBACT HCKIIOUATEILHO HOHBI
JIBYXBAICHTHBIX METAUIOB M OONAMaeT MEHBIIHM
TOBPEHIAIONMM BO3IeHCTBHEM Ha (DEPMEHTEL.

Ourypa 2 - 3aBHCHMOCTh OTBeTa CTCKISHHOTO pH-
SIEKTPOJIA or KOHIEHTPAITMI MOYEBUHEI
(xonnentpanmio  depmenta 0,5 MKr  onpeeIsn
MmerozoM Bpoadopaa).

1 - cBoGOHEI (epMeHT (ypeasa)

2 - MHKAICYJIHPOBAHHBIN (epPMEHT, cojepKaruiics
B MHKpOKAICyJaX ¢  apXHTeKTypoll — oGosiouku
TICCMTIAAI/TICC

Cpena nccaenopanms: 1 MM Tpue-HCI, 1 MM
100 MM NaCl, navansnas pH 5,3

M

AHaJIOrM4HBIE  PE3YABTATH ObLUIM TOJYHEHB! JUIs
MHKaNcyJupoBanHoit  ypeassl. Ha  ¢urype 2
TPE/ICTABICHE! JIAHHBIC HCCIICIOBAHMN 3aBHCHMOCTH
OTKJIHKA CTEKISTHHOrO pH 2iIeKTpojia 0T KOHIEHTPAIHH
MOYCBHHBEI B H3MEPHTEIBHOI stueiike Juisi cBOGOIHOTO
(mEma 1) W MHKancyJupoBaHHOro (MMHHA  2)
(epmenTa.

Vs duryper 2 BWIHO, YTO  AKTHBHOCThH
MHKAICYJIMPOBAHHOTO  (epMeHTa  CpaBHHMa ¢
AKTHBHOCTBIO ~ CBOGOJHOTO  CBEKEIPHIOTOBJICHHOTO
(depmenTa 1 cocraBiiia 72% OT €ro aKTHBHOCTH.

DOPMYIIA ITOJIE3HOH MOAETH

Croco6 MOBBIMEHHST KATATHTHUCCKON aKTHBHOCTH
MHKAIICY IMPOBAHHBIX " MMMOGHIN30BAHHBIX
(epMEHTOB, BKIIOYAIONIHMI HCIIONB30BAHAE B Ka4eCTBE
XEIATHPYIOMET0  areHTa JUIS  yJalCHHs KalbIlii-
KapOOHATHON KOMIIOHGHTH M3 MuKpokamcyn DJ[TA
(STWICHIMAMUHTETPAY KCY CHAst KHCIIOTA),
omauuarowuiica teM, 4ro BMecto DJTA ucnonssyior
OI'TA (3THICHITHKOML-0HC (8-aMHHOSTHIOBBIH Sup)-
N.N,N',N'-rerpaykcycHasi KHCIIOTa)
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— YMeTh BBIPAOOTATh CBOK COOCTBEHHYIO TOUKY 3PEHUS U 00OCHOBAThH €€, Bbl-
6paB JJIA 3TOI'0 HY KHBIE apryMEHTHI U3 l'lpI/IBe):[eHHOﬁ COBOKYITHOCTH CbaKTOB;

— YMETh OCYMICCTBJIATDH BI:I60p M3 HECKOJIBKUX AJIBTCPHATUB B COTPYTHUICCTBE,

— Ha YETBEPTOM yPOBHE!

— YUCHUK NOJIKEH YMETH 3aHUMATh YMPaBIIAIOIIYIO TTO3UIHIO, TIPOABIISAS CaMO-
CTOATEIIbHOCTD U OTBETCTBCHHOCTD,

— YMETh ONPEALIATh l'[pOf)J'[eMIJI7 HCKaTh MYyTH UX PCIICHUA U aPrYMCHTHUPOBAHO
MPEACTABIATH PE3yJIbTaThl PaboThI;

— YMETH NOJABOAUTDH UTOTH,

— YMETb pasnnuyaTb MHEHUA U q)aKTbl B BbICKA3bIBaHUH YECJIOBEKA,

— yMeTh OOBEKTHBHO TIPOBOMTH CAMOOIICHKY

Vcnonb3ys JaHHYHO 1IKaly, B CIELUMAJbHOM JKypHajie Jejaerca nomMerka o0
YpOBHE (bOpMHpOBaHHS{ KOMMYHHUKaTHBHBIX yMeHI/Iﬁ KaXXa0oro yJamerocsa aBa pasa B
TOA: B HaUaJle y4eOHOro rojia U B KOHIle Y4eOHOro roja.

Annazos H.O., Ubanynnaesa C.2K.,
Kannapoeprenos P.Y., Kum I0.A.
BudepmMeHTHBIE aMIIepOMeTPHYECKHE
OHOCEHCOPBI TJII0K03bI: MHHH 0030P

123 Koizoinopounckuil 2ocyoapemeenoiil yrnusepcumem um. Kopxoim Ama,
Kuwizviiopoa, Kaszaxcman

* OI'BY « Dedepanvviii uccnedosamenvexuti yenmp « ywunckuil nayyisiii yenmp
OUOL02UYECKUX UCCIeO08aHUTI POCCUTICKOT akademuu HayK »

Hncmumym ouousuxu knemxu PAH, Iywuno, Mockosckoii 06x.

Paboma ewinoniena npu ¢unancogon noooepoicke Komumema nayxu
Munucmepcmea obpasosanus u nayku Pecnybnuxu Kazaxcman (AP05134201)

KoHTpOb ypOBHS [IIFOKO3bI B KPOBU Y€/IOBEKA, OCYLLIECTBIIACTCA PALOM METO0B
7 IPrGOPOB, B Psiy KOTOPHIX OHOCCHCOPHI TITFOKO3B HA OCHOBE TITFOKO300KCH/Ia3bI 3a-
HUMAIOT BecbMa BaxkHOe MecTo. C MOMEHTA JEMOHCTPALMKU NEPBOro (HEPMEHTHOIO
OGroceHcopa ISl ONpeAeIICHHs TITFOKO3bI [ 1], pa3paboTKu YCTPOHCTB M WCCIICIOBAHUS
3HAUATENBHO PACHIMPUIIICH H MOCIEAYIOIHE YCHIN ObUIH HATIPABIICHEL HA YBEIHUe-
HUe UX 3(PPEKTHBHOCTH U IIHMPOKOrO MPUMEHEHHA B MArHOCTHYECKUX Lensax.J1oBbI-
mreHue 3QPEeKTHBHOCTH GHOCCHCOPOB TECHO CBS3aHO C 3a[a4aMH yBEINUCHHUS UyBCTBH-
TEbHOCTH, CEJIEKTUBHOCTH U PACIIMPEHUS JUANa30Ha aHATH3UPYEMbIX BEILECTB, O/
HUM H3 CIIOCO00B KOTOPOTO SIBIISIETCS] OJIHOBPEMEHHOE BBEICHHE HECKOIBKHX (hepMeH-
TOB B YCTPOMCTBA, B YACTHOCTHU ABA (hepPMEHTA — IJIFOKO300KCH/A3a M EePOKCHIA3a B
INEKTPOJIBI ISl GHOCEHCOPOB TTIOKO3EL.

bughepmenmuvie 6uocencopul 20K03bl

DepMeHTHBIC GHOCEHCOPHI TITFOKO3bI B OCHOBHOM OCHOBAHbBI Ha HCITOIb30BAHIH
oanoro depmenta — rmoko3ookeuaasbl (GOD),01HaK0, B KOHCTPYKLMsIX GHOCeHCopa ¢
IByMs epMEHTaMH — MepokcHuaasa / okcuaasa [2, 3, 4] aHanuTHIeCKHE MMOKa3aTeNTH
6bLtn Gonee nyummmu [4, 5, 6] yem B MOHO(EPMEHTHBIX, BCICACTBHE YMCHBIICHUS B

20
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cucreme H2O2 a nepoxcupase (HRP) xpena [7]. HRP mosxer karaniusupoBars OKucie-
nure H>02BO: B peakuny aucnponopuponuposanns [8, 9], mo3somstiontas HRP u GOD
BCTPOUTH B OM(pEPMEHTHBIN SIEKTPOJL /TS CO3MAHHS HMEKTPOXUMHUECKAX OHOCEHCO-
poB rmoko3bl. CxeMa PeakLuy s ONpeIeeHUs [II0K03bl IPEACTABICHA B BUIE yPaB-
nenmit [10, 11, 12].

glucose+ GOD (FAD) —gluconolactone + GOD (FADH2) [€))
GOD (FADHz) + Oo— GOD (FAD) + H202 (2)
HRP

H202—H20 + 172 O2 3)

GOD
glucoset O—gluconolactone + H>0» (4)

GOD+HRP
glucose + 1/2 Ox—gluconolactone + H20O (5)

rae  FAD — ¢naBuHaqCHUHIMHYKICOTHI,
FADH; — Boccranosnennas ¢popma FAD.

B cucreme (GOD-HRP) B GroceHcopax ¢ aByms epMEHTaMHU, KACKaHasA CXeMa
YCUIIUBAET IEKTPOXUMHUUECKIE OTBETHI, TIOBBIIIACTCS TyBCTBUTEIBHOCTE OHOCEHCOpa
BeneacTsue toro, uto H202 nerko mudpynaupyer B coceanroro HRP, Berynas ¢ uum B
peakimto, a yaainenne H>O- ¢ momormpto HRP ymenbmmaer nerpanammo GOD nepekn-
cbto [13]. CpaBHenue XxapakTepUcTHK MOHOGMEPMEHTHOTO U OU(EPMEHTHOrO OHOCEH-
copa TITFOKO3BI TT0Ka3aJlo, 9TO UYBCTBHTEIEHOCTh OHOCEHCOpa ¢ ABYMS (pepMeHTaMu
ObLIa IPUMEPHO B 2,4 pasa BHIIIE.

DddexTHBHOCTh PabOThl CEHCOPOB BO MHOI'OM OMNPEIEIISIETCS SIEKTPOXUMHYE-
CKFIMH TIPOIIECCAMHU Ha MOBEPXHOCTH HIEKTPOIOB, B KAUECTBE KOTOPHIX UCTIONB3YIOTCS
HaHOMAaTepuael (YIIEPOAHbIE MAaTepUabl, O1arOPOHbIE METANLIbI, IIPOBOIALINE OK-
cunsl v T.1.) [15]. Hanpumep, B paGore [16] Obma MpHMEHEHH! YTIIEPOIHBIE HAHO-
TpyOKH U1 KPUCTA/UIU3ALMY OENKOB U CO31aHUs OUOPEaKTopoB U duoceHcopos. IIpu-
MEHEHHE HAHOUYACTHII B STICKTPOXUMHUUECKAX CEHCOpax — Hanbomee ObICTPO Pa3BHBAIO-
masics 00JIacTh WIEKTPOAHATHTHIECKOH XUMHH, O UM CBHICTEIIBCTBYET 3HATUTEIFHOE
yucno o63opos3a nocienHue 10 ner, nocesaweHHbIX 310l Teme [17-21]. B otHocu-
TeNbHO PaHHUX padorax [22-25], moka3aHbl BO3MOKHOCTH HCTIONB30BAHAS ABYX (ep-
mentoB HRP u GOD B GuoceHcopax s 0OHAPY KEHUs [TIFOKO3bI € Y1y YLIEHHbIMHU 11a-
paMeTpaMu, B KOTOPHIX (pepMEeHTH NMMOOIIM30BAHBI HA PA3INYHBIX HAHOMATEPUANIAX.

Huoke, KpaTko NMpUBEACHBI MPUMEPBI HEKOTOPBIX padoT 3a nepuoa 2017-2020 rr.
0 WCCIICIOBAaHUAM U pa3paboTkaM OMOCEHCOPOB TJIIOKO3BI HA OCHOBE HAHOWACTHIL /
(GOD-HRP), 1 ux XapakTepucTHKH.

BBenenne HaHOMaTepHAIOB CTAHOBHTCS BCe HOITee TOMYIIAPHBIM H3-3a XOpoIeit
MX IPOBOJAMMOCTH, CIICLUAIBHOM CTPYKTYPbI, BBICOKOH KAaTaIUTHYECKON aKTUBHOCTH
YacTO MCHONB3YIOTeS st uMMobumm3ami GOD Ha moBepXHOCTH 3JIeKTpoaa B GHO-
CEHCOpax INIOK03bl. B wactHOCTH, yritepoausie HaHOTPYOKH (CNTS) mmupoxo uemomns-
3yIOTCs B Ka4eCTBE MOAN(HIMPYIOLIEro Marepuana B KOHCTPYKLHAX GMOCEHCOPOB U3-
33 UX YHUKAIBHBIX CTPYKTYp [26], BBICOKOH yIeIbHO MOBEPXHOCTH, d(derTa OBICT-
pOro mepeHoca >IEKTPOHOB U XUMUYeCKOW crabunbHocTu[28-31]. Ha yrnepoanbie
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HAHOTPYOKH, B MOAH(MHUIMPOBAHHOM cTeKoyraepoaaom diektpose (GCE) Gputn um-
moGunuzoBansl aa Gpepmenta GOD u HRP [32], snekTpokaranitiyeckie XapakTepu-
CTHKH | TTEPEHOC HIEKTPOHOB KoToporo B cucteme GCE / CNTs / (GOD-HRP) Gbumm
HCCIIeI0BaHbl LIMKIMYECKON BoJbTamnepomerpueid. Pesynbrathl nokasanu, yro CNT
yemmBatoT ummobmmsanmio (GOD-HRP) 1 crocoGcTByIOT nepeHoCcy H7IEKTPOHOB.
Onexrpoa GCE / CNTs / (GOD-HRP) ucnonb30Banu Ajis CO3AaHMS IEKTPOXUMUAYC-
CKOrO JIATYMKA [JIIOKO3bI, IIOKA3aBIINI y/I0BJICTBOPUTEIBHBIC PE3YIIbTAThl B IIHPOKOM
nuHeiHoM auanazoHe ot 0,022 10 7,0 MM, BBICOKYIO UyBCTBUTEIBHOCTD 5,14 MKA MM™
' cm? v HusKmMil npenen oOHapyskeHust 7 MKM. BBUIO yCTaHOBJIEHO, 4TO OTHONICHHE
GOD k HRP oxa3blBaeT CyLUIECTBEHHOE BIMAHUE HA DACKTPOXUMUUECKUE PEaKLHU
GCE /CNTs/(GOD-HRP), a Guonorrmueckas aktueHocTh GOD 0bliTa B 3HAYMTEITBHOM
CTEIeHU COXPAaHEHA K3-3a OMOCOBMECTUMON MUKPOCPe b, reHepupyemoit HRP.

Astopsl noknana [33] cooburamm o co3nanuu cmmtoit cetit (GOD-HRP) / okenn
onoBa (GOD-HRP) / SnOz), "MMOOHIM30BaHHON HA CTEKIIOYTJIEPOIHOM DIEKTPOIE
(GCE), u ee UCMONB30BAHUM B KAUECTBE JATUYMKA ISl OMPEACICHHs TIIOKO3bl. Tpex-
MepHas ceTb, co3ganHas ¢ ucronab3osanueM (GOD-HRP) / SnO», obnamama BeIcOKO#H
4yBCTBUTE/IbHOCTBIO M CTAOUIIBHOCTbIO, BBIIONHASA AIEKTPOKATATUTHYECKUE (hyHKLUU
MpH OOHAPYIKCHHUH TIIFOKO3bI. DJIEKTPOA OBIT MCTIONB30BaH TSt OOHAPYIKEHHS IIHPO-
KOT'O CIEKTPa [JIFOKO3bI METOI0M aMIIEPOMETPHH, PE3YIIbTAThl KOTOPOIO OKA3aJIH HU3-
KHE TPe/IeITbl €¢ 00Hapy KeHus. [1epBblii IpuMep KHHETHIECKOTO JICTHPOBAHUS IS 110~
JydeHus OHMOCEHCOpa, 3arpyKeHHOro 0ojee yeM oaHUM (PEpMEHTOM MPEACTABICHO B
nccnenoanusx [34], B kotopeix GOD 3arpy»kanach Kak Mo OTASTBHOCTH, TaK U BMECTE
¢ HRP, uro okazanocs Gosee b dexTuBHBIM MPU 0OHAPYIKSHUH TIFOKO3bI B PACTBOPE.
Briaroapst BEICOKO# 3arpy3ke, 00eCeqHBacMO KWHETHYECKAM MPOLIECCOM JISTHPOBa-
HESL B MSTKHX YCJIOBHSIX, TOHKHE IUIGHKH OBLITH CIIOCOOHBI 3arpysxarh oba (epmeHTa
OJIHOBPEMEHHO B KOJIMYECTBE, JOCTATOYHOM I (DYHKLMOHUPOBAHUS B KauecTBE -
(extnBHOTO GHOCEHCOpa. Hambonee BBITOAHBIMH aCIeKTaMM 3TOTO Tpolecca Oblia
[POCTOTA €r0 MPOU3BOCTBA, BKIIFOYAIOLIASA BCEIO HECKOJIBKO 3TAMOB HOIYyUYEHHS BbICO-
KOHArpy »KeHHbBIX TOHKHX TUICHOK, KOTOPBIE HE TPEOYIOT IOTIONHHTENBHON 00paboTKy,
YTO YCTPAHSACT MHOTHE THIIMYHbIC OPAHUYCHUS HA HMMOOHIN3aLuio Oenka.

O paspaboTKke HNEKTPOXMMHYECKOTO OHOCEHCOpa C IBOMHBIM (hepMEeHTOM
Ha OCHOBE JIEKTPOJIOB C 30JI0TOH Nostockoiicoodmaercs B padote [35]. Cmech ABOHHBIX
tdepmentos GOD u HRP xpena uMMOOUITM30BaNU HA MOBEPXHOCTH HAHOKOMIIO3UTHON
TUICHKH W3 XWTO3aHA W MHOTOCTEHHOH yTIIepOHO# HaHOTPYOKH. PaspaboTtanHas ceH-
cophas mnaropMa AEMOHCTPUPOBAIA XOPOLIME AHATUTUYECKUE XAPAKTEPHCTUKU C
TOUKH 3pEHHsl OOHAPYKEHHs [JIFOKO3bl ¢ UYBCTBUTEMLHOCTHIO 261,8 MKA MM ¢cM™ 1
CTaHJAPTHBIM OTKIOHEHHEM BOCHPOU3BOAMMOCTH — 3,30%.

B HemaBHO omyOnukoBaHHOW pabote [36] mMpoaeMOHCTPUpPOBaHA COBMECTHAS
unmmobunuzauus GOD u HRP B kauecTBe (hepMEHTHON CHCTEMbl HA METANI0OPraHU-
gecknx kapkacax (MOK) UiO-66 u UiO-66-NHz. HccnenoBanus WMMOGHITH3AAH
(epmenToB u BbienaunBanus nokasany, 4ro (GOD -HRP) @ UiO-66-NHa ummobu-
nmzoaiicst Ha 6% Gonpiue, uem (GOD- HRP) @ UiO-66, u BeImenavunBai Tombko 36%
MMMOOMITH30BaHHBIX (DEPMEHTOB B T€UCHHE TPeX JHEH B pactBope. Kommosuts! dep-
menT / MOK Takike nokasajiu MoBbILIEHHYIO aKTUBHOCTb (PEpPMEHTA M0 CPABHEHHIO CO
cBoGoHOM cructemoit depmentos: kommosut (GOD- HRP) @ UiO-66-NHa mokasain
axrtusHocTs 189 En/ mr, a (GOD -HRP) @ UiO-66 nokasan 143 Ex/ mr, Toraa xak y
cBOOOHOTO (hepMeHTa aKTHBHOCTE cocTtasiisia 100 Ex / mr.
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B cucremax ¢ xackaaHOM peakuuei, COBMECTHas UMMOOMIM3ALUS UMEET Mpe-
HAMYLLIECTBO, KOrAa MEPBHId NPOAYKT HAXOAMTCS B HEMOCPEACTBEHHOW ONM30CTH OT
BTOPOro hePMEHTA, YTO MO3BOJISIET AKTHBHPOBATH €0 IIPH BHICOKUX KOHIICHTPALHSX OT
nepporo npoaykra [37], mpeaoTBpallalOT BbICOKHE KOHLIEHTPALMK MPOMEXKYTOUHBIX
TIPOAYKTOB MyTEM OTPAHIICHHS JIOKATBHOH KOHIICHTPAIIAH HA COBMECTHO HMMOOMITH-
30BAHHBIX CBA3AHHBIX (hepmenTax [38] M MMEIOT JMydlnyi0 OPOM3BOAUTEIbHOCTD, YEM
cuctembl ¢ oaHUM pepmertom [39]. OaHako, B MyIbTH(EPMEHTHBIX CHCTEMAX HET BO3-
MOKHOCTH MCIONTb30BaTh KPYIHbIE MYJIbTHIOMEHHbIE (PEPMEHTBI, @ HOI0KKHA MOTYT
crath auddysnornasM 6apsepom [38]. B 3axmodeHnn ciiefyeT OTMETHTD, UTO B aMITe-
pomeTpuyeckix OroceHcopax 00s13aTeNIbHO NPUCYTCTBHIE (hePMEHTA, AKTUBHOCTb KOTO-
poTO, a 3HAYNT M paboTa AAaTIMKaB [ETOM, 3aBUCAT OT PA3NTHYHEIX MapaMeTPOB, TaKUX
kak pabouuii pH, Temneparypa MOryT OrpaHUUMBATH X HCIIOIB30BAHUE.
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Apucrtos P.B., Makeesa U.A., Tpou A.B.
I'epmeHeBTHYECKASI TPAKTOBKA
MOHATHUS «3aK0H»

Jenunepaockuii odracmnon gunruan

Canxm-Ilemepbypeckozo ynusepcumema MBJ] Poccuu,

2. Mypuno Jlenunepaockoii oénacmu

3aKoH, Kak OIHa W3 TIEPBBIX (POPM UEITOBEUECKOr0 OOIICIKHUTHS, SIBIAETCS COLM-
AIBHBIM PETYJLATOPOM B JIFOOOIH HenoBeuecKol HMBIIN3ALUY. [JoHIMaHIe TPOHCXOXK-
JICHHS ¥ HAMOJHEHHS KITIOYEBOTr0 COLMABHOIO MOHATHS «3aKOH» BKHO KaK IS HC-
TOPHUU, TAK U 1151 TMHrBUCTUKH. Drnocodekoe 0CMbICICHHE TEPMUHA € MPUMEHEHHEM
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BBEJIEHUE

Hcnonb3oBanue (epMEHTOB B KauecTBE OMOPACMO3HAIOLIErO KOMIOHEHTa OHOCeHcopa
TIO3BOJIAET OOCTUYDB yHPlKaJ'lI:HOl‘:{ CEJICKTUBHOCTH W  YyBCTBHUTEJIBHOCTU  OIIPEACIICHUA
GUONOrMYecKN aKTUBHBIX coeauHenuil. Huskasi ycToiuuBOCTE (DEPMEHTOB NPH XPAHEHHUH U MX
BBICOKasg CTOHUMOCTB, SABJAKOIIUECA HEOOCTaTKaMHu d)epMeHTHOl'O aHajm3a i MHPOKOTO
TIPUMEHEHUs, MOryT OBITH KOMIICHCUPOBAaHbl TMyTEM I/IMMOGHJ’[H?;&_HHI/I (_JpepMeHTOB Ha
HEpacTBOPUMBIX HocuTensx. Ilpu 3ToM ocofoe 3HaueHne NpuobperaeT cnocod BBEACHHs
HMMMOOUIIM30BAHHOTO (hepPMEHTa B COCTAB OHOCEHCOPA, MOCKOJIbKY aKTHBHOCTb (hEPMEHTOB, Kak

TIPaBUJIO, CYLIECTBEHHO CHIDKAETCH IPU HMMO6HHPI33.LII/IH.
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1 Ilonyuenue hepMeHTCONEPIKAINX KAIbLMIT KADOOHATHBIX KOPOBBIX YaCTHUILL

B Ka4dyecCTBe KOpOBbIX M]/IKpO“IaCTVILl AJst l'IOJ'Iy'“leHMﬂ I'IOJ'II13J'I€KTp0J'[VITHbIX Kal'[CyJ'I
HCIIONB30BaNH cocTaBHble Mukpochepomutel CaCOs — Genok (wam 1Ba Genka), KOTOpbIE IO
CPABHEHHIO C IPYrHMHU BO3MOKHBIMH KOPOBBIMHU HaCTHLIAMHM CIIOCOOHBI XUMHUHYECKH Pa3pyLIaThCst
B MSIKHX YCIOBHSIX (KOMHATHAs TeMIeparypa, Heiirpanshbie pH) B mpucyrcrsun DJTA npu
HeOOJIbLIOM MOAKHUCIICHNE CPEeJibl.

CaCO; MuKpochepoIUTHl MOJIydaln MO PEaKIHH HOHHOrO OOMEeHa MpU CMELIHBAHHI
PacTBOPOB XJIOPHCTOrO Kajiblsi W kapOoHaTta B mpucyrctBum Oenka (dpepmeHTa) — METOLOM
GuomuHepanusaunn. MeToarka HONydeHHsT MHKPOCHEPOINTOB CBOMMIACH K CICAYIOLIEMY: K
VHTCHCHBHO IIepeMeIIBaeMOMy Ha MarHuTHOH Memmanke 0,33M (uau 0.5M) BOZHOMY pacTBOpy
CaCly no6asnsin hepmMeHTbI, MepeMeInBaIi B TeueHe | MUHYTBI, a 3aTeM ObICTPO J00aBIIsIH
paBHbiit 06beM 0,33M (unu 0.5M) BoaHoro pacteopa NaxCOs. Ilepemernnpanue IpoaosDKaioch
B TeueHue 30 CekyH., nocie 4yero oOpasoBaBIUASCA CYCHEH3Ms BblAepxkuBanach 15 mun npu
KOMHATHOH TeMMepaTtype [0 [OJHOrO MNPOCBETJICHUs] HAZOCAAOHHON skuaxocTh. Ilocae
3aBepIIeHMs Ipolecca (OPMHPOBAHMS COCTAaBHBIX MHKpocdeponutos depmentsl — CaCOs,
NPELUMUTAT TLIATENbHO OTMbIBAMK OT HOHOB Na~ 1 Cl” iMCTHILIIMPOBAHHO# BOAO# 1 BHICYLUMBAIN
Ha BO3xyxe. TImarembHas NpPOMBIBKA HMeEET NpPHHLHIMAIBHOE 3HAYEHUE, MOCKONbKY ObLIO
OGHaPYIKEHO, YTO COCTOSIHHE CHEPOIIUTOBY He SBISETCS TePMOAMHAMUYECKH YCTOYHBbBIM, H BO
BIAXHOM COCTOSIHUH OHH MOCTENEHHO IIePeXOAAT B KIACCHYECKHE DOMOO3ApHYECKHE
MONMMKpHUCTAIIbL, mpudeM B mpucyrerBun NaCl mporecc 3ameTHo yckopsiercs. B cyxom
cocTosHun Mukpochepoaute! pepmenTel — CaCO3 MOTyT XPaHUTBCSI HEOTPAHUYEHHO JIOJITO.

Venosust mpoBedeHHs Iporecca (BapbuUPysl KOHLICHTDALMIO PEareHTOB, TeMIEpaTypy,
FM,E[pO,E[HHaMVI“leCKVIe XapaKTepMCTVIKH) B CyLLleCTBeHHOIZ CTeNEHU Oﬂpeﬂeﬂﬂ}OT paSMep "

Mopdonoruo o6pasyoIIKCst MUKPOYACTHII.

2 TonyueHue NONU3IEKTPOINTHBIX MUKPOKAIICYI, 3arPy/KEHHbIX GepMEHTOM

TIoNMINEKTPONIMTHBIE MHMKPOKANCYJbl MOJYy4alnud [yTeM [OOYepeHoil  aacopoumn
MIPOTHBOINOJIOXKHO 3apsKeHHBbIX monmudiekTpoiutos [Sukhorukov G.B., Montrel M.M., Petrov
AL et al. Multilayer films containing immobilized nucleic acids. Their structure and possibilities
in biosensor applications. Biosensors & Bioelectronics, 1996. V.11. Ne9. P.913-922] na kanbuuii
kapOOHATHBIX MHKPOYACTHLAX, COLEPXKALINX COOTBeTCTByromil (pepment. Ha stoil cragnu
HCCAeNOBaHUs  MONHAJIEKTposuThl:  noauctuponcyiabponar (IICC) wu  nonuannmunamus

ruapoxiopun (ITAAT).
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K 100 mr sagep CaCOs-6enoxk nobasmsumu 1,5 mi pactopa ITAALT (koHueHTpaums 1 Mr/smi)
B 0,5 M NaCl. Cycnensuio nepemeiunsanu B TeueHne 10 MIH Ha Kayasike, 3aTeM HEeCBsSI3aBLINHCS
HoJMMep yAamsin LeHTpudyruposannem npu 700 06/MHH B TEYEHHE HECKOJBKUX CEKYHH, a
YACTHUIBI TPEXKPATHO IPOMBIBATH JEHOHU3HPOBAHHON BONOH OT OCTATKOB MOJNIAJIEKTPONNTA C
ueHTpudyruposaHieM. 3aTeM Takylo e NPOLEeAypPy NPOBOAMIHM, HCHob3ys pacTeop TICC.

TloouepenHoe  HacnamBaHHe  NPOTHBONONOXHO — 3aPAKEHHBIX  MAKPOMOJIEKYI
MOJMB3IEKTPONUTOB HA KOJUIOMAHBIE YACTHLLI NPOBOAIMIN TPU-TISTH Das3, MOJNydas Tpex-
MSITHCIIONHYI0  0bomnouky ¢ apxurekrypoil ITAAT/(IICC/IIAAT )., rme n=1,2. Ilpouenypa
(bopMupoBaHIsA MEKPOKATICY] POBOAMNACKE PU KOMHATHOH Temmnepartype (15-25°C). B pabore
HCCNEeNOBANNCh TPEX-IHTHCIOMHBIE (DepMEHTCOnepIKaIHe [IONOKUTEIBHO M OTPUIATEIBHO
3apsOKEHHbIE TOJIHAIEKTPOIUTHbIE MHEKPOKAICYJIBL: TTAAT/(TICC/TIAAT ), u
TICC/(TTAAT/TICC)n, n=1,2. KoHTponb pa3sMepoB MHKPOKANCYd U CHEpPUYHOCTb KambLMi-
KapOOHATHBIX YAaCTHII OCYIIECTBIISUIN ¢ IIOMOIIBIO cBeToBOro Mukpockomna Nikon eclipse E200.
Vaanenue kanbUni-kapGOHATHEIX YACTHL U3 MUKDPOKAIICYJT OCYLIECTBIIANN NPH BbIASPKMBAHUH
pacTBOpa ¢ MUKPOKANCYyJaMH B AMANU3HBIX MELIKAaX B TeYeHHe OT 3 qacos 10 12-15 yacos B 2-25
MM OI'TA (stunenraukonb-6uc (B-amunosTunossiii 3¢up)-N,N,N'N'-TeTpaykcycHas KHCIOTa)
win DJTA (3TuneHAnaMUHTETpayKCyCHas kucnorta) npu Temmeparype 4°C wmmu 20°C npu
nonmenaunsaruy cpensl (pH 7,2). KomudecTso Kancysn B pacTBOPE MOACYUTHIBANM C TIOMOMIBIO
xamepbl ['opsieBa.

Ilpu  dopMupoBaHHH  MONH3NEKTPONNTHOM  OOONOYKH B  Ka4ecTBE  IIEPBOTO
TONUBIEKTPOIIUTA HCToNb3oBanu nonmaiaektponuTel IICC mmm ITAAT .

Kancysbl, 3arpyskeHtbie aByMst hepMEHTaMH, B HALIEM Cilydae ypeasoii 1 NepoKCHuasoi
XpeHa, ObLIM M3TOTOBIEHBI Ha OCHOBE KOPOBBIX YAaCTHI], COIEPIKALIUX B CBOEM COCTaBE IBa

(epmMeHTa OAHOBPEMEHHO.

3 Cnocob nosyueHus yIbTPATOHKOTO MUKPOSYEHCTOrO MOIMMEPHOrO MOKPLITUS

Hcnonb30BaHHBIN METON MOJYYeHHS YJIBTPATOHKOTO IOJHMEPHOrO MaTepHaia Obul
paspaboTan u 3amaTeHToBaH B MIHCTHTyTE TEOPETHHECKOH M SKCMEPUMEHTANbHOH Ouodu3nku
PAH [a) ITarent P® Ne 2333231 Ha n3o6peTenne. YIbTpaTOHKOE MOJINMEPHOE NOKPBITHE, CIIOCO0
€ro M3roTOBJICHHs U (pepMeHTaTHBHbINH OHOCeHCOp Ha ero ocHose // Broyut. Ne25. Jlara omy6i.
10.09.2008. Montpens M.M., Teprosckuii B.1., ®omkuna M.I'"., Ilerpos A.11.; 6) [Tarent PO
No2567320 Ha usobperenue. Criocod MOJyYeHUs! MOUIOKEK ¢ MHOTOCHIOMHBIM MOKPBITHEM Ha
OCHOBE MOJIBJICKTPOIIUTHBIX MUKPOKAIICYI, COAEPIKAIINX OHONTOTHYECKH aKTHBHBIC MATEPHAIIBI

// Bromn. Ne31. Jlata ony6a1. 15.10.2015. ®omkuna M.I'., MonTtpens A.M., Munkabuposa I.M.].
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MMmoOuIM3aIMo MUKPOKAIICY) MPOBOIMIM HA CTEHKE CTEK/AHHOH KIOBETBL, IIapHKe
creknsiHHoro pH-anexkrpona. Ha 9TOM 3Tame AOMONHHTENBHO, B KauyecTBE MEPBOrO CJIOs,
HCIIONB30BAH NOMMANeKTpoanT noaustunesnmiH (ITIH), m.m. 600 000 (“Aldrich”), koTopsiit no
JIUTEPATyPHBIM JaHHBIM SBJIAETCSA ONTHMAIbLHBIM MPEKYPCOPOM JUIsl CO3aHHS HAaHOPa3MEPHBIX
cnoeB MeToaoM nosnuoHHOM cbopku [Awenok A M., Topun LA, TTankun K.E., Jlomosa M.B.,
Iteikos C.H., Knumos B.H., Kypoukuna I'"1., I'paue M K. KoshdurmeHT nepeHoca rieHOK
Jlenrmiopa-bomkeTT Kkak HHANKATOp TMOBEPXHOCTH MOHOKPHCTAJUTMYECKOTO  KPEMHUS,
MOAN(UINPOBAHHON MOTMHOHHBIMU COsIMU. PU3HKA U TEXHUKA MOMYIPOBOAHUKOB, 2007, Ne6.
C.706-710]. Konuenrparms pacteopos nonmanekrpoautos (IO, TICC, TTAAT) Gbita 1 Mr/mi.

BOKOBYIO CTEHKY KBapLEBOH KIOBEThI MOKpbIBaiu 1mr/ mi pactsopom I19U (0,33M NaCl),
BBLIEPKUBATN 20 MUH, IIepeMeLInBas HEMHTEHCHBHO Yepe3 MPOMEXKYTOK B HECKOJIbKO MUHYT (3-
5), nocne uero aBykpatHo ormbiBanu 0,IM pacrBopom NaCl. 3arem kioBeTy 3amosHsuiu
pactBopoM I1ICC u BbImepKUBAIU B TeUEHHE 15 MUH, IOCIIE Yero Tak)ke OTMBIBAIIM OT OCTaTKOB
nosuanekrponura 0,1M pacrsopom NaCl. [anee nosepx cnost TICC HaHOCHIN CyCHEH3HIO
MHKpOKaI’ICyJ’I TakK I‘I'I"()(F)I:I) Ml/IKpOKaI'ICyJ'IbI pOBHbIM cnoem TOJIHOCTBHO l'IOKprﬂl/I
MOTH(pUIIPYEMYIO0 IOBEPXHOCTD, OACYIIIIIN IPH KOMHATHOI TEMITEpaType, 3aTeM OTMBIBAJIH OT
smHux Mukpoxancya 0,1 M pactsopom NaCl. Ha sToM sTamne Mcnosib30BannCh HEOUHILECHHBIE
ot CaCOj; uactun mukpokamncynsl. Janee Hanocunu cion IICC-ITAATL, onmHcaHHBIM BblIe
obpazoM. TIoBepXHOCTHBIM (Hapy:KHBbIH) CJIOH ObUT 3aps’KeH TMOJOKHUTENBHO, TaKXke Kak
[OBEPXHOCTh MHKpOKamcys1. Ilocne nmmoOwmmsaimu Mukpoxancyist oummamn ot CaCOs;
KOMIIOHEHTa KOpbI: KioBeTy omyckanu B 0,025M pacrsop DJITA Ha 12-14 uac. TTocrne ynanenus
kanbuuii kapOoHara pactBop DJITA ©Obul 3amelueH AWCTUILUIMPOBAHHON BOMON, a KioBeTa

IIoOMeImanack B XOJIOONUIBbHHUK.

4 OnperneneHne KOHIEHTpaluu Oelka B Karcynax

KOHLleHTpaLU/I}O (I)SI)MCH'I"E.7 HHKal'ICyJ'IV[pOBaHHOFO WJIH l'[pl/ILLIHTOF() Ha CTE€HKax KBaleeBOﬁ
KIOBETBI, onpezessiii MeroioM bpandopaa [Bradford M.M. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical Biochemistry, 1976. V.72. Nel-2. P.248-254]. B 100 mkn pactBopa (epMeHTa
nobasiisi 400 Mk pearenta bpaadopaa (M3Ha4danbHO pa3taBiIeHHbI B 1Ba pa3a), BbIAEPKHBAIH
B Te4eHHe 25 MHHYT, [OC/IE 4ero oobeM AOBOAMIM 10 1,5 MJI AEMOHM3MPOBAHHON BOJOH
M3MEPSIM ONTUYECKYI ILIOTHOCTb mpu A=595. KoHuenTpauuro Oenka pacCUUTHIBANH IO

kanubpPOBOUHOI KpHBOIi, nocTpoeHHoit o BCA.




