Refractive index change caused by biomolecular adsorption and structural transformations of adsorbed molecules in ultrasensitive plasmonic biosensors
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Adsorption-based plasmonic sensors have proven to be highly sensitive detectors of a broad range of chemical and biological analytes, with a great potential for application in environmental protection, medicine, industry, etc. [1]. The operating principle of plasmonic refractive index (RI) sensors is based on the RI change of the sensing area, which is a consequence of the change of the sensing layer effective relative permittivity, caused by the presence of adsorbed analyte particles on it. Since RI change is determined by the amount (number) of adsorbed particles of a certain type, and this amount depends on the concentration of analyte particles in the analyzed sample, RI change is used as a measurement parameter of this type of sensors. Mathematical modeling of the sensor response is therefore based on the modeling of the temporal change of the effective RI of the sensing area.

Particles of the biological analyte are reversibly adsorbed from the liquid sample onto the sensing area based on their affinity for surface adsorption sites. Ideally, the time response of the sensor will be determined only by the adsorption process. However, many biomolecules, especially proteins, undergo a structural transformation due to the change of external conditions, which may even be a contact with the surface of a solid body, such as the sensing surface. This phenomenon can significantly modify the sensor response kinetics [2]. In addition, the sensor response is also affected by the depletion of analyte molecules from the sample during adsorption, which is pronounced when working with minuscule sample amounts in which extremely low biomolecule concentrations are to be detected (one of the goals of the current research in the biosensors field) [3].

In this work, we derive the first mathematical model that describes the change in the effective RI of the sensing area by taking into account all three relevant processes: adsorption, transformation of adsorbed biomolecules and the sample depletion. We assume the following: 1) biomolecules are reversibly adsorbed in only one structural form, 2) a reversible transformation of the adsorbed biomolecules from the first to the second form occurs (which does not change the adsorption sites occupancy), 3) biomolecules can desorb with some probability even when they have the second form, 4) the concentration of biomolecules in the sample decreases with time due to adsorption process. We then use the devised model for the analysis of separate influences of the mentioned processes, as well as their joint influence on the RI change. We consider these influences in the concentration range of interest for protein biosensing.

The presented model of RI change is significant because it takes into account processes relevant for response generation in biosensors operating with small sample volumes, in which extremely low biomolecule concentrations must be detected. The results of the analysis demonstrate the importance of using a proper model of sensor response, because an inadequate model can lead to an erroneous interpretation of measurement results. In the authors’ opinion, the presented model is a significant step in the development of reliable affinity-based plasmonic biosensors.
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