Fundamentals of the technology of obtaining interactive materials for use in catalysis and biosensors in the context of food freshness assessment
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Abstract. This paper explores the use of interactive materials for application in catalysis and biosensing for food freshness assessment. Through a detailed examination of material properties, synthesis methods, and functionalization techniques, we elucidate how these innovative materials can optimize food safety and quality control.
Keywords: biosensor, catalysis, microgel, food spoilage, smart packaging
Introduction
Food safety and quality have become paramount concerns given the rising global population and consequent demand for safe, fresh food products. Traditional methods for assessing food freshness often fall short in terms of accuracy and efficiency. With the advent of modern technology, novel approaches employing catalysis and biosensors have emerged as viable solutions. Food freshness assessment is traditionally conducted through sensory evaluation, chemical tests, or microbiological analysis. However, these methods are often time-consuming and can lack specificity. 
Types of food spoilage
Meat spoilage can be caused by natural processes such as lipid oxidation or autolytic enzymatic processes occurring in the muscles after slaughter. Several factors are responsible for microbial contamination of meat, such as bacterial flora of the animal, treatment during slaughter, evisceration and processing,  temperature control during slaughter, the type of packaging used etc.
Spoilage of fish is a complex process caused by the action of enzymes, bacteria and chemical components. 
An increase in pH may indicate the process of autolysis (breakdown of proteins under the action of enzymes). A hypoxanthine content in fish indicates the degree of its freshness. Hypoxanthine is formedby the breakdown of ATP, which is the main component of fish muscle nucleotides. The accumulation of hypoxanthine gives fish muscles a bitter aftertaste, which is accompanied by the loss of the taste of fresh fish. 
Breakdown of amino acidsleads to the formation of primary amines. Examples are the formation of histamine from histidine, arginine from glutamic acid, etc. This bacterial action can cause food poisoning in extreme cases. A high concentration of urea in the meat of some fish decomposes micro-organisms to ammonia. The formation of ammonia is accompanied by an unpleasant smell.
Spoilage of milk and dairy products leads to an unpleasant taste and smell, as well as a change in texture and appearance. The main carbohydrate in milk is lactose. Microorganisms that produce a lactose hydrolyzing enzyme (lactase or β-galactosidase) have an advantage over those that cannot metabolize lactose. Milk fat can be hydrolyzed by microbial lipases to form low molecular weight volatile fatty acids (butyric, caproic and caproic). The presence of such substances as ethanol, ethyl ethers, amino acids, lactates, acetates in dairy products may indicate the development of bacterial contamination of the product, whichinin turn, can negatively affect human health.
Evaluation of smart sensors
Smart sensors are devices that can detect and respond to environmental changes. In the context of food freshness, these sensors can monitor various parameters, such as temperature, humidity, and gas emissions, which are critical indicators of food quality.
Smart packaging can include sensors that provide information about food quality through the entire food chain, composition, storage conditions and bacterial accumulation [1]. The most widespread commercial sensors today are time temperature sensors (TTI) that providetracking compliance with the temperature chain during transportation and storage, which allows the consumer or the manufacturer to assess the status of the product [2]. For example, the Monitormark ™ TTI sensor developed by 3M™ (USA) is designed to monitor the thermal impact on fish and dairy products during storage and transportation below 20 °С [3]. Another example is the Coolvu indicator developed by FreshPoint (Switzerland), which includes a transparent label that provides a visual change to inform consumers of a change in product quality. However, such decisions only show the fact of violation of the temperature regime or shelf life, and are not sufficient grounds to judge whether the product has spoiled or not.
A more effective solution is the use of sensors with indicators that are sensitive to changes in pH or the accumulation of specific substances (markers) that are formed during food spoilage [4].
Important characteristics of a biosensor are its specificity, sensitivity, reliability, portability, and simplicity.  To date, there are no commercial biosensors for smart packaging, although several prototypes are being developed. For example, SIRA Technologies (Pasadena, California, USA) is developing a biosensor/barcode called the Food Sentinel System for detecting pathogens in food packaging (Ayala and Park 2000; Anonymous 2004f). In this system, specific antibodies to pathogens are attached to the membrane-forming part of the barcode; the presence of contaminating bacteria causes a localized dark band to form, making the barcode unreadable when scanned. Toxin Alert (Ontario, California, USA) is also developing a diagnostic system called Toxin Guard that incorporates antibodies into plastic packaging films to detect pathogens (Anonymous 2000; Bodenhamer 2002). When the antibodies come into contact with the target pathogen, the packaging material displays a clear visual signal to alert the consumer, retailer or inspector.
 This system is designed to detect gross contamination, as it is not sensitive enough to detect very low levels of pathogens that can cause disease.
The main requirements for the transition to commercially available biosensors are miniaturization, automated analysis, low reagent consumption, portability, minimal time or user skills, and communication [5].
Enzymatic biosensors are based on the close contact of enzymes with transducers. The principle of this type of biosensor is based on the quantification of the inhibitor, measuring the enzymatic activity in the absence and presence of the inhibitor. Inhibition studies are often a key point in the clinical field, as some drugs are based on the inhibition of key enzymes in biological pathways, while other inhibitors are considered toxic compounds; thus, enzyme inhibition-based biosensors are reliable tools for the detection of many toxic compounds.
Primary product composition determination
The object of study is chicken fillet. 
Table 1
Determination of primary characteristics is carried out to identify potential markers of spoilage.
	Quality indicator
	Method
	Sample 1
	Sample 2

	Protein value, %
	DSTU ISO 937
	21.92
	19.36

	Fat value, %
	DSTU ISO 1442
	63,75
	69.59

	Moisture value, %
	DSTU ISO 1443
	14.09
	11.45

	Ash conent, %
	DSTU ISO 936
	1.28
	1.12



The presence of off-flavors in meat during storage can be caused by the decomposition of amino acids. For this reason, the amino acid profile of chicken fillets was analyzed using a Sykam amino acid analyzer with preliminary derivatization.
Table 2
	Amino acid
	Value, %
	Functional group

	Valine
	0.386
	Amine 

	Proline
	1.343
	Amine 

	Phenylalanine
	0.118
	Amine 

	Leucine
	0.327
	Amine 

	Isoleucine
	1.545
	Amine 

	Histidine
	0.748
	Amine 

	Glycine
	0.746
	Amine 

	Glutamic acid
	2.141
	Amine 

	Arginine
	0.992
	Amine 

	Aspartic acid
	1.416
	Amine, aldehyde

	Alanine
	1.425
	Amine

	Threonine
	0.592
	Hydroxyl, amine

	Methionine
	0.841
	Amine, sulfide

	Lysine
	0.992
	Amine

	Tyrosine
	0.856
	Amine, hydroxyl

	Serine
	0.526
	Amine

	Cysteine
	1.259
	sulfide



Taking into account the concept of rational chemosensor design and literature search, copper(II) sulfate was isolated for the detection of hydrogen sulfide vapor.
Paper sensors were prepared from ash-free “Blue Ribbon” paper, which were soaked in a 15% aqueous solution of copper(II) sulfate pentahydrate or a 5% ethanol solution of phenolphthalein and dried. The sensor was placed 1 cm above the meat. As a control, sensors based on copper sulfate and phenolphthalein were used, which were sealed in a Petri dish.
Chilled chicken fillet was distributed in 250 g in three sealed containers of 1 liter. The first container was made of food grade plastic and was kept in a refrigerator at 2-4 °C. The second container, a glass hermetically sealed exciter, was kept in a dark place at 16-18 °C. The third container, a vacuum desiccator, was kept in a dark place at a temperature of 16-18 °C, but additionally the container was vacuumed with a water jet vacuum pump to 20 mm Hg. The data were taken every 12 or 24 hours and recorded visually according to the color scale: “no change”, ‘slight change’, ‘saturated’, as well as by the ‘presence’ or ‘absence’ of an unpleasant odor. The number of replicates was three.
Table 3
Results of the initial diagnosis of the sensitivity of the proposed sensors to meat spoilage markers.
	Exposition time
	Container №1
	Container №2
	Container №3
	Control

	0 h
	no change
	no change
	no change
	no change

	12 h
	no change
	no change
	saturated
	no change

	24 h
	no change
	slight change
	-
	no change

	36 h
	no change
	saturated
	-
	no change

	48 h
	no change
	-
	-
	no change

	72 h
	no change
	-
	-
	no change

	96 h
	slight change
	-
	-
	no change



Conclusions
In all experiments, the phenolphthalein-based sensor was not effective, which can be explained by the fact that phenolphthalein changes color only in aqueous solutions.
Sensors based on CuSO4 proved to be effective for the diagnosis of hydrogen sulfide. It should be noted that there is a clear bright color change that does not disappear. In addition, in container No. 1, after 96 hours, the sensor “slightly” changed color, but there was no unpleasant odor from meat spoilage markers, which may indicate the effectiveness of this sensor at very low concentrations.
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