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Abstract

:

One of the biggest economic and environmental sustainability problems is the over-reliance on petroleum chemicals in polymer production. This paper presents an overview of the current state of knowledge on biopolymers combined with biosensors in terms of properties, compounding methods and applications, with a focus on medical and environmental aspects. Therefore, this article is devoted to environmentally friendly polymer materials. The paper presents an overview of the current state of knowledge on biopolymers combined with biosensors in terms of properties, compounding methods and applications, with a special focus on medical and environmental aspects. The paper presents the current state of knowledge, as well as prospects. The article shows that biopolymers made from renewable raw materials are of great interest in various fields of science and industry. These materials not only replace existing polymers in many applications, but also provide new combinations of properties for new applications. Composite materials based on biopolymers are considered superior to traditional non-biodegradable materials due to their ability to degrade when exposed to environmental factors. The paper highlights the combination of polymers with nanomaterials which allows the preparation of chemical sensors, thus enabling their use in environmental or medical applications due to their biocompatibility and sensitivity. This review focuses on analyzing the state of research in the field of biopolymer-sensor composites.
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1. Introduction


Biosensors are diagnostic tools used in many areas of life: medicine, the environment, the packaging industry and many others [1,2,3,4,5]. The combination of sensors with biopolymers and natural polymers, which are a natural and sustainable alternative to petroleum-based polymers, is particularly noteworthy. Biosensors and chemical sensors are monitoring devices that interact with various chemical or biological components to provide valuable information [1].



Modern sensors are characterized by high sensitivity, selectivity, on-time response, stability, reversibility, are low-cost, and are easy to use. Their great advantage is the quick reaction to the presence of the monitored factor, which allows for quick intervention.



The development of chemistry and materials engineering creates enormous opportunities to develop new solutions, the application of which in everyday life is a milestone in health protection, the environment, food waste, agriculture and many other areas [1].



Chitosan, alginate, cellulose and starch are some of the natural polymers that are widely used in conjunction with sensors. The wide range of applications of biopolymers results from their properties, such as their capability to collect and accumulate analytes on sensor surfaces, and the possibility of producing and using various forms (film, sponge, hydrogel).



The scientific interest in the use of biosensors in combination with biopolymers in many fields of science is growing every year. Figure 1 shows the number of scientific reports related to the use of sensors in environmental research and medicine. The growing number of scientific reports proves not only the great potential of this direction but above all the real need of developing modern solutions for monitoring selected parameters. Both the basic and implementation works constitute a huge substantive contribution in this field and have become a signpost for the search for new concepts.



This paper presents an overview of the current knowledge on biopolymers in combination with biosensors in terms of properties, methods of linking and applications, with particular attention to the medical and environmental aspects. The current state of knowledge as well as future perspectives were presented.




2. Biopolymers and Their Composites


Polymers play an important role both in the biological world and in its present industry. Many natural polymers, for example proteins and nucleic acids, transfer fundamental biological data, whereas other polymers such as polysaccharides contribute fuel for cell functions and serve as constructive elements in living structures [1]. Biopolymers can be used in various applications such as food packaging, cosmetics and medicine, biomimicking, actuators, tissue engineering, sensors, and ultrasound imaging [6]. Recently, there has been a significant intensification of research works on biodegradable polymers and their composites. This phenomenon is associated with the gradual depletion of crude oil deposits and problems related to the management of used non-biodegradable plastics.



Biopolymers are materials that have potential applications in all sectors of the economy. Polymer composites are biocomposites if at least one constituent is biobased or biodegradable. The terms biodegradable polymer and biopolymer are often used interchangeably in the literature, but there is a major difference between the two types of polymers [7] that undergo deterioration and completely degrade when exposed to microorganisms, aerobic, and anaerobic processes [8]. Biobased is a term applied to polymers originating from renewable sources. Raw materials are defined as renewable if they are replenished by natural procedures at rates comparable to or more rapid than their rate of utilization. The classification of “biopolymers” can be made considering two criteria:



- The source of the raw materials;



- The biodegradability of the polymer.



Considering the two criteria for the division of polymer compounds, i.e., the source of origin of raw materials and their biodegradability, the compounds shown in Figure 2 can be described as a biopolymer.



A different approach regarding the division of biopolymers is according to monomeric units. It is possible to differentiate three different groups (Figure 3) [10,11].



When the monomeric unit consists of polysaccharides, there are carbohydrate chains, which can be branched or linear joined by glycosidic linkage. Examples of such monomeric units are starch and cellulose. Protein units are made up of amino acids which can be represented by collagen or fibrin which are linked with peptide bonds (amide linkage). The third group, which is a protein monomeric unit, consists of nucleic acids which can be differently arranged in long polymer chains made of at least 13 units. Examples are DNA and RNA [12].



Biopolymers can be produced both by biological organisms, e.g., plants and animals, and chemically synthesized from natural starting materials, e.g., corn, starch, etc. A detailed classification of the biopolymers was discussed by Dziuba et al. [13]. Biopolymers are important materials for the production of composites with sensors used in many areas of the economy and industry. The perfect performances of biopolymers from biological chemical sensing systems are perfect candidates for sensitive elements for developing sensors using biopolymers for chemical sensing in complex environments. Sensors using biopolymers/biomaterials for chemical sensing have reached meaningful progress and shown helpful perspectives and potential applications. When designing composite materials, an extremely important issue is the selection of an appropriate polymer matrix. Increasingly, polymers used as matrices are biodegradable. One of the major advantages of biodegradable polymers contributing to their growing popularity is the relatively easy biodegradation of such materials. Thanks to the use of various additives (e.g., starch or montmorillonite) it is possible to control the biodegradation time of the material [14].



Composites are materials that comprehend two or more chemically and physically diverse phases isolated by a separate interface. They are a mixture of materials differing in composition, where the particular components maintain their unique identity. Summary composite materials are a combination of two or more components, one of which is present in the matrix phase and the other may be in the form of particles or fibers. Figure 4 shows the types of composite materials depending on the polymer matrix and Table 1 depicts the polymer composites with different reinforcements and matrix materials.



CMCs have high creep resistance and thermal shock resistance. CMCs are fabricated by hot pressing, hot isotactic pressing and liquid phase sintering techniques and are used as cutting tool inserts for machining hard metal alloys with a tool life greater than cemented carbides. Ceramic composites improve the fracture durability of material [15,16]. PMCs are intended to carry loads in between filaments of a matrix material [17,18].



Advanced composites of fibers and grid combinations yield superior quality, mechanical strength, thermal stability, hardness and stiffness [19,20]. Glass fiber-reinforced polymers comprised of fibers between 3 and 20 mm in a polymer network [17,21]. Carbon fibers have the highest quality and modulus at higher temperatures [22], while at room temperature, carbon fibers are not influenced by wetness, bases or acids [23].
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Table 1. Detailed literature review of polymer matrix composites.
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	Matrix Material
	Reinforcement
	Findings
	Literature





	Thermoplastic composites
	Carbon fiber
	Increased tensile strength and stiffness, improved printing versatility
	[24,25]



	Polylactic acid
	Carbon fiber
	Increased Tensile strength, Young’s modulus and yield strength at layer thickness was 0.15 mm
	[26]



	Virgin polypropylene and Polypropylene with 30% Glass fiber
	Glass Fiber
	Virgin polypropylene has better stability at multiaxial stresses than PP30GF
	[27,28]



	Polylactic acid
	Water in oil emulsions and hydrophobic polymers
	PLGA made the sheets more flexible because PLA is crystalline, whereas PLGA is amorphous, improved biocompatibility
	[29,30,31]



	Polylactic acid
	Almond skin powder
	Increased compressive strength and shore D hardness
	[23]



	Poly butylene succinate
	Modified tapioca starch
	Dispersion rate of starch molecules is low, Adhesive properties poor, and lower mechanical properties due to high voids in the structure
	[32,33]








These differing elements act together to produce the essential mechanical strength of the composite part [34]. A special group of polymer composites is biocomposites. Biocomposites are polymer composites, in which at least one constituent is biobased or biodegradable [35]. Biocomposites include natural reinforcements (such as vegetable fibers) in their mixture and can be: (1) partially biodegradable with nonbiodegradable polymer matrices such as thermoplastic polymers (e.g., polyethylene) or (2) fully biodegradable with biodegradable polymer matrices such as renewable biopolymer matrices.



The advantage of composite materials is the ability to design a range of properties that may vary depending on the intended use of the composite. The key advantage of these materials is their programmability, which now allows them to be widely used throughout the world around us and in various areas of life, such as construction, industry, medicine, production of everyday objects, and even devices used in space.



Today, biocomposites and biopolymers with controllable lifetimes have become major topics for different areas of applications. This article focuses on the use of biocomposites along with sensors for environmental and medical applications.




3. Biosensors


A key question to be answered is what a biosensor is. This is a tool that can be used for obtaining the physical identity, which is then translated into a recognizable signal. It should have the ability to react with different biological components to react in the desired way. The biosensor can detect for example biomolecules such as urea, estrogen, glucose, or cholesterol [36].



Eight major parameters characterize the biosensor:




	
Sensitivity that is for example the concentration of the influencing element;



	
Selectivity, so the sensor will not react to every molecule but just the expected one;



	
The range is strictly connected with sensitivity and corresponds to the concentration range where the sensitivity is active;



	
Response time, how much time is required for a biosensor to indicate 63% of the final response;



	
Reproducibility, the accuracy of the sensor’s output,



	
Detection limits its lowest detectable concentration;



	
Lifetime is the period when the biosensor can be used without significant loss in performance;



	
Stability, if within a fixed period there is any change in the baseline or sensitivity [37].








The classification of biosensors can be based on the mode of physiochemical transduction or the type of biorecognition element (Figure 5) [38,39,40].



Electrochemical biosensors are the most widely described and investigated due to their properties. They can be characterized by a low detection limit, simplicity of construction, specificity and ease of operation [41].



The operation of optical biosensors is based on the occurrence of a biochemical reaction, which is connected with light absorption or emission. Absorption, luminescence, fluorescence, surface plasma resonance, etc., are among the techniques linked to this group of sensors. The visible color change makes colorimetric sensors the most explored [42].



Because most of the biochemical reactions involve a change in enthalpy and heat changes, it is reasonable to use the phenomenon in biosensor design [38].



Piezoelectric biosensors use piezoelectric crystals that participate in the measurement of the mass change by correlating with the change in oscillation frequency. This phenomenon is a result of biomolecular interaction [38].



A special class of biosensors is conducting polymers (CPs), which contain large resonation structures with many sp2- carbon atoms that enable the delocalized transport of charge carriers. Synthetic metals such as polyaniline (PANI), polypyrrole (PPy), polythiophene and derivatives are among the group [43,44].



Biosensors can also be classified based on the utilized transduces. Here, three generations can be distinguished. The first one includes biosensors, which use electrical responses that occur through the diffusion of reaction products to the transducers. A high-applied potential and fluctuant concentrations of the product, which can result in interferences, decrease in electrical currents and limits of detection, are among the main limitations of this group. The separation of the second generation was directly related to the application of mediators between the reaction products and transducers. The lack of selectivity of the mediator results in various interfering interactions. The third generation of biosensors revolves around the biochemistry and electrochemistry that occur as a semiconductor. This category is characterized by high selectivity and sensitivity [45,46].



Biosensors can be used in various applications shown in Table 2.
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Table 2. Applications of biosensors.
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	Parameter to Monitoring
	Literature





	Pressure sensing
	[47,48]



	Temperature sensing
	[49,50]



	Monitoring of neurological function
	[51,52]



	Rehabilitation and physical therapy
	[53,54,55]



	Cardiopulmonary and vascular monitoring
	[56,57]



	Glucose monitoring
	[58,59]



	Humidity sensing
	[60,61]



	Detection of homocysteine biomarkers, carbohydrates, bioactive thiols, phenols, catechols, lactate and ethanol, dopamine, nucleotides, DNA, cell behavior and morphology
	[62,63,64,65,66,67,68,69,70,71,72,73,74,75]



	Heart diagnosis (cardiovascular diseases)
	[76,77]



	Detection of the outbreak of virus
	[78,79]



	Retinal prostheses
	[80]



	Enzyme biosensors
	[81,82]



	Phenotypic diagnostic for cancer
	[83,84]



	Rapid DNA and RNA diagnostic
	[85,86]



	Medical mycology
	[87]



	Optical DNA diagnostics
	[88,89,90]



	Overall health monitoring
	[50,91]



	MRI contrast imaging
	[92,93,94,95]



	Food safety
	[81,96,97,98]



	Sustainability
	[99,100]



	Quality of products
	[65,101]



	Abiotic stress
	[102,103]



	Plant infections
	[104,105]



	Phytohormones
	[106,107]



	Metabolic content
	[65,108]








Bioresponsiveness is a property that allows the polymer to respond selectively to given molecules.



An example of such behavior is chondroitin sulphate, which is a glycosaminoglycan and can bind to CD44 receptors which are commonly expressed in cancer cells. This can be used in recognition of the kind of cells as well as the attachment. What is more interesting is that the biopolymer undergoes degradation when in the environment where there is the presence of the enzyme lysosomal hyaluronidase, which is also commonly present in cancer cells. The ability to attach and degrade may be used in the targeted treatment of cancer cells by delivery of a drug.



Similar behavior can be used for the diagnosis of wound infections. For this purpose, alginate or agarose matrix was used and peptidoglycan was covalently bound with Remazol, which is a blue dye. Primarily the matrix is yellow, but in the presence of lysosome and elastase in wound fluid hydrolysis occurs, releasing dye which changes color from yellow to blue.



Next, interesting research was conducted by Wang et al. [109] and it was dedicated to sensing ATP molecules by ATP aptamer-capped gold nanocage filled with Rhodamine B dye molecules. ATP molecules can be detected because they trigger displacement stimuli.



T of ATP aptamer caps from the surface of gold nanocage, in this way causing the opening of pores and releasing enclosed dye inside, causing a visible change of color. The important thing is that the treatment has high selectivity as it does not respond to ATP derivatives such as GTP, UTP, or CTP. The ability can be used for detecting cellular ATP in Ramos cells or in situ living Ramos cells.



Schneider et al. [24] conducted experiments devoted to different types of bioresponsive material, which is considered a detection tool for the presence of bacteria or fungi. For this purpose, the Alizarin dye was trapped in the hydrogel made of carboxymethyl cellulose and polygalacturonate. Detection worked in the following way, the pathogenic microorganism caused hydrolysis of carboxymethyl cellulose and in the same way, the degradation of hydrogel, triggering the release of dye.



A biosensor devoted to the sensing of glucose was also tested. It is based on immobilizing glucose oxidase into a polymeric carrier. This enzyme converts glucose into gluconic acid, which decreases pH and consequently protonation of the polymer chain. Thanks to coulombic forces, swelling occurs, releasing entrapped dye. This behavior may be used in the detection and drug delivery. The mentioned treatment may be considered for diabetes for the detection of glucose in the blood.



Carbon-based biopolymer composites offer interesting properties in the biosensing field. Their properties include high surface area, conductivity, efficient electron transfer, and so on. An example of using the carbon in biosensors is biopolymer–MWCNT (multiwalled carbon nanotubes) when deposited enzyme organophosphorus hydrolase–MWCNT and anionic DNA–MWCNT allows sensitive detection of paraoxon. Graphene with enzymes when dispersed in biopolymers (for example chitosan) and used with some negatively charged polymer may form a film on the electrode and subsequently allow the reagentless detection of H2O2 [38].




4. Linking of Biosensors and Biopolymers


The proper functioning of a biosensor is directly related to the preservation of the activity of its biological moiety. The selection of a matrix that ensures the immobilization of sensors and biocompatibility is of great importance. Biopolymers have properties that make them a great candidate for this purpose. A wide range of biopolymers can swell in an aqueous environment, which helps to eliminate the diffusion barrier for the analyte. Additionally, the preparation of biopolymer-based composites is relatively easy and improves their properties [38].



The process of bonding the biopolymer to the sensors follows the sketch below (Figure 6).



The biological recognition element is the key unit of biosensors. It is responsible for the interaction with the target analyte to produce the desired signal. There are many methods to connect the sensor to the matrix. One of them is immobilization [38,111], which uses physical adsorption, covalent binding, physical entrapment, and cross-linking. A wide range of analytical techniques has been used to determine the presence of various pollutants. However, usually, their use is associated with the necessity of transporting the sample to the laboratory for analysis. Therefore, there is a need to develop fast, portable environmental monitoring systems. Biosensors seem to be a great solution, which can be seen as an alternative or complementary method for analyte detection. A biosensor is defined by the International Union of Pure and Applied Chemistry (IUPAC) as a self-contained integrated device that is capable of providing specific quantitative or semi-quantitative analytical information using a biological recognition element (biochemical receptor), which is retained in direct spatial contact with a transduction element [112].




5. Biosensors for Environmental and Medical Applications


5.1. Environmental Application


Caring for the natural environment and its safety should be one of the main priorities of today’s society. Its condition directly affects human health. Yet, the number of potentially harmful pollutants indicates that this is still a serious problem that must be dealt with. Due to this fact, both the detection and monitoring of pollutants in each component of the environment are crucial for the safety of humans, animals and plants [112].



The main application of biosensors in agriculture and the environment is connected with monitoring and determination of the presence of contaminants and infectious illnesses. Biosensors can be used in the detection of the following: water and air pollutants; pesticides for agricultural products; and radiation. In the food sector, biosensors can be applied in the monitoring of food safety, sustainability, and quality of products [113].



Literature reports that the development of nano-inspired biosensors makes a huge contribution to the understanding of molecules whose dynamics have a remarkable influence on plant physiology [114,115]. The development of various biosensors for detecting abiotic stress, plant infections, phytohormones, metabolic content, and miRNA has been described [103].



5.1.1. Environmental Pollution


Biosensors have found applications in the detection of environmental pollution. The main sources of pollutants (both organic and inorganic) present in the environment are industry, agriculture and others related to human activity [116]. Biosensors are used to monitor the presence of pesticides, potentially toxic elements, toxins, pathogens, and endocrine-disrupting chemical compounds in water, air, and soil [117]. Scientists’ attention is focused on the quantification of long-lasting toxicants. The main features of biosensors used as biodetection devices are the possibility of their reuse and resistance to pH and temperature.



Biological materials, including enzymes, microbes, functional nucleic acids, antigens, antibodies, animal and plant tissue, and biomimetic materials (e.g., molecularly imprinted polymers) are among the elements responsible for biorecognition [118].



Intensive use of some chemicals prompts reflection on the environmental effects. Among these substances are tetrabromobisphenol A (TBBPA) and its derivatives, which are widely used as brominated flame retardants (BFRs). The derivative tetrabromobisphenol A bis (2-hydroxyethyl) ether (TBBPA-DHEE) aroused great concern due to its potential neurotoxins and high toxicity [119]. Its determination is possible with analytical instrumental methods and immunoassay. Zhang et al. [120] reported the application of ultrasensitive competitive impedimetric immunosensors to simultaneously detect TBBPA-DHEE and TBBPA-MHEE. The proposed system was based on the analyte, coating antigen (coated on glassy carbon electrode (GCE)/chitosan (CS)/MWCNTsGONRs/gold nanoparticles (AuNPs), modified electrodes) and primary antibody (Ab1). The biosensor can be used in the monitoring of the aquatic system. Monitoring water pollution is of great importance, due to the water cycle and its relevance in our daily lives. The scientists [121] described an easy-to-use biosensor composed of disposable bioreporter pads (calcium alginate matrix with immobilized bacteria and non-disposable photodetector. The authors examined the effect of alginate concentration, viscosity and bacteria density on the sensor response. Its response was checked in the presence of several common and environmental chemicals at different spiked concentrations (e.g., heavy metals, ammonium hydroxide, formaldehyde). The optimized product was characterized by low detection limits, small amounts of a sample, and high sensitivity.




5.1.2. Pesticides


Pesticides, including herbicides, are a huge threat to environmental and whole ecosystem safety. The list of herbicides is long, and special attention should be put to photosynthesis inhibitors, such as urea, triazines, and phenolics. They often influence non-target habitats, such as neighboring vegetation and freshwater ecosystems [122], [123]. Literature [124] reports that herbicides can act as endocrine disruptors, especially in cases of long-term exposure. Biosensors are a great alternative to traditional analytical methods such as HPLC, AAS and GC-MS, which are time-consuming and expensive. The researchers [125] presented a novel amperometric biosensor based on direct inhibition of the photocurrent generated by an artificial biofilm of photosynthetic microorganisms. The sensor was designed with the use of living cells, which were encapsulated in an alginate matrix, attached to the carbon-felt electrode. The immobilization of bacterial cells (Anabaena variabilis) in alginate capsules resulted in a high cell density crucial for bacterial stability.



Trichloroethylene (TCE) is one of the common pollutants of groundwater and soil that is uneasy to degrade by microorganisms. The literature [126] reports on the development of a microbial biosensor based on the Pseudomonas sp. strain, which can detect the compound. A porous cellulose nitrate membrane was used to immobilize the bacteria. A chloride ion electrode was employed as the transducer [127]. The research involved the examination of different concentrations of TCE and bacteria, pH levels, temperatures, and interferents. The biosensor was composed of Thiobacillus thioparus, used as the recognition element, which was immobilized on sodium alginate and an agarose bed. Oxygen reduction was considered the detection sign. The authors confirmed that the obtained final biosensor had a satisfactory value of oxygen taken up by the immobilized cells.




5.1.3. Wastewater


Monitoring the wastewater is also of great importance. The whole-cell electrochemical biosensor was described in the detection of heavy metal ions (Cu2+, Cd2+, Ni2+, Pb2+) [128]. The sensor consisted of a chitosan hydrogel polymer film with boron-doped nanocrystalline diamond particles, which was electrodeposited onto a glassy carbon electrode to immobilize Saccharomyces cerevisiae cells and the mediators. The research revealed the possibility of using the developed indicator in the assessment of acute toxicity of real wastewater samples, which is promising in the online detection system. Wastewater monitoring can also be conducted by the use of electrochemical biosensors with dye mediators. Fang et al. [129] proposed a solution based on the application of an organic dye mediator (thionine) that uses electrostatic interactions to wrap E. coli. These bacteria are the most common Gram-negative bacterium widely used for toxicity assessment of chemicals. E. coli was immobilized into chitosan-entrapped carbon nanodot film and further modified on a glass carbon electrode. The use of this electrode increased the conductivity and improvement of electron transfer. Another biosensor used in the assessment of heavy metals (Cu2+, Cd2+), phenol (3,5-dichlorophenol), and pesticides were developed using a p-benzoquinone-mediated whole-cell electrochemical biosensor. The action was based on the coimmobilization of mixed strains of microorganisms (E. coli, B. subtilis, S. cerevisiae). The microbial biofilm was prepared with the use of sodium alginate solution. The conducted study revealed that the sensor can be successfully used in the assessment of ecological risk [128].




5.1.4. Air Toxicity


Another component whose quality must be controlled is air. Calcium alginate pads with immobilized bacteria (E. coli) were used to prepare biosensor that enables monitoring of air toxicity. The researchers [130] applied glue spray, bleach, oil strain remover, Tipex, paint, fuel, weed killer, chloroform, and acetone as toxicants. The presence of all these chemicals simulated cell response. The sensor demonstrated the ability to sense the presence of chemicals in a real, indoor environment.



Despise biopolymers, synthetic polymers are also widely used in environmental control. Literature reports about their application in the detection of inter alia pesticides [131], and heavy metals in soil [132].





5.2. Medical Application


The dynamic developments in medical material engineering enabled the design of modern functionalized wound dressing. This is an important direction due to the aging population, which requires modern methods of treatment. The history of the dressing goes back about 2100BC. The famous Sumerian clay tablet contains procedures for dressing wounds using bandages [133,134]. Ancient Egypt also produced a medical document, THE EDWIN SMITH PAPYRUS, which was written around 1700 BC, but most of the information is based on texts written around 2640 BC—Imhoteps time. This document is one of the oldest known medical papyruses. It contains the first descriptions of surgical sutures and various types of dressings [135,136].



It was common to use medical products in ancient Rome and Greece. The first figure who brought much new knowledge to medicine, including Roman surgery, was Aulus Cornelius Celsus (30 BC—45 AD), author of a critical encyclopedic work DE MEDICINA LIBRI OCTO. The second most important figure in ancient medical thought was THE PERGAMON OF AELIUS GALEN (129–201 AD), who described the use of silk in 150 AD.



In ancient Greece, medicine developed mainly due to the works and writings of Hippocrates. Medicine reached a particularly high level in ancient India. Abundant reports show that dressing materials (cotton, silk and linen) are common [137]. The Indian surgeon Sushruta developed suture materials based on natural fibers from linen, hemp and hair [138]. The Johnson & Johnson Company (New Brunswick, NJ, USA) began mass production of sterile surgical dressings in 1891 by sterilizing cotton and gauze by dry sterilization and then by steam and pressure [134].



Currently, medicine has reached a high level in terms of wound dressings, e.g., hydrogel dressings made from hydrophilic, inflatable gel or film, polysaccharide foams, flexible fibers, and herbal dressings [139,140,141,142,143]. The topic is still very developmental. New technologies are of particular importance, especially for difficult-to-heal and burn wounds. Development in this technological area is a highly important activity because of the aging society, which requires high-level medical care. This problem concerns not only Europe but the entire world population. The forecast of the United Nations predicts that by 2030 the percentage of Europe’s population over 65 will be 23.8%. Moreover, EUROSTAT data show that the relative size of the elderly population is growing faster than any other age segment of the EU population. The proportion of people over 80 years old in the population of the EU- increase between 2019 and 2100 from 5.8% to 14.6%. The problem of aging populations in the coming decades will also apply to underdeveloped countries.



According to the Report prepared by the United Nations, Department of Economic and Social Affairs ”World Population Prospects 2019” also in African countries (Sub-Saharan Africa), the percentage of the population over the age of 65 will increase by more than 200% by 2050 compared to 2019. Similar data were obtained for Asia, Latin America and Australia. Therefore, it is important to create modern wound dressings that will be used in an emergency, reconstructive medicine, etc., but also in terms of palliative care ensuring the improvement of the quality of life in an aging society. Research is currently being carried out to insert a sensor into the dressing to monitor the wound healing process while maintaining the most important requirements for dressings (Figure 7).



The dressing, apart from the expected properties presented above, should demonstrate more advanced capabilities. Society and medicine expect new technologies that will be a response to current problems such as diabetic foot, pressure ulcers, ulcerated wounds, burns, and varicose wounds. One such possibility is the use of sensors that control various parameters. Using sensors in dressings, it is possible to control various physical or chemical parameters of the wound, i.e., pH, temperature, moisture, and exudates (Figure 8) [33].



The use of a sensor in dressings allows for control of the wound-healing process. The control may concern various important parameters of the wound, changes may indicate the healing stage, the presence of pathogens and necrotic processes. The sensor can continuously monitor the condition of the wound, which is especially important in the case of difficult wounds, such as ulcers, bedsores and diabetic foot. Monitoring reduces unnecessary and excessive changes in the dressing, which may affect, for example, fluctuations in moisture, irritation of tissues, and loss of barrier [144]. Table 3 shows examples of parameters that can be monitored by indicators with information about their physiological significance for the wound.



The most frequently monitored physical parameter is pH. To monitor this parameter, scientists are developing indicators with different modes of operation, e.g., colorimetric and electrochemical indicators (Figure 9).



Nischwitz et al. [149] produced composite nanofibrillar cellulose with the pH indicator GJM-534 (4-[4-(2-hydroxyethanesulfonyl)- phenylazo]-2,6-dimethoxyphenol) (BNC-SENS). Depressing allows visual observation of changes in the wound in the range of pH 7–10. This research aimed to create a sterile and easy-to-use method for monitoring pH without removing the dressing. Dressings were made of epiphyte hydro (alloplastic epidermal substitute), a translucent biomaterial made of BNC (biotechnologically generated nanocellulose with a water content of at least 95%) [149]. However, continuous electrochemical monitoring is also an important solution. Changes in pH lead to the absorption of hydrogen ions, causing valency changes in the oxygen atoms of the metal oxide [150]. Mostafalu, P et al. made a pH sensor consisting of a working electrode and a solid-state Ag/AgCl reference electrode [151]. Whereas Sharp, D. prepared the printed carbon electrodes and Melai et al. electrode with graphene oxide (GO) [152,153]. Moisture indicator dressings are also important. Milne, S.D. et al. proposed a wound sense moisture sensor applied directly to the wound. The moisturizing control limited the unnecessary, excessive changes in the dressing. The wound was intact and the healing process was more effective [154].



As pH stimulates volumetric changes, the amount of water present in the polymer matrix differs from 20% to 99% based on the pH that the hydrogel is immersed in. The main key to exhibiting pH sensitivity is the presence of a backbone polymer that contains weak acidic or basic groups, which become more ionized based on changes in pH. Depending on the pH of the solution the number of carboxylic ions changes, which influences the refractive index of the hydrogel [155].



5.2.1. Sweat Measurement by Wearable Sensors


Different variations in sweat pH can be correlated with different pathological and physiological conditions. Usually, sensitive elements are trapped in a polymeric network (hydrogel). The responsiveness can be triggered by external influence for example reversible swelling or shrinking, which is caused by changes in the equilibrium of electrostatic forces. This is also sensitive to changes in pH, which also alternates caused by different diseases. Such a responsive material can be prepared by co-polymerization of 10 kDa poly(ethylene glycol)-diacrylate (PEG-DA) macromer with 2-carboxyethyl acrylate (CEA), resulting in a soft copolymer and, more importantly, it is pH sensitive. pH sensitivity is due to the carboxylic group of CEA, which is protonated in acidic conditions and deprotonated in a basic environment. Resulting in repulsion or attraction of chains.




5.2.2. Epidermal Wounds


Healthy skin exhibits slightly acidic properties and the pH of the wound varies from alkaline to neutral around 7.15 to 8.93. Tamayol conducted experiments on alginate-based microfibers that are loaded with pH-responsive silica beads that change color, depending on the pH dye. The presence of hydrogel in healing wounds is beneficial as it maintains a moist environment. Changes in dressing color allow for monitoring of the healing process.



Next to monitoring, it was determined that it is possible to enhance wound healing. Hydrogel made of poly(N-isopropyl acrylamide-co-acrylic acid) via radical copolymerization which was loaded with bovine serum albumin (BSA), which fills the role of growth factor, was constantly released at increased pH. Such a hydrogel may as well be loaded with antibiotic agents, and combined with the monitoring of bacterial infections with dye, results in a very effective way to enhance wound treatment.



Kwon et al. fabricated hydroxyethyl cellulose hydrogel with hyaluronic acid for treating skin lesions. Based on swelling and shrinking properties thanks to changes in pH, the primarily captured drug was slowly released. The efficiency of such drug release was estimated to be more than 70% at pH 7.




5.2.3. Drug Delivery


pH-sensitive hydrogels have also been investigated in peptide drug delivery, which cannot be delivered in acidic regions. Consequently, hydrogel protection is a chance of successful delivery, without losing the drug. For this purpose, Yadav and Shivakumar used soluble water chitosan to deliver the drug to the intestines. It was found that the sensitivity of the hydrogel was strongly connected to the concentration of the crosslinking agent, which was carboxymethyl chitosan and Carbopol. This method was used in the prolonged releasing theophylline in the intestine for treating nocturnal asthma. A similar treatment was developed by Dai et al. for delivering the anticancer drug as the pH close to the tumor decreases below the physiological range. It was also proved that NIR irradiation can accelerate drug release. Considered for this role were two polymers: N-(2-hydroxypropyl) methacrylamide (HPMA) and DF-PEG-PAHy/BPNSs.



Polyethylene glycol dimethacrylate (PEGDMA) and methacrylic acid (MAA) in a molar feed ratio of 1:2 with ammonium sulphate result in pH-sensitive hydrogel and near-infrared (NIR) light and showed ideal mechanical and swelling properties. The material was tested in vivo as drug delivery for chemotherapy treatment (doxorubicin (DOX)) the drug was efficiently contained in the hydrogel structure for cancer therapy and then released by changes in pH or NIR.



Composite consisting of graphene oxide and para-aminosalicylic acid after lyophilization results in the air-dried hydrogel. This combination of polymers exhibited both pH-sensitive properties and different drug release profiles in neutral and acidic conditions. It is sensitive to changes in the blood pH as well as the internal pH of infected macrophages [155].






6. Perspectives


The future of biopolymer composites with indicators that respond to a change in the biological environment seems to be still a long way off. Scientific disciplines permeate and complement what creates a space of great potential (Figure 10). The network of disciplines enables a response to current and future environmental and social problems, such as ocean and freshwater pollution, civilization diseases, an aging society and genetic diseases. The above problems are a stimulus for scientists, industry, non-governmental organizations, and maybe even governmental ones, to make indicator biocomposites not only in the space of science but to be commercialized.



One of the driving challenges in developing new indicator composites is an aging society. All countries face major challenges to ensure that their health and social systems will be ready for demographic shifts. Every country in the world is experiencing growth in both the size and the proportion of older persons in the population. WHO warns of the global demographic trend, the pace of population aging is much faster than in the past. Between 2015 and 2050, the proportion of the world’s population over 60 years will nearly double from 12% to 22%. Statistical data clearly shows that in the EU we currently have a trend of an aging society (Figure 11).



The aging society will require the introduction of new medical technologies in hospitals and domestic use. Biosensors will transmit data from the patient’s home to the medical center, where they will be verified. Home care will be supervised, and the sensor system will send this information to the medical center in the event of any changes. The patient will be under constant supervision in a more favorable home environment. The future of biosensors will allow for extensive control of parameters at home and quick reaction of the control center to unfavorable changes Figure 12.



The control of the environment by biosensors will be highly desirable in the future. In 2022, an ecological disaster took place on the Odra River. Currently, golden algae are indicated as the indirect cause of the catastrophe. The immediate cause was the increase in salinity. However, the problem is more complex and is the result of several stress factors, all of which were caused by human activity. The disaster caused mass mortality in fish, mussels and water snails in August 2022. Now the biomass of the perished animals is being decomposed by bacteria, which is still dangerous for the river [156]. Biosensor systems that could continuously monitor the environment will be an important task in the coming years. Depending on the environment, monitoring may involve various parameters which are presented in Figure 13 [11,157,158,159,160,161,162].




7. Summary


Biopolymers are of great importance in the design of biocomposites with sensors for various applications, for example, to be used in medicine or the environment. The variety of properties of biopolymer materials allows for wide application possibilities in many branches of industry for example biosensors used in medicine. Biosensors are fast, portable systems that enable monitoring of the environment in which they are located. These materials play an important role in medical diagnostics and patient monitoring. Biosensors are suited to various diagnostic and real-time detection challenges owing to the use of biological molecules, tissues, and organisms. Medical biosensors are suitable for monitoring health parameters. These medical materials help biomedical engineers, researchers, molecular biologists, oncologists and clinicians with the development of point-of-care devices for disease diagnostics and prognostics. It also provides information on developing user-friendly, sensitive, stable, accurate, low cost and minimally invasive modalities which can be adopted from the lab to clinics.



Civilization diseases, i.e., diabetes, strokes, and diseases of the cardiovascular system, along with an aging society, require the use of new medical therapies. A future direction is composites based on biopolymers with sensors informing about physiological and chemical aspects. Such solutions will enable faster and more effective treatment of difficult-to-heal wounds, such as pressure ulcers, diabetic foot ulcers and wounds after extensive surgeries. They are necessary to improve patients’ functioning and survival. Scientists have conducted numerous studies and the development of medicine has long exceeded the wildest expectations of science fiction authors. This level of science allows us to design very advanced sensory technologies. The only barrier is the economic aspect, such materials are expensive and difficult to access. Nevertheless, their development is certain, and the costs will be reduced in the future. It is difficult to calculate human health and life, and therefore medical care should use new technologies.







Author Contributions


Conceptualization, participated in the literature review, writing—original draft preparation of the manuscript and editing, L.M.-K.; participated in the literature review, writing—original draft preparation of the manuscript, K.G.-J.; participated in the literature review, writing—original draft preparation of the manuscript, J.J.-P.; participated in the literature review, writing—original draft preparation of the manuscript. R.D.; participated in the concept of the article and the literature review, A.B.; participated in the literature review, participation in preparing the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abhilash, M.; Thomas, D. Biopolymers for Biocomposites and Chemical Sensor Applications; Elsevier Inc.: Amsterdam, The Netherlands, 2017; ISBN 9780081009741. [Google Scholar]

	



Manvi, P.K.; Beckers, M.; Mohr, B.; Seide, G.; Gries, T.; Bunge, C. Chapter 3. Polymer Fiber-Based Biocomposites for Medical Sensing Applications; Elsevier Inc.: Amsterdam, The Netherlands, 2019; ISBN 9780128168721. [Google Scholar]

	



Kanmani, P.; Jeyaseelan, A.; Kamaraj, M.; Sureshbabu, P.; Sivashanmugam, K. Environmental applications of chitosan and cellulosic biopolymers: A comprehensive outlook. Bioresour. Technol. 2017, 242, 295–303. [Google Scholar] [CrossRef] [PubMed]

	



Dasgupta, N.; Lichtfouse, E. Nanoscience and Biotechnology for Environmental Applications; Gothandam, K.M., Ranjan, S., Dasgupta, N., Lichtfouse, E., Eds.; Springer: Berlin, Germany, 2019; ISBN 9783540228608. [Google Scholar]

	



Rodrigues, C.; Souza, V.G.L.; Coelhoso, I.; Fernando, A.L. Bio-Based Sensors for Smart Food Packaging—Current Applications and Future Trends. Sensors 2021, 21, 2148. [Google Scholar] [CrossRef] [PubMed]

	



Suresh Kumar, N.; Padma Suvarna, R.; Chandra Babu Naidu, K.; Banerjee, P.; Ratnamala, A.; Manjunatha, H. A review on biological and biomimetic materials and their applications. Appl. Phys. A Mater. Sci. Process. 2020, 126, 1–18. [Google Scholar] [CrossRef]

	



Babu, R.P.; O’Connor, K.; Seeram, R. Current progress on bio-based polymers and their future trends. Prog. Biomater. 2013, 2, 8. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.Q.; Patel, M.K. Plastics derived from biological sources: Present and future: A technical and environmental review. Chem. Rev. 2012, 112, 2082–2099. [Google Scholar] [CrossRef] [PubMed]

	



Available online: https://docs.european-bioplastics.org/2016/publications/fs/EUBP_fs_what_are_bioplastics.pdf (accessed on 10 October 2022).

	



Sun, Y.; Bai, Y.; Yang, W.; Bu, K.; Tanveer, S.K. Global Trends in Natural Biopolymers in the 21st Century: A Scientometric Review. Front. Chem. 2022, 10, 1–17. [Google Scholar] [CrossRef]

	



Chovanec, A.; Winkler, G. River monitoring and water quality assessment in Austria. Toxicol. Environ. Chem. 1994, 44, 161–176. [Google Scholar] [CrossRef]

	



Mallik, T. Biopolymers: Classification and properties. J. Emerg. Technol. Innov. Res. 2022, 9, 69–73. [Google Scholar]

	



Dziuba, R.; Kucharska, M.; Madej-Kiełbik, L.; Sulak, K.; Wiśniewska-Wrona, M. Biopolymers and biomaterials for special applications within the context of the circular economy. Materials 2021, 14, 7704. [Google Scholar] [CrossRef]

	



Fukushima, K.; Abbate, C.; Tabuani, D.; Gennari, M.; Camino, G. Biodegradation of poly(lactic acid) and its nanocomposites. Polym. Degrad. Stab. 2009, 94, 1646–1655. [Google Scholar] [CrossRef]

	



Dickson, A.N.; Barry, J.N.; McDonnell, K.A.; Dowling, D.P. Fabrication of Continuous Carbon, Glass and Kevlar fibre reinforced polymer composites using Additive Manufacturing. Addit. Manuf. 2017, 16, 146–152. [Google Scholar] [CrossRef]

	



Ben Difallah, B.; Kharrat, M.; Dammak, M.; Monteil, G. Mechanical and tribological response of ABS polymer matrix filled with graphite powder. Mater. Des. 2012, 34, 782–787. [Google Scholar] [CrossRef]

	



Aw, Y.Y.; Yeoh, C.K.; Idris, M.A.; Amali, H.K.; Aqzna, S.S.; Teh, P.L. A study of tensile and thermal properties of 3D printed conductive ABS – ZnO composite A Study of Tensile and Thermal Properties of 3d Printed Conductive ABS–ZnO Composite. AIP Conf. Proc. 2018, 020008, 1–6. [Google Scholar]

	



Singh, S. 3D Printing of polymer composites: A short review. Mat Des. Process Comm. 2020, 2, 1–13. [Google Scholar] [CrossRef]

	



Suaduang, N.; Ross, S.; Ross, G.M.; Pratumshat, S.; Mahasaranon, S. Effect of spent coffee grounds filler on the physical and mechanical properties of poly(lactic acid) bio-composite films. Mater. Today Proc. 2019, 17, 2104–2110. [Google Scholar] [CrossRef]

	



Weiss, K.P.; Bagrets, N.; Lange, C.; Goldacker, W.; Wohlgemuth, J. Thermal and mechanical properties of selected 3D printed thermoplastics in the cryogenic temperature regime Thermal and mechanical properties of selected 3D printed thermoplastics in the cryogenic temperature regime. IOP Conf. Ser. Mater. Sci. Eng. Pap. 2015, 102, 012022. [Google Scholar] [CrossRef]

	



Wang, R.; Care, C.; Western, C.; Medicine, D. On the thermal processing and mechanical properties of 3D-printed polyether ether ketone. MRS Commun. 2019, 9, 1046–1052. [Google Scholar] [CrossRef]

	



Singh, R.; Singh, G.; Singh, J.; Kumar, R. Investigations for tensile, compressive and morphological properties of 3D printed functional prototypes of PLA-PEKK-HAp-CS. J. Thermoplast. Compos. Mater. 2019, 34, 1408–1427. [Google Scholar] [CrossRef]

	



Singh, R.; Kumar, R.; Singh, M. On compressive and morphological features of 3D printed almond skin powder reinforced PLA matrix On compressive and morphological features of 3D printed almond skin powder reinforced PLA matrix. Mater. Res. Express 2020, 7. [Google Scholar] [CrossRef]

	



Schneider, L.A.; Korber, A.; Grabbe, S.; Dissemond, J. Influence of pH on wound-healing: A new perspective for wound-therapy? Arch. Dermatol. Res. 2007, 298, 413–420. [Google Scholar] [CrossRef]

	



Shukla, V.K.; Shukla, D.; Tiwary, S.K.; Agrawal, S.; Rastogi, A. Evaluation of pH measurement as a method of wound assessment. J. Wound Care 2007, 16, 291–294. [Google Scholar] [CrossRef] [PubMed]

	



Ning, F.; Cong, W.; Hu, Y.; Wang, H. Additive manufacturing of carbon fiber-reinforced plastic composites using fused deposition modeling: Effects of process parameters on tensile properties. J. Compos. Mater. 2016, 51, 451–462. [Google Scholar] [CrossRef]

	



Xiao, L.; Ni, W.; Zhao, X.; Guo, Y.; Li, X.; Wang, F.; Luo, G.; Zhan, R.; Xu, X. A moisture balanced antibacterial dressing loaded with lysozyme possesses antibacterial activity and promotes wound healing. Soft Matter 2021, 17, 3162–3173. [Google Scholar] [CrossRef] [PubMed]

	



Huangfu, Y.; Li, S.; Deng, L.; Zhang, J.; Huang, P.; Feng, Z.; Kong, D.; Wang, W.; Dong, A. Skin-Adaptable, Long-Lasting Moisture, and Temperature-Tolerant Hydrogel Dressings for Accelerating Burn Wound Healing without Secondary Damage. ACS Appl. Mater. Interfaces 2021, 13, 59695–59707. [Google Scholar] [CrossRef]

	



Haller, H.L.; Sander, F.; Popp, D.; Rapp, M.; Hartmann, B.; Demircan, M.; Nischwitz, S.P.; Kamolz, L.P. Oxygen, pH, Lactate, and Metabolism-How Old Knowledge and New Insights Might Be Combined for New Wound Treatment. Medicina 2021, 57, 1190. [Google Scholar] [CrossRef] [PubMed]

	



Hunt, T.K.; Aslam, R.; Hussain, Z.; Beckert, S. Lactate, with oxygen, incites angiogenesis. Adv. Exp. Med. Biol. 2008, 614, 73–80. [Google Scholar]

	



Sen, C.K. Human Wounds and Its Burden: An Updated Compendium of Estimates. Adv. Wound Care 2019, 8, 39–48. [Google Scholar] [CrossRef]

	



Fu, T.; Stupnitskaia, P.; Matoori, S. Next-Generation Diagnostic Wound Dressings for Diabetic Wounds. ACS Meas. Sci. Au 2022. [Google Scholar] [CrossRef]

	



Bruinink, A. Biosensor-Bearing Wound Dressings for Continuous Monitoring of Hard-to-Heal Wounds: Now and Next. Biosens. Bioelectron. Open Access 2020, 2018, 1–19. [Google Scholar]

	



Braun, P.V. Nanobiocomposites, Biomimetic Nanocomposites, and Biologically Inspired Nanocomposites. In Nanocomposite Science and Technology; Ajayan, P.M., Schadler, L.S., Braun, P.V., Eds.; Wiley-VCH: Weinheim, Germany, 2003. [Google Scholar]

	



Angellier, H.; Molina-Boisseau, S.; Dole, P.; Dufresne, A. Thermoplastic starch-Waxy maize starch nanocrystals nanocomposites. Biomacromolecules 2006, 7, 531–539. [Google Scholar] [CrossRef]

	



Kamel, S.; Khattab, T.A. Recent advances in cellulose-based biosensors for medical diagnosis. Biosensors 2020, 10, 67. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.H.; Mutharasan, R. Biosensors. In Sensor Technology Handbook; Wilson, J.S., Ed.; Burlington: Newnes, NSW, Australia, 2005; pp. 161–180. ISBN 978-0-7506-7729-5. [Google Scholar]

	



Sawant, S. Development of Biosensors From Biopolymer Composites in Biopolymer Composites in Electronics, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2017. [Google Scholar]

	



Pejcic, B.; De Marco, R.; Parkinson, G. The role of biosensors in the detection of emerging infectious diseases. Analyst 2006, 131, 1079–1090. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, H.; Bhosale, A.; Shrivastav, S. Biosensors: Classification, Fundamental Characterization and New Trends: A Review. Int. J. Heal. Sci. Res. 2018, 8, 315. [Google Scholar]

	



Ronkainen, N.J.; Halsall, H.B.; Heineman, W.R. Electrochemical biosensors. Chem. Soc. Rev. 2010, 39, 1747–1763. [Google Scholar] [CrossRef] [PubMed]

	



Long, F.; Zhu, A.; Shi, H. Recent advances in optical biosensors for environmental monitoring and early warning. Sensors 2013, 13, 13928–13948. [Google Scholar] [CrossRef]

	



Hangarter, C.M.; Chartuprayoon, N.; Hernandez, S.C.; Choa, Y.; Myung, N.V. Hybridized conducting polymer chemiresistive nano-sensors. Nano Today 2013, 8, 39–55. [Google Scholar] [CrossRef]

	



Lei, W.; Si, W.; Xu, Y.; Gu, Z.; Hao, Q. Conducting polymer composites with graphene for use in chemical sensors and biosensors. Microchim. Acta 2014, 181, 707–722. [Google Scholar] [CrossRef]

	



Ghorbani Zamani, F.; Moulahoum, H.; Ak, M.; Odaci Demirkol, D.; Timur, S. Current trends in the development of conducting polymers-based biosensors. TrAC - Trends Anal. Chem. 2019, 118, 264–276. [Google Scholar] [CrossRef]

	



Das, P.; Das, M.; Chinnadayyala, S.R.; Singha, I.M.; Goswami, P. Recent advances on developing 3rd generation enzyme electrode for biosensor applications. Biosens. Bioelectron. 2016, 79, 386–397. [Google Scholar] [CrossRef]

	



Yang, C.; Huang, X.; Li, X.; Yang, C.; Zhang, T.; Wu, Q.; liu, D.; Lin, H.; Chen, W.; Hu, N.; et al. Wearable and Implantable Intraocular Pressure Biosensors: Recent Progress and Future Prospects. Adv. Sci. 2021, 8, 1–23. [Google Scholar] [CrossRef]

	



Benharref, A.; Serhani, M.A. Novel cloud and SOA-based framework for E-health monitoring using wireless biosensors. IEEE J. Biomed. Heal. Informatics 2014, 18, 46–55. [Google Scholar] [CrossRef] [PubMed]

	



Haleem, A.; Javaid, M.; Singh, R.P.; Suman, R.; Rab, S. Biosensors applications in medical field: A brief review. Sens. Int. 2021, 2, 100100. [Google Scholar]

	



Chan, M.; Estève, D.; Fourniols, J.Y.; Escriba, C.; Campo, E. Smart wearable systems: Current status and future challenges. Artif. Intell. Med. 2012, 56, 137–156. [Google Scholar] [CrossRef] [PubMed]

	



Velez, M.; Fisher, R.S.; Bartlett, V.; Le, S. Tracking generalized tonic-clonic seizures with a wrist accelerometer linked to an online database. Seizure 2016, 39, 13–18. [Google Scholar] [CrossRef]

	



Chitnis, T.; Glanz, B.I.; Gonzalez, C.; Healy, B.C.; Saraceno, T.J.; Sattarnezhad, N.; Diaz-Cruz, C.; Polgar-Turcsanyi, M.; Tummala, S.; Bakshi, R.; et al. Quantifying neurologic disease using biosensor measurements in-clinic and in free-living settings in multiple sclerosis. Npj Digit. Med. 2019, 2, 1–8. [Google Scholar] [CrossRef]

	



Ahamed, N.U.; Sundaraj, K.; Badlishah Ahmad, R.; Nadarajah, S.; Shi, P.T.; Rahman, S.M. Recent survey of automated rehabilitation systems using EMG biosensors. J. Phys. Ther. Sci. 2011, 23, 945–948. [Google Scholar] [CrossRef]

	



Ahamed, N.U.; Sundaraj, K.; Ahmad, B.; Rahman, M.; Ali, M.A.; Islam, M.A.; Palaniappan, R. Rehabilitation systems for physically disabled patients: A brief review of sensor-based computerised signal-monitoring systems. Biomed. Res. 2013, 24, 370–376. [Google Scholar]

	



Ahamed, N.U.; Sundaraj, K.; Ahmad, R.B.; Rahman, S.M. Biosensors assisted automated rehabilitation systems: A systematic review. Int. J. Phys. Sci. 2012, 7, 5–17. [Google Scholar]

	



Qureshi, A.; Gurbuz, Y.; Niazi, J.H. Biosensors for cardiac biomarkers detection: A review. Sens. Actuators B Chem. 2012, 171–172, 62–76. [Google Scholar] [CrossRef]

	



Schwartz, G.; Tee, B.C.K.; Mei, J.; Appleton, A.L.; Kim, D.H.; Wang, H.; Bao, Z. Flexible polymer transistors with high pressure sensitivity for application in electronic skin and health monitoring. Nat. Commun. 2013, 4, 1–8. [Google Scholar] [CrossRef]

	



Sabu, C.; Henna, T.K.; Raphey, V.R.; Nivitha, K.P.; Pramod, K. Advanced biosensors for glucose and insulin. Biosens. Bioelectron. 2019, 141, 111201. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, E.H.; Lee, S.Y. Glucose biosensors: An overview of use in clinical practice. Sensors 2010, 10, 4558–4576. [Google Scholar] [CrossRef] [PubMed]

	



Jauregui-Vazquez, D.; Lozano-Sotomayor, P.; Mejía-Benavides, J.E.; Díaz-Cervantes, E. Binding analysis of functionalized multimode optical-fiber sandwich-like structure with organic polymer and its sensing application for humidity and breath monitoring. Biosensors 2021, 11, 324. [Google Scholar] [CrossRef] [PubMed]

	



Torres, F.G.; Troncoso, O.P.; Gonzales, K.N.; Sari, R.M.; Gea, S. Bacterial cellulose-based biosensors. Med. Devices Sens. 2020, 3, 1–13. [Google Scholar] [CrossRef]

	



Gu, C.; Kong, X.; Liu, X.; Gai, P.; Li, F. Enzymatic Biofuel-Cell-Based Self-Powered Biosensor Integrated with DNA Amplification Strategy for Ultrasensitive Detection of Single-Nucleotide Polymorphism. Anal. Chem. 2019, 91, 8697–8704. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, S.; Gerlach, J.Q.; Kane, M.; Joshi, L. Glyco-biosensors: Recent advances and applications for the detection of free and bound carbohydrates. Analyst 2010, 135, 2471–2480. [Google Scholar] [CrossRef]

	



Chandra, S.; Arora, K.; Bahadur, D. Impedimetric biosensor based on magnetic nanoparticles for electrochemical detection of dopamine. Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 2012, 177, 1531–1537. [Google Scholar] [CrossRef]

	



Feng, X.; Zhang, Y.; Zhou, J.; Li, Y.; Chen, S.; Zhang, L.; Ma, Y.; Wang, L.; Yan, X. Three-dimensional nitrogen-doped graphene as an ultrasensitive electrochemical sensor for the detection of dopamine. Nanoscale 2015, 7, 2427–2432. [Google Scholar] [CrossRef]

	



Chang, K.; Deng, S.; Chen, M. Novel biosensing methodologies for improving the detection of single nucleotide polymorphism. Biosens. Bioelectron. 2015, 66, 297–307. [Google Scholar] [CrossRef]

	



Yuehe, L.; Yantasee, W.; Wang, J. Carbon nanotubes (CNTs) for the development of electrochemical biosensors dehydrogenase. Front. Biosci. 2005, 2, 492–505. [Google Scholar]

	



Das, P.; Barbora, L.; Das, M.; Goswami, P. Highly sensitive and stable laccase based amperometric biosensor developed on nano-composite matrix for detecting pyrocatechol in environmental samples. Sens. Actuators B Chem. 2014, 192, 737–744. [Google Scholar] [CrossRef]

	



Zhou, X.H.; Liu, L.H.; Bai, X.; Shi, H.C. A reduced graphene oxide based biosensor for high-sensitive detection of phenols in water samples. Sens. Actuators B Chem. 2013, 181, 661–667. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, Y.; Bian, C.; Xia, T.; Gao, Y.; Zhang, X.; Wang, H.; Ma, H.; Hu, Y.; Wang, X. Highly sensitive microbial biosensor based on recombinant Escherichia coli overexpressing catechol 2,3-dioxygenase for reliable detection of catechol. Biosens. Bioelectron. 2019, 126, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Kucherenko, I.S.; Topolnikova, Y.V.; Soldatkin, O.O. Advances in the biosensors for lactate and pyruvate detection for medical applications: A review. TrAC-Trends Anal. Chem. 2019, 110, 160–172. [Google Scholar] [CrossRef]

	



Roberts, W.; McKee, S.A. Mobile alcohol biosensors and pharmacotherapy development research. Alcohol 2019, 81, 149–160. [Google Scholar] [CrossRef]

	



Rand, E.; Periyakaruppan, A.; Tanaka, Z.; Zhang, D.A.; Marsh, M.P.; Andrews, R.J.; Lee, K.H.; Chen, B.; Meyyappan, M.; Koehne, J.E. A carbon nanofiber based biosensor for simultaneous detection of dopamine and serotonin in the presence of ascorbic acid. Biosens. Bioelectron. 2013, 42, 434–438. [Google Scholar] [CrossRef]

	



Njagi, J.; Chernov, M.M.; Leiter, J.C.; Andreescu, S. Amperometric detection of dopamine in vivo with an enzyme based carbon fiber microbiosensor. Anal. Chem. 2010, 82, 989–996. [Google Scholar] [CrossRef]

	



Cho, Y.W.; Park, J.H.; Lee, K.H.; Lee, T.; Luo, Z.; Kim, T.H. Recent advances in nanomaterial-modified electrical platforms for the detection of dopamine in living cells. Nano Converg. 2020, 7, 1–14. [Google Scholar] [CrossRef]

	



Alawieh, H.; El Chemaly, T.; Alam, S.; Khraiche, M. Towards point-of-care heart failure diagnostic platforms: Bnp and nt-probnp biosensors. Sensors 2019, 19, 5003. [Google Scholar] [CrossRef]

	



Gupta, S.; Sharma, A.; Verma, R.S. Polymers in biosensor devices for cardiovascular applications. Curr. Opin. Biomed. Eng. 2020, 13, 69–75. [Google Scholar] [CrossRef]

	



Afsahi, S.; Lerner, M.B.; Goldstein, J.M.; Lee, J.; Tang, X.; Bagarozzi, D.A.; Pan, D.; Locascio, L.; Walker, A.; Barron, F.; et al. Novel graphene-based biosensor for early detection of Zika virus infection. Biosens. Bioelectron. 2018, 100, 85–88. [Google Scholar] [CrossRef] [PubMed]

	



Brazaca, L.C.; dos Santos, P.L.; de Oliveira, P.R.; Rocha, D.P.; Stefano, J.S.; Kalinke, C.; Abarza Muñoz, R.A.; Bonacin, J.A.; Janegitz, B.C.; Carrilho, E. Biosensing strategies for the electrochemical detection of viruses and viral diseases–A review. Anal. Chim. Acta 2021, 1159, 338384. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Wang, F.; Yang, W.; Yang, J.; Wang, Y.; Wang, W.; Liu, L. Development of an image biosensor based on an optogenetically engineered cell for visual prostheses. Nanoscale 2019, 11, 13213–13218. [Google Scholar] [CrossRef] [PubMed]

	



Amine, A.; Mohammadi, H.; Bourais, I.; Palleschi, G. Enzyme inhibition-based biosensors for food safety and environmental monitoring. Biosens. Bioelectron. 2006, 21, 1405–1423. [Google Scholar] [CrossRef]

	



Maleki, N.; Kashanian, S.; Maleki, E.; Nazari, M. A novel enzyme based biosensor for catechol detection in water samples using artificial neural network. Biochem. Eng. J. 2017, 128, 1–11. [Google Scholar] [CrossRef]

	



Cui, F.; Zhou, Z.; Zhou, H.S. Review—Measurement and Analysis of Cancer Biomarkers Based on Electrochemical Biosensors. J. Electrochem. Soc. 2020, 167, 037525. [Google Scholar] [CrossRef]

	



Ramirez-Valles, E.G.; Rodríguez-Pulido, A.; Barraza-Salas, M.; Martínez-Velis, I.; Meneses-Morales, I.; Ayala-García, V.M.; Alba-Fierro, C.A. A Quest for New Cancer Diagnosis, Prognosis and Prediction Biomarkers and Their Use in Biosensors Development. Technol. Cancer Res. Treat. 2020, 19, 1–17. [Google Scholar] [CrossRef]

	



Demidov, V.V. Peptide nucleic acid-based electrical biosensors for rapid DNA and RNA diagnostics. In Biosensors and Their Application in Healthcare; Ozkan-Ariksoysal, D., Ed.; Future Science Ltd.: London, UK, 2013; pp. 84–96. ISBN 9781909453647. [Google Scholar]

	



Kavita, V. DNA Biosensors-A Review. J. Bioeng. Biomed. Sci. 2017, 7, 222. [Google Scholar]

	



Teles, F. Biosensors for medical mycology. In Biosensors and Their Application in Healthcare; Ozkan-Ariksoysal, D., Ed.; Future Science Ltd.: London, UK, 2013; pp. 98–111. ISBN 9781909453647. [Google Scholar]

	



Mazlan, N.F.; Tan, L.L.; Karim, N.H.A.; Heng, L.Y.; Reza, M.I.H. Optical biosensing using newly synthesized metal salphen complexes: A potential DNA diagnostic tool. Sens. Actuators B Chem. 2017, 242, 176–188. [Google Scholar] [CrossRef]

	



Parab, H.J.; Jung, C.; Lee, J.H.; Park, H.G. A gold nanorod-based optical DNA biosensor for the diagnosis of pathogens. Biosens. Bioelectron. 2010, 26, 667–673. [Google Scholar] [CrossRef]

	



Peng, H.I.; Miller, B.L. Recent advancements in optical DNA biosensors: Exploiting the plasmonic effects of metal nanoparticles. Analyst 2011, 136, 436–447. [Google Scholar] [CrossRef]

	



Zhang, M.; Wang, X.; Huang, Z.; Rao, W. Liquid Metal Based Flexible and Implantable Biosensors. Biosensors 2020, 10, 170. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Coman, D.; Hyder, F.; Ali, M.M. Dendrimer-Based Responsive MRI Contrast Agents (G1-G4) for Biosensor Imaging of Redundant Deviation in Shifts (BIRDS). Bioconjug. Chem. 2015, 26, 2315–2323. [Google Scholar] [CrossRef] [PubMed]

	



Louie, A. MRI biosensors: A short primer. J. Magn. Reson. Imaging 2013, 38, 530–539. [Google Scholar] [CrossRef] [PubMed]

	



Sosnovik, D.E.; Weissleder, R. Emerging concepts in molecular MRI. Curr. Opin. Biotechnol. 2007, 18, 4–10. [Google Scholar] [CrossRef]

	



Maritim, S.; Huang, Y.; Coman, D.; Hyder, F. Characterization of a lanthanide complex encapsulated with MRI contrast agents into liposomes for biosensor imaging of redundant deviation in shifts (BIRDS). J. Biol. Inorg. Chem. 2014, 19, 1385–1398. [Google Scholar] [CrossRef]

	



Mustafa, F.; Andreescu, S. Paper-Based Enzyme Biosensor for One-Step Detection of Hypoxanthine in Fresh and Degraded Fish. ACS Sens. 2020, 5, 4092–4100. [Google Scholar] [CrossRef]

	



Alocilja, E.C.; Radke, S.M. Market analysis of biosensors for food safety. Biosens. Bioelectron. 2003, 18, 841–846. [Google Scholar]

	



Mishra, G.K.; Barfidokht, A.; Tehrani, F.; Mishra, R.K. Food safety analysis using electrochemical biosensors. Foods 2018, 7, 141. [Google Scholar] [CrossRef]

	



Neethirajan, S.; Ragavan, V.; Weng, X.; Chand, R. Biosensors for sustainable food engineering: Challenges and perspectives. Biosensors 2018, 8, 23. [Google Scholar] [CrossRef]

	



Ukhurebor, K.E. The Role of Biosensor in Climate Smart Organic Agriculture toward Agricultural and Environmental Sustainability. In Agrometeorology; Meena, R.S., Ed.; IntechOpen: London, UK, 2021; pp. 113–129. [Google Scholar]

	



Raghu HV, T.G. Bacterial Spore Based Biosensor for Detection of Contaminants in Milk. J. Food Process. Technol. 2013, 4, 2. [Google Scholar] [CrossRef]

	



Li, Z.; Zhou, J.; Dong, T.; Xu, Y.; Shang, Y. Application of electrochemical methods for the detection of abiotic stress biomarkers in plants. Biosens. Bioelectron. 2021, 182, 113105. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.; Arora, K. Trends in nano-inspired biosensors for plants. Mater. Sci. Energy Technol. 2020, 3, 255–273. [Google Scholar] [CrossRef]

	



Khater, M.; de la Escosura-Muñiz, A.; Merkoçi, A. Biosensors for plant pathogen detection. Biosens. Bioelectron. 2017, 93, 72–86. [Google Scholar] [CrossRef]

	



Perdikaris, A.; Vassilakos, N.; Yiakoumettis, I.; Kektsidou, O.; Kintzios, S. Development of a portable, high throughput biosensor system for rapid plant virus detection. J. Virol. Methods 2011, 177, 94–99. [Google Scholar] [CrossRef] [PubMed]

	



Bukhamsin, A.; Ait Lahcen, A.; Filho, J.D.O.; Shetty, S.; Blilou, I.; Kosel, J.; Salama, K.N. Minimally-invasive, real-time, non-destructive, species-independent phytohormone biosensor for precision farming. Biosens. Bioelectron. 2022, 214, 114515. [Google Scholar] [CrossRef]

	



Wells, D.M.; Laplaze, L.; Bennett, M.J.; Vernoux, T. Biosensors for phytohormone quantification: Challenges, solutions, and opportunities. Trends Plant Sci. 2013, 18, 244–249. [Google Scholar] [CrossRef]

	



Farzin, L.; Shamsipur, M.; Samandari, L.; Sheibani, S. Advances in the design of nanomaterial-based electrochemical affinity and enzymatic biosensors for metabolic biomarkers: A review. Microchim. Acta 2018, 185, 1–25. [Google Scholar] [CrossRef]

	



Wang, D.; Tang, W.; Wu, X.; Wang, X.; Chen, G.; Chen, Q.; Li, N.; Liu, F. Highly selective detection of single-nucleotide polymorphisms using a quartz crystal microbalance biosensor based on the toehold-mediated strand displacement reaction. Anal. Chem. 2012, 84, 7008–7014. [Google Scholar] [CrossRef]

	



Kaplan, D.L.; Omenetto, F.; Lawrence, B.; Cronin-Golomb, M.; Georgakoudi, I. Biopolymer Sensor and Method of Manufacturing the Same. U.S. Patent 9,802,374 B2, 31 October 2017. [Google Scholar]

	



Elnashar, M.M. Biopolymers; Sciyo: Rijeka, Croatia, 2010. [Google Scholar]

	



Silva, L.M.D.C.; Dos Santos, V.P.S.; Salgado, A.M.; Pereira, K.S. Biosensors for Contaminants Monitoring in Food and Environment for Human and Environmental Health. State Art Biosens. Environ. Med. Appl. 2013, 151–168. [Google Scholar]

	



Bankole, O.E.; Verma, D.K.; González, M.L.C.; Ceferino, J.G.; Sandoval-Cortés, J.; Aguilar, C.N. Recent trends and technical advancements in biosensors and their emerging applications in food and bioscience. Food Biosci. 2022, 47, 1–28. [Google Scholar] [CrossRef]

	



Terai, K.; Imanishi, A.; Li, C.; Matsuda, M. Two decades of genetically encoded biosensors based on förster resonance energy transfer. Cell Struct. Funct. 2019, 44, 153–169. [Google Scholar] [CrossRef]

	



Walia, A.; Waadt, R.; Jones, A.M. Genetically Encoded Biosensors in Plants: Pathways to Discovery. Annu. Rev. Plant Biol. 2018, 69, 497–524. [Google Scholar] [CrossRef] [PubMed]

	



Khanam, Z.; Gupta, S.; Verma, A. Endophytic fungi-based biosensors for environmental contaminants-A perspective. South African J. Bot. 2020, 134, 401–406. [Google Scholar] [CrossRef]

	



Justino, C.I.L.; Duarte, A.C.; Rocha-Santos, T.A.P. Recent progress in biosensors for environmental monitoring: A review. Sensors 2017, 17, 2918. [Google Scholar] [CrossRef] [PubMed]

	



Jain, U.; Saxena, K.; Hooda, V.; Balayan, S.; Singh, A.P.; Tikadar, M.; Chauhan, N. Emerging vistas on pesticides detection based on electrochemical biosensors–An update. Food Chem. 2022, 371, 131126. [Google Scholar] [CrossRef]

	



Gu, S.Y.; Ekpeghere, K.I.; Kim, H.Y.; Lee, I.S.; Kim, D.H.; Choo, G.; Oh, J.E. Brominated flame retardants in marine environment focused on aquaculture area: Occurrence, source and bioaccumulation. Sci. Total Environ. 2017, 601–602, 1182–1191. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Dong, S.; Ge, D.; Zhu, N.; Wang, K.; Zhu, G.; Xu, W.; Xu, H. An ultrasensitive competitive immunosensor using silica nanoparticles as an enzyme carrier for simultaneous impedimetric detection of tetrabromobisphenol A bis(2-hydroxyethyl) ether and tetrabromobisphenol A mono(hydroxyethyl) ether. Biosens. Bioelectron. 2018, 105, 77–80. [Google Scholar] [CrossRef] [PubMed]

	



Axelrod, T.; Eltzov, E.; Marks, R.S. Bioluminescent bioreporter pad biosensor for monitoring water toxicity. Talanta 2016, 149, 290–297. [Google Scholar] [CrossRef] [PubMed]

	



Tortolini, C.; Bollella, P.; Antiochia, R.; Favero, G.; Mazzei, F. Inhibition-based biosensor for atrazine detection. Sens. Actuators B Chem. 2015, 224, 552–558. [Google Scholar] [CrossRef]

	



Masojídek, J.; Souček, P.; Máchová, J.; Frolík, J.; Klem, K.; Malý, J. Detection of photosynthetic herbicides: Algal growth inhibition test vs. electrochemical photosystem II biosensor. Ecotoxicol. Environ. Saf. 2011, 74, 117–122. [Google Scholar] [CrossRef] [PubMed]

	



Combarnous, Y. Endocrine Disruptor Compounds (EDCs) and agriculture: The case of pesticides. Comptes Rendus Biol. 2017, 340, 406–409. [Google Scholar] [CrossRef]

	



Tucci, M.; Grattieri, M.; Schievano, A.; Cristiani, P.; Minteer, S.D. Microbial amperometric biosensor for online herbicide detection: Photocurrent inhibition of Anabaena variabilis. Electrochim. Acta 2019, 302, 102–108. [Google Scholar] [CrossRef]

	



Chee, G.-J. A novel whole-cell biosensor for the determination of trichloroethylene. Sens. Actuators B Chem. 2016, 237, 836–840. [Google Scholar] [CrossRef]

	



Vosoughi, A.; Yazdian, F.; Amoabediny, G.; Hakim, M. Investigating the effect of design parameters on the response time of a highly sensitive microbial hydrogen sulfide biosensor based on oxygen consumption. Biosens. Bioelectron. 2015, 70, 106–114. [Google Scholar] [CrossRef]

	



Gao, G.; Qian, J.; Fang, D.; Yu, Y.; Zhi, J. Development of a mediated whole cell-based electrochemical biosensor for joint toxicity assessment of multi-pollutants using a mixed microbial consortium. Anal. Chim. Acta 2016, 924, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Fang, D.; Gao, G.; Shen, J.; Yu, Y.; Zhi, J. A reagentless electrochemical biosensor based on thionine wrapped E. coli and chitosan-entrapped carbon nanodots film modified glassy carbon electrode for wastewater toxicity assessment. Electrochim. Acta 2016, 222, 303–311. [Google Scholar] [CrossRef]

	



Eltzov, E.; Cohen, A.; Marks, R.S. Bioluminescent Liquid Light Guide Pad Biosensor for Indoor Air Toxicity Monitoring. Anal. Chem. 2015, 87, 3655–3661. [Google Scholar] [CrossRef] [PubMed]

	



Haigh-Flórez, D.; de la Hera, C.; Costas, E.; Orellana, G. Microalgae dual-head biosensors for selective detection of herbicides with fiber-optic luminescent O2 transduction. Biosens. Bioelectron. 2014, 54, 484–491. [Google Scholar] [CrossRef] [PubMed]

	



Rathnayake, I.V.N.; Megharaj, M.; Naidu, R. Green fluorescent protein based whole cell bacterial biosensor for the detection of bioavailable heavy metals in soil environment. Environ. Technol. Innov. 2021, 23, 101785. [Google Scholar] [CrossRef]

	



Morse, D. The healing hand. Man and wound in the ancient world. Med. Hist. 1976, 20, 461. [Google Scholar]

	



Broughton, G.; Janis, J.; Attinger, C. A brief history of wound care. Plast. Reconstr. Surg. 2006, 117, 6S–11S. [Google Scholar] [CrossRef] [PubMed]

	



Wilkins, R.H. NEUROSURGICAL CLASSIC. XVII. J. Neurosurg. 1964, 21, 240–244. [Google Scholar] [CrossRef]

	



van Middendorp, J.J.; Sanchez, G.M.; Burridge, A.L. The Edwin Smith papyrus: A clinical reappraisal of the oldest known document on spinal injuries. Eur. Spine J. 2010, 19, 1815–1823. [Google Scholar] [CrossRef] [PubMed]

	



Available online: www.frombork.art.pl/pl/wp-content/uploads/sites/2/2016/07/Chirurgia.pdf (accessed on 8 August 2022).

	



Sharma, D.; Popli, H. An insight to medical textiles. World J. Pharm. Res. 2018, 7, 352–358. [Google Scholar]

	



Barbu, A.; Neamtu, B.; Zăhan, M.; Iancu, G.M.; Bacila, C.; Mireșan, V. Current Trends in Advanced Alginate-Based Wound Dressings for Chronic Wounds. J. Pers. Med. 2021, 11, 890. [Google Scholar] [CrossRef]

	



Vowden, K.; Vowden, P. Wound dressings: Principles and practice. Surgery 2017, 35, 489–494. [Google Scholar]

	



Radhika, P.; Arun Kumar, K.; Bhavya, K.S.; Samrot, A. Indian Medicinal Plants and Its Therapeutic Importancewith Special Reference to Thespesia populnea, Wrightiatinctoria-A Review. Int. J. Pharma. Res. Heal. Sci. 2017, 5. [Google Scholar]

	



Gavan, A.; Colobatiu, L.; Hanganu, D.; Bogdan, C.; Olah, N.K.; Achim, M.; Mirel, S. Development and Evaluation of Hydrogel Wound Dressings Loaded with Herbal Extracts. Processes 2022, 10, 242. [Google Scholar] [CrossRef]

	



Peng, W.; Li, D.; Dai, K.; Wang, Y.; Song, P.; Li, H.; Tang, P.; Zhang, Z.; Li, Z.; Zhou, Y.; et al. Recent progress of collagen, chitosan, alginate and other hydrogels in skin repair and wound dressing applications. Int. J. Biol. Macromol. 2022, 208, 400–408. [Google Scholar] [CrossRef] [PubMed]

	



Lu, S.-H.; Samandari, M.; Li, C.; Li, H.; Song, D.; Zhang, Y.; Tamayol, A.; Wang, X. Multimodal sensing and therapeutic systems for wound healing and management: A review. Sens. Actuators Rep. 2022, 4, 100075. [Google Scholar] [CrossRef]

	



Fierheller, M.; Sibbald, R.G. A clinical investigation into the relationship between increased periwound skin temperature and local wound infection in patients with chronic leg ulcers. Adv. Skin Wound Care 2010, 23, 369–379. [Google Scholar] [CrossRef] [PubMed]

	



Chanmugam, A.; Langemo, D.; Thomason, K.; Haan, J.; Altenburger, E.A.; Tippett, A.; Henderson, L.; Zortman, T.A. Relative Temperature Maximum in Wound Infection and Inflammation as Compared with a Control Subject Using Long-Wave Infrared Thermography. Adv. Ski. Wound Care 2017, 30, 406–414. [Google Scholar] [CrossRef]

	



Buckley, D. Wound Care. In P. Textbook of Primary Care Dermatology; Buckley, D., Pasquali, P., Eds.; Springer: Cham, Switzerland, 2021. [Google Scholar]

	



Hayashida, K.; Yamakawa, S. Topical odour management in burn patients. Burn. Trauma 2021, 9, tkab025. [Google Scholar] [CrossRef] [PubMed]

	



Nischwitz, S.P.; Bernardelli de Mattos, I.; Hofmann, E.; Groeber-Becker, F.; Funk, M.; Mohr, G.J.; Branski, L.K.; Mautner, S.I.; Kamolz, L.P. Continuous pH monitoring in wounds using a composite indicator dressing - A feasibility study. Burns 2019, 45, 1336–1341. [Google Scholar] [CrossRef] [PubMed]

	



Ochoa, M.; Rahimi, R.; Ziaie, B. Flexible sensors for chronic wound management. IEEE Rev. Biomed. Eng. 2014, 7, 73–86. [Google Scholar] [CrossRef]

	



Mostafalu, P.; Tamayol, A.; Rahimi, R.; Ochoa, M.; Khalilpour, A.; Kiaee, G.; Yazdi, I.K.; Bagherifard, S.; Dokmeci, M.R.; Ziaie, B.; et al. Smart Bandage for Monitoring and Treatment of Chronic Wounds. Small 2018, e1703509. [Google Scholar] [CrossRef] [PubMed]

	



Sharp, D. Printed composite electrodes for in-situ wound pH monitoring. Biosens. Bioelectron. 2013, 50, 399–405. [Google Scholar] [CrossRef]

	



Melai, B.; Salvo, P.; Calisi, N.; Moni, L.; Bonini, A.; Paoletti, C.; Lomonaco, T.; Mollica, V.; Fuoco, R.; Di Francesco, F. A graphene oxide pH sensor for wound monitoring. In Proceedings of the 38th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Orlando, FL, USA, 16–20 August 2016; pp. 1898–1901. [Google Scholar]

	



Milne, S.D.; Seoudi, I.; Al Hamad, H.; Talal, T.K.; Anoop, A.A.; Allahverdi, N.; Zakaria, Z.; Menzies, R.; Connolly, P. A wearable wound moisture sensor as an indicator for wound dressing change: An observational study of wound moisture and status. Int. Wound J. 2016, 13, 1309–1314. [Google Scholar] [CrossRef]

	



Hendi, A.; Umair Hassan, M.; Elsherif, M.; Alqattan, B.; Park, S.; Yetisen, A.K.; Butt, H. Healthcare Applications of pH-Sensitive Hydrogel-Based Devices: A Review. Int. J. Nanomed. 2020, 15, 3887–3901. [Google Scholar] [CrossRef]

	



Available online: https://www.igb-berlin.de/en/news/lessons-learned-river-oder-disaster-research-based-recommendations-action (accessed on 11 October 2022).

	



Mohseni, F.; Saba, F.; Mirmazloumi, S.M.; Amani, M. Ocean water quality monitoring using remote sensing techniques: A review Marine Environmental Research Ocean water quality monitoring using remote sensing techniques: A review. Mar. Environ. Res. 2022, 180, 105701. [Google Scholar] [CrossRef] [PubMed]

	



Mansouri, B. Monitoring of air quality parameters at different months: A case study from. Wilolud J. 2011, 2, 25–31. [Google Scholar]

	



Haq, G.; Schwela, D.; People, O.; Monitoring, I. Air Quality Monitoring; Haq, G., Schwela, D., Eds.; Stockholm Environment Institute: Stockholm, Sweden, 2008. [Google Scholar]

	



Desta, K.G. Soil Quality Monitoring: A Practical Guide. Oklahoma Coop. Ext. Serv 2010. [Google Scholar]

	



Zhai, M.; Dang, G.; Huang, L.; Hua, L. Automatic monitoring system for soil parametres with datalogger-based. Int. J. Robot. Autom. 2019, 34. [Google Scholar] [CrossRef]

	



O’Callaghan, M.; Ballard, R.A.; Wright, D. Soil microbial inoculants for sustainable agriculture: Limitations and opportunities. Soil Use Manag. 2022, 38, 1340–1369. [Google Scholar] [CrossRef]








[image: Materials 15 07493 g001 550] 





Figure 1. Number of scientific articles focus on the use of polymers as sensors in environmental and medical research. Keywords: biopolymer and sensor and (blue) medicine; (orange) environment (data from google scholar; accessed October 2022). 
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Figure 2. The division of biopolymers based on the origin of the raw material and biodegradability [9]. 
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Figure 3. Division of biopolymers based on monomeric units. 






Figure 3. Division of biopolymers based on monomeric units.



[image: Materials 15 07493 g003]







[image: Materials 15 07493 g004 550] 





Figure 4. Classification of polymer matrix composites. 
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Figure 5. Classification of biosensors [38]. 
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Figure 6. Scheme of the connection of biopolymers with sensors [110]. 
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Figure 7. The most important requirements for wound dressings. 
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Figure 8. The possibility to control various wound parameters by sensors. 
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Figure 9. Colorimetric and electrochemical indicators. 
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Figure 10. The most important scientific disciplines in biosensor applications. 
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Figure 11. Median age of the population in the EU (Eurostat). 






Figure 11. Median age of the population in the EU (Eurostat).



[image: Materials 15 07493 g011]







[image: Materials 15 07493 g012 550] 





Figure 12. Control of the patient’s parameters at home. 
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Figure 13. The exemplary parameters are to be monitored in various environments. 
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Table 3. Wound parameters and their physiological importance.
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	Parameter
	Physiological Significance
	Literature





	pH
	
	
The pH value depends on the stage of the wound-healing process.



	
A lower pH is optimal for wound healing and promotes collagen formation, increases the activity of fibroblasts and inhibits the proliferation of bacteria.



	
Alkaline pH values (7–9) are typical of difficult-to-heal wounds, i.e., bedsores and diabetic foot.





	[24,25]



	temperature
	
	
Symptoms of a wound infection are elevated temperature.



	
Temperature increases because of infection and inflammation.





	[145,146]



	moisture
	
	
The appropriate level of moisture accelerates healing and reduces the risk of tissue necrosis, helps maintain enzymatic balance and reduces pain.



	
A too-dry wound environment can slow down the healing process and promote scarring.



	
A dry wound is often covered with fibrin deposits, the fundus granulation fibrosis, and the wound edges do not skin properly.



	
Too much moisture in the environment exposes the skin to damage, promotes the spread of infections and causes maceration of the wound edges.





	[27,28]



	oxygen tension
	
	
Oxygen supply is critical for all aspects of wound healing and the biochemical energy supply.



	
The loss of parts of the vascular network and some necrotic tissue affects the oxygen tension.



	
Hypoxia as a feature of chronic wounds.





	[29,30,31]



	odor
	
	
The sources of an unpleasant odor there are necrotic tissues of the skin, subcutaneous tissue, muscles, sometimes bones and wounds infected with anaerobic and aerobic bacteria.



	
The products of tissue decomposition that are directly responsible for the odors are volatile short-chain fatty acids.





	[147,148]



	wound fluid components, including bacterial factors
	
	
Depending on the condition of the wound, various substances can be secreted from the wound by the body, e.g., markers of inflammation: cytokines, neuropeptides, hydroxyl radical, hydrogen peroxide.



	
Various substances can be secreted by microbes, e.g., uricase, alpha-Hemolysin, Rhamnolipid B, methyl ketones, particularly 2-nonanone, and 2-undecanoate.





	[32,33]
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