DEVELOPMENT OF AN EIS-BASED BIOSENSING APPROACH FOR QUANTIFICATION OF LIVING CELLS IN HYDROGEL SYSTEMS USING REDOX-ACTIVE PROBES
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Tissue engineering has gained significant interest in biomedical research over the past decade. One of the key objectives of this field is the creation of living biological tissues in vitro that can maintain functionality comparable to that of native tissues, predominantly human. Such lab-grown tissues and organs are of great importance in regenerative medicine, as they may serve as transplants for patients who have lost them due to severe injuries or disease. Advances in 3D printing technologies have made tissue engineering more precise and accessible. The spatial printing of composite biomaterials containing living human cells, known as bioprinting, has become a powerful tool in the development of functional tissues [1]. Hydrogels composed of versatile natural and synthetic polymers have become a widely used as scaffolds for cell culture due to their biodegradability and their ability to mimic the physical properties and structure of biological tissues [2]. Numerous hydrogels and bioprinting techniques have been developed to replicate different types of living tissues. However, there remains a lack of simple and rapid methods for monitoring cell viability within such hydrogel-based systems in order to effectively maintain optimal growth conditions.
The present work aims to investigate the feasibility of developing an electrochemical method for determining the quantity of living cells in hydrogel samples using redox probe mediating. The goal is to establish a sensing system that does not rely on specific interactions, such as antigen-antibody or aptamer-based mechanisms. Screen-printed electrodes (SPEs) were used as a compact and accessible biosensing platform, with electrochemical impedance spectroscopy (EIS) as the detection method. For this purpose, three-electrode SPEs were used, consisting of gold working and counter electrodes and a Ag/AgCl or Ag pseudo-reference electrode.
The first part of this study was based on a model system designed to mimic the behavior of living cells in hydrogels in order to investigate the sensing capability of EIS. A high-molecular-weight cationic polymer, polydiallyldimethylammonium chloride (PDDA), was used as a cell mimic. PDDA was chosen due to its high positive charge density, similar to that established outside cells as a result of the membrane potential. To sensibilize the sensing system, an equimolar mixture of ferro- and ferricyanide was added to the hydrogels. Varying the concentration of [Fe(CN)​6]3-/4- in the hydrogel resulted in significant changes in the EIS spectra. An increase in the redox pair concentration led to the appearance of a semicircle in the high-frequency region of the EIS spectra, which is indicative of a faradaic process occurring at the electrode surface. This was accompanied by a decrease in the real and imaginary components of the impedance, as well as in the charge-transfer resistance.
While varying the PDDA content in the hydrogel did not produce noticeable changes in the EIS signal, the introduction of the redox pair enabled the establishment of a quantitative relationship between the impedance signal and PDDA concentration in the hydrogel. The real and imaginary parts of the impedance, as well as the total impedance, showed a linear dependance on PDDA content, which saturated at higher concentrations. Similar experiments were conducted using living human cell, specifically cervical cancer cells from the HeLa cell line. Changes in the impedance signal were observed for cell suspensions in a medium containing the [Fe(CN)6]3-/4- redox probe as the cell concentration increased from 1∙104 to 3∙105 cells/ml. The results showed an increase in impedance values with increasing cell content in the medium, consistent with the trends observed in the model system. Meanwhile, no significant changes were observed as the cell concentration changed in a medium that did not contain any probe molecules.
It was shown that the presence of a redox-active probe is essential for the development of a biosensing system for the determination of living cells using the EIS method. Electrostatic interactions between positively charged PDDA molecules and negatively charged [Fe(CN)​6]3-/4- redox pair mimic the diffusion behavior of the redox probe in living cells. In both cases, this results in a decrease in the concentration of active probe molecules that are able to diffuse to the electrode surface and participate in the electrochemical process during faradaic EIS measurement.
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