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Abstract

:

Aptamers are strands of DNA or RNA molecules, chemically synthetized and able to bind a wide range of targets, from small molecules to live cells, and even tissues, with high affinity and specificity. Due to their efficient targeting ability, they have many different kinds of applications. Particularly attractive is their use in biotechnology and disease therapy, in substitution of antibodies. They represent a promising way for early diagnosis (aptasensors), but also for delivering imaging agents and drugs and for inhibiting specific proteins (therapeutic aptamers). Starting by briefly reviewing the most recent literature concerning advances in biomedical applications of aptamers and aptasensors, the focus is on the issues of a theoretical/computational framework (proteotronics) for modelling the electrical properties of biomolecules. Some recent results of proteotronics concerning the electrical, topological and affinity properties of aptamers are reviewed.
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1. Introduction


Nucleic acids are of great importance in encoding, transmitting and expressing genetic information [1]. Specific sequences of nucleic acids, referred to as aptamers, possess very high binding affinity to their targets, representing an interesting class positioned between small and biological molecules. An in vitro process, termed Systematic Evolution of Ligands by Exponential Enrichment (SELEX), is commonly used to select and synthesize, with high reproducibility, purity and in large quantity, the required aptamers. Moreover, this technique seems able to generate aptamers for virtually each possible target [2], overcoming the needs for cell lines or animals [1]. To date, numerous high-affinity aptamers have been selected for a broad range of target molecules, including metal ions, peptides, drugs, proteins and even whole cells or viruses [1,3,4]. Finally, aptamers are very stable and can recover their active conformation after denaturation at high temperature [1].



Due to their high affinity, specificity and stability, along with the benefits of a chemical synthesis, aptamers have attracted attention in various applications from chemical biology to medicine, becoming a true alternative to standard compounds [5,6,7,8]. Nevertheless, it has to be pointed out that acceptance and use of aptamers in industry and by (bio)pharmaceutical companies still remain rare [5].



The aim of this short review is to provide a summary of the recent achievements in the selection, development criteria and application of aptamers, focusing on their electrical properties. Particular attention is paid to describing the advances in the modelling of the aptamer-protein interaction, within the framework of a complex network approach named proteotronics.




2. Aptamer Selection


2.1. SELEX and Cell-SELEX


SELEX (Figure 1) is a well-established technology for the in vitro production of aptamers based on an iterative process of selection and amplification (see [9,10] and the references therein). The process starts with a chemically-synthesized random oligonucleotides library, which contains from 1013 to 1016 motifs of different sequences. The selection consists of five steps: (1) binding, i.e., incubation of the library with the target; (2) partition, i.e., isolation of target-bound sequences from the unbound ones; (3) elution from a complex via chromatography; (4) amplification and the generation of a new pool of nucleic acids by Polymerase Chain Reaction (PCR), for DNA libraries, or real time-PCR, for RNA libraries; (5) conditioning, in which in vitro transcription and purification of relevant ssDNA are included [10]. The optimization and development of the SELEX methodology has made the range of targets wider, including small molecules, proteins, viruses and bacteria [10].



Long selection time and high costs are the principal drawbacks of this technique; therefore, several strategies designed for a shortening of the selection period, while maintaining the aptamer affinity to targets are under investigation [1,7].



Finally, SELEX is typically performed by using a highly purified target molecule so that it has limited results in the production of aptamers useful for cancer detection. This is because these aptamers are not able to bind whole (cancer) cells, or, more specifically, target proteins on the cell surface [11]. To overcome these limitations, cell-SELEX was developed, which uses living cells as targets. It ensures the selection of aptamers able to bind the bioactive forms of target proteins on the cell surface, thus making the developed aptamers highly suitable for biological applications [11]. Moreover, there is no need to know the quantity or types of proteins on the cell surface, which simplifies the selection process, also reducing costs [1,12].




2.2. Aptamer vs. Antibody in Cancer Therapy


The understanding of biomolecular recognition mechanisms is fundamental to achieve significant advances in designing new tools for diagnosis and therapeutic applications. Among these applications, cancer disease has greatly attracted the interest of researchers over the last 30 years, although current treatments still remain unsatisfactory [13].



One of the most successful strategies in cancer treatments is based on monoclonal antibodies [14]; as a matter of fact, they are able to modulate the action of the immune system, promoting adaptive immune response. They present high sensitivity and robustness, linked to high selectivity and affinity in the antibody-antigen binding reaction [15]. More than 30 therapeutic antibodies are currently in clinical practice, and hundreds more are undergoing clinical trials [16]. Although monoclonal antibodies present many advantages with respect to traditional treatments, their high cost, mostly associated with large cultures of mammalian cells and extensive purification steps, prevents an extensive use [16].



Aptamers have been proposed as a powerful and satisfactory alternative to antibody-based treatments, giving new impulse in therapeutic, diagnostic and basic research. Advantages, limitations and prospects for successful cancer therapeutics by using aptamers instead of antibodies are shown and discussed in many recent reviews; see, for example, [16,17,18]. In a nutshell, the key points in using aptamers are: (i) they are synthetically produced, therefore chemical modifications can be easily and accurately introduced to fulfil different diagnostic and therapeutic purposes; (ii) they show good thermo-stability and long-term stability; (iii) with respect to the analogue monoclonal antibodies, they show reduced side effects and low production costs; (iv) they are relatively small with respect to monoclonal antibodies; therefore, they are expected to show greater penetration into tumor tissues [8].



In the recent literature, many papers deal with the aptamer ability at specifically recognizing cancer cells. In particular, early detection techniques are in rapid development with specific applications to several diseases, from leukemia [19] and breast tumor [20,21] to colorectal tumor [22].



The employment of aptamers in drug delivery, gene therapy and cancer imaging to develop personalized diagnosis and therapy is a sparkling field of investigation. Currently, the use of aptamers in medical applications is a reality: an aptamer specifically recognizing human vascular endothelial growth factor has been approved for the treatment of Age-related Macular Degeneration (AMD) in the U.S. and the EU, and others are under clinical trials for applications in coagulation, oncology and inflammation [17].





3. Aptamers in Electrical Nanobiosensors


The identification of a disease-specific marker at an early stage significantly affects the costs and time associated with drug development, as well as the clinical success rate [23]. To this aim, nanotechnology combined with biotechnology is giving excellent results in engineering extremely sensitive devices in this area [23,24].



Biosensors (Figure 2) are devices able to detect the presence of a specific target, by using a sensing biological element. Detection is the result of the interaction between the sensing element and the target molecule that produces a change of a measurable physical signal, such as impedance, conductance, light, heat, etc. The key element of a biosensor is, therefore, the sensing element, which is required to have high affinity to the target. Over the years, protein receptors and antibodies have been extensively used to this aim; recently, aptamers have been applied to the detection of protein biomarkers, just like immunosensors, monitoring binding-specific changes in functionalized electrodes. Aptamer-based biosensors (aptasensors) appear to be particularly promising concerning the possibility of a rapid and efficient detection under real live conditions [25], require low power, are easy to use and represent an effective solution in many applications, mainly for point-of-care disease detection [23].



The electrochemical aptasensors are classified into three broad classes, depending on the assay format and the method of detection: amperometric, potentiometric and impedimetric (see [25] and the references therein). The first electrochemical aptasensor was an amperometric device for the detection of thrombin. It used two different aptamers, immobilized on gold electrodes in a sandwich-like configuration [26]. At present, new immobilization techniques are available, as reviewed in [27].



Concerning the detection technique, Electrochemical Impedance Spectroscopy (EIS) is a sensitive and non-destructive technique, widely used to characterize the electrical properties of electrode-aptamer interfaces. The changes in dielectric properties, charge distribution and conductivity are represented by the impedance spectrum (Nyquist plot), the semi-circular part of which corresponds to an electron transfer limiting process. The diameter of the semicircle describes the interface properties of the electrode, i.e., the electron-transfer resistance [28]. A Field Effect Transistor (FET) biosensor also gives excellent results in the detection of several kinds of targets, including light. In this kind of device, detection is transduced in a change of conductivity, which can be enhanced by using nanostructured materials and or graphene [29].



Although electrical aptasensors offer advantages such as simplicity, low cost, good sensitivity and selectivity, at present, their use in clinical laboratories remains limited [29]. A comprehensive review about the recent progress and challenges in designing electrochemical aptasensors, their effectiveness in protein disease biomarkers or contaminants detection in food and the environment is reported in [30,31,32,33].



In Table 1, some characteristics of a few recent works dealing with the detection of various diseases, by means of electrical biosensors, are reported. They present different types of innovation in the choice of material and detection technique and show outstanding results in sensitivity, selectivity and detection time. These features make them attractive candidates for the development of simple and robust biosensors, well suited for high-throughput sensing in the biomedical field. In conclusion, the challenges, applications and perspectives of aptasensors are exponentially growing, and this requires the simultaneous development of a theoretical framework able to guide and interpret the experimental outcomes.




4. Modelling the Electrical Properties of Aptamers


The modelling of charge transport in biomolecules is a very intriguing topic, which has received, in recent years, continuous attention [43]. The classical theory of charge transport in ordered matter needs to be improved for systems like biomolecules that have no crystalline structure, although showing a high degree of organization. In particular, in such systems intrinsically reduced in size, a mean field approach is not significant, and new concepts have been developed to take into account the role of the specific 3D structure. Specifically, the description in terms of Bloch waves (Extended States (ES)), which substantially do not account for the space organization of the material, is partially or totally substituted by introducing short range waves (Localized States (LS)). The transition between two LS happens with the energy cost by means of tunneling or hopping mechanisms. In such a way, at low bias and temperature, the dominant transport mechanism is performed by ES, while, increasing bias and/or temperature, the tunneling/hopping mechanism becomes dominant. Following a backward path, in the early 1990s, this kind of local description was overcome by a new proposal, which introduced the concept of electron transfer by multiple pathways, a quite effective although simplified view of electronic transport, which, as a consequence, gave value to the quite macroscopic aspects like protein motifs and internal interaction [44].



4.1. Complex Networks for Bioelectronics


In line with these studies, proteotronics was introduced in [45] as a complex network approach to describe the single macromolecule as a set of interacting building blocks, which communicate at a distance (the interaction radius, RC).



Information percolates inside the network and produces the macroscopic response as an emergent property, which reflects the original biomolecule structure. This is a manifestation of the structure and function paradigm, i.e., when, as in many sensing proteins, the activation produces a change of structure (conformational change), also the function changes, and in turn, this produces detectable changes in the measurable physical quantities (for example, impedance). These mechanisms are the same seen in biosensors that detect the presence of a specific target by measuring the change of a (electrical, in the present case) response as a consequence of the topological change of the biological sample used as the sensing part (see Figure 1).



Proteotronics is able to simulate the electrical response of a biomolecule by using an electrical network. The biomolecules can be proteins, as well as fragments of DNA/RNA in their 3D structures. Nowadays, resolving these structures is still a hard task; some free databases are available that collect data mainly on proteins [46], but little is known about aptamers. This is because they constitute a relatively young field of investigation, but it is also due to their extreme flexibility in the target-free state.



Therefore, many in silico methods to predict the structure of proteins and aptamers are flourishing. For the current state of art, they have to be meant as useful complements to traditional X-ray and NMR methods since their predictive capability is not complete. However, the strong activity in this field gives reason to hope for increasingly efficient results [47,48,49].



Proteotronics uses these data as inputs to generate a biomolecule-analogue graph. The scheme of the method is the same for both proteins and aptamers: the analysis is performed at the level of a single amino acid or nucleobase, the elementary brick, which is identified with the Cα or C1 carbon atom. Although different choices are possible to identify the centroids of the brick [50], differences appear small at this level of refinement. Then, collecting the coordinates of each brick and assigning a cut-off distance, RC, a graph G(N,L), with node set N and link set L, is set up: all the Euclidean distances between couples of elementary bricks are calculated, creating a distance matrix. From the distance matrix, the graph description of the network is represented through its adjacency matrix A of size N × N, the elements ai,j (i≠j) = 1/0 if a link exists or not, and ai,i = 0, i.e., no self-loops exist. A is a symmetric matrix, i.e., the network is undirected. A link between two nodes exists only if their distance is smaller than RC.



Tuning RC, graphs with different levels of connections are produced, although the nature of the graph, i.e., its topological properties, is preserved [51]. In Figure 3, a sketch of the aptamer TBA alone and conjugated with thrombin is reported and compared with the corresponding graph.




4.2. Resistance to Evaluate Binding Affinity


The topological graph becomes an interaction network by assuming that the links are the physical routes by which the bricks communicate. Specifically, in the common applications to electrical biosensors, two different kinds of electrical measurements are performed: (a) at fixed bias intensity with varying frequency, i.e., a standard Electrochemical Impedance Spectroscopy (EIS) measurement, which is represented by impedance spectra [52,53]; (b) at fixed frequency and varying bias intensity, such as FET-biosensors, which is represented by current (resistance)-voltage plots [54]. In both cases, these measurements, specifically the variation of impedance or current, are used to detect, with high specificity and selectivity, the presence of a specific target. The intensity of variation is also related to the target concentration. In general, the threshold of detection is quite low and sometimes very low [53].



The network follows the same fate of the biomolecule it describes: it changes its structure. Sometimes, this means that only the link number changes, corresponding to the biomolecule reassembling: this happens, for example, for an optical receptor that has light as a target [54,55]. In other cases, the target is a material object, and so, the network changes substantially, since, after the sensing action, it represents not a single biomolecule, but the whole complex [50,56].



In the present review, we describe the results obtained by mimicking the action of an elementary RC (Resistance and Capacitance in parallel) impedance, Zij, which is in agreement with most of the EIS experimental outcomes. In these experiments, the capture of the target is detected by an impedance variation, which is macroscopically described by using an analogue electrical circuit, known as a Randles cell, whose elements reproduce the observed measure. To obtain information about the microscopic electrical features, we proceed by analyzing the experimental results and focusing the investigation on the impedance terms, which effectively change during the measure [45]. This allows us to postulate the following expression for the elementary impedance:


   Z  i j   =  f  i j      ρ  i j     1 + i ω  ε 0   ε  i j    ρ  i j      



(1)




with fij a form factor, ω the frequency of the applied bias, ε0 the dielectric constant in a vacuum and εij and ρij the resistivity and dielectric constants of the couple of ij nodes.



Concerning the values of resistivity and dielectric constant, they have been calculated as in [56] and describe the mean resistivity/dielectric constant of the couple of bricks, which can be made of amino acids only, nucleobases only or an amino acid and a nucleobase (in the binding region). Once, formally, the network is connected to the bias, the set of corresponding linear equations can be resolved, and the total impedance is calculated. In Table 2, we resume some of the biomolecules whose electrical properties have been analyzed by using proteotronics, and more information can be found in [44].



The procedure is applied to the case of the TBA aptamer, whose 3D structure is known in the native state (the aptamer is target-free) and also complexed with thrombin. In particular, the complex state has been resolved in the presence of two different cations, Na+ and K+, both of them enforcing the stability of the aptamer structure, but with different results concerning the affinity, i.e., the stability of the complex is enhanced by potassium cations [60].



The resistance spectrum can be calculated for each structure, solving the impedance network. Figure 4 shows the ratios of the resistance of the complex to the native aptamer, rcomp/rnat, at increasing values of RC. Calculations were performed using: (i) for the TBA-protein complexes, the structures given in [60]; (ii) for the native aptamer, a set of 12 different models of the structures given in [61]. Each point in Figure 4 is obtained by averaging over the 12 structures of the native state; only the largest errors are reported. In the whole spectrum, the responses of the two complexes are different, markedly between 8 Å and 12 Å. In this region, the expected and measured responses (rcomp/rnat > 1) are in agreement (experiments were performed in the presence of potassium) [56,62].



Finally, the resistance measurement is proposed to estimate the binding affinity of the aptamer to its target [51,56]. The effectiveness of this kind of test has been confirmed in a different analysis performed on a set of five different anti-angiopoietin aptamers [57,63].



In this case, their structures were produced in silico by a cascade procedure able to furnish a number of possible configurations for the aptamer alone, as well as complexed with the protein. The main features of these configurations were analyzed by using the previously outlined strategy. In particular, and in good agreement with the experiments, the resistances calculated for these aptamers are in line with the affinity performances observed in the experiments. The ratio rcomp/rapt of the resistance of the complex to the resistance of the aptamer, at increasing values of RC, is reported in Figure 5. The behavior of the four Angiopoietin-2 (Ang2)-specific aptamers is quite different from that of the Angiopoietin-1 (Ang1)-specific aptamer. The maximal sensitivity of this measure is obtained at low RC values: increasing RC, the Ang2 specific aptamers converge toward a similar value. This is not surprising because the number of network links enlarges as RC increases, giving the networks a similar, uniform shape [45], except for Seq16, the Ang1-specific aptamer.



This scheme is quite general and can be used for different kinds of interactions (chemical, physical, mechanical, etc.). Till now, the modelling of several ligands, receptors and the complexes ligand-receptor have been developed [45]. The gained experience in this field allows us to understand that, in describing the ligand-receptor docking, beyond the primary role played by the conformational change, a non-subordinate part has to be attributed to the change of the interaction itself [53,56]. As a matter of fact, from the physical point of view, biomolecules are open systems in continuous interaction with the environment. Therefore, also the description of their electrical properties necessarily depends on the assigned external conditions (the solute kind or solute concentration, temperature and, finally, the binding to a different molecule). When these conditions change, we can expect a variation of the information exchange, promoting or depressing the macroscopic response.



At the level of a single biomolecule, the resistance spectra shown in Figure 4 and Figure 5 can be interpreted as activation spectra, i.e., they measure to what extent the presence of the target changes the aptamer response. At the level of a sample, the increasing concentration of target molecules changes the intensity of the response (in the case of TBA, the resistance becomes increasingly larger [56]). This is an effect of two different phenomena: (i) increasing the number of targets, the number of complexed biomolecules increases, and in turn, the response becomes greater; (ii) increasing the number of targets produces a variation of the environment, which in the network description, is expressed by a change of the value of RC, for both aptamer and complex. Specifically, we postulate that, for an assigned concentration of the target, the fraction of aptamer-protein complex is a function, g, of the interaction radius:


  g =  1  1 + b  x  − a      



(2)




with   x =  (   R 0  −  R C   )  /  R 0   , R0 is the value of RC corresponding to the absence of target and a,b are fitting parameters [56]. The value of RC changes with the target concentration.



Finally, the expected resistance response of the sample is given by:


   r  s a m p l e   =  [  g   ×  r  c o m p     +  (  1 − g  )  ×  r  n a t    ]   



(3)




and depends on the target concentration, i.e., on RC. The spectrum of the total impedance of the alone and complexed aptamers is then calculated and drawn in a standard Nyquist plot. In particular, in Figure 6, we report the Nyquist plot calculated by assuming g = 0 (corresponding to the absence of thrombin) and g = 0.93, which corresponds to a thrombin concentration of 1 µM [62]. In general, the shape of the calculated Nyquist plot and its variation depends on the specificity of the ligand and on its concentration [45].




4.3. Hierarchy and Assortativity as a Measure of Binding Affinity


Assortativity defines networks in which highly-/lowly-connected nodes are also bound to highly-/lowly-connected nodes. High assortativity limits information circulation in the network. In other terms, high assortativity characterizes a closed system, i.e., a system that is not able to exchange information with the environment. Instead, low assortativity describes an open system, i.e., a system that efficaciously exchanges information with the outside [51].



Hierarchy ranks node connectivity: high hierarchy means that few nodes (hubs) rule the link distribution in the network. In general, this is identified as a mark of the network’s weakness [64,65], as when removing a small number of hubs, the network becomes unstable. On the contrary, a flat structure (low hierarchy) is more stable, but also flexible and adaptable in handling changes (resilience).



By using these two paradigms, we can try to find a new perspective for interpreting the binding affinity of aptamers and, specifically, of TBA. We observed that the network analogue of the aptamer changes its assortativity from negative to positive by adding thrombin. This means that the network describing the aptamer complexed with the protein is less prone to external influences, i.e., it is more stable than the network describing the aptamer alone. Furthermore, when the free aptamer is in the presence of potassium, it has higher hierarchy and assortativity than in the presence of sodium. In other words, the aptamer in the presence of sodium is more stable than the aptamer in the presence of potassium, i.e., it has a reduced necessity to bind the protein to enforce its stability (low binding affinity). These results are summarized in Figure 7, which gives a sketch of the TBA hierarchy and assortativity scheme: on the left, negative assortativity, we find only the target-free structures, on the right, positive assortativity, we find only the complex structures [51]. The target-free structures have a higher hierarchy with respect to the complex, i.e., they are less stable.





5. Conclusions


The interest in developing biosensors is an active research area in analytical chemistry and physics, as highlighted by the amount of published papers in this field. Biosensors for the early detection of various diseases have aroused a great deal of interest, so that they play a crucial role in clinical tests, as largely discussed in the literature.



Aptamers are greatly attractive for their peculiarity to be employed in both diagnosis and therapy. This is extremely important for increasing the survival rate of cancer patients, as well as to improve the therapeutic efficiency of treatments, allowing the development of targeted therapies. Electrochemical biosensors have been proven to offer advantages such as simplicity and cost-effectiveness. Furthermore, they exhibit good sensitivity and selectivity, under optimized conditions. In many cases, a very low concentration of biological samples is sufficient for producing significant responses.



Here, we highlighted some recent achievements in selection, development criteria and applications of aptamers, focusing on the impact of electrochemical biosensors, especially for disease-related analysis.



As regards the modelling of the electrical properties of aptamers, the proteotronics approach has been described. It is a theoretical/computational model, able to mimic the electronic responses given by biomolecules solicited in vitro by static and dynamic bias. We presented cases dealing with the analysis of the affinity performance of the complex constituted by the aptamer and its specific ligand. Independently of the specific results, the emphasis has been placed on the principles of proteotronics that can be generalized to evaluate binding affinity in other aptamer-ligand complexes.



As a final remark, electrical biosensors are widely studied in research laboratories, but some critical aspects, such as toxicity and pharmacokinetics, remain to be deeply investigated, before entering clinical practices.
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Figure 1. Schematic view of the SELEX procedure. 
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Figure 2. Schematic view of a biosensor. EIS, Electrochemical Impedance Spectroscopy. 
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Figure 3. (a) The 3D structure of the TBA in the native state (Entry 148D_1 [46]) on the left, and the corresponding graph at RC = 10 Å on the right; (b) the 3D structure of the TBA-thrombin complex (Entry 4DII [46]) on the left, and the corresponding graph at RC = 10 Å on the right. 
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Figure 4. Resistance variation spectra of TBA in the presence of sodium and potassium. The resistance of the TBA-protein complex is larger than that of the TBA alone in a range of RC values close to 11 Å. In the whole range of RC values, the resistance ratio of the complex obtained in the presence of potassium is larger than those obtained in the presence of sodium. 
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Figure 5. The resistance variation spectra of five different anti-angiopoietin aptamers. Circles identify the Ang-2-specific aptamers; diamonds identify the Ang-1-specific aptamer. 
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Figure 6. A sketch of an EIS measurement. On the top, an electrode functionalized with aptamers, before and after the injection of the receptor. On the bottom, the corresponding Nyquist plots calculated for a sample of aptamers in the native state and with 93% of the TBA-thrombin complex and 7% of TBA in the native state [56]. 
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Figure 7. Hierarchy-assortativity plot of the aptamer TBA. On the left, the aptamer alone, in the native state or in the configuration it assumes when bound to the receptor, in the presence of two different cations. On the right, the couple TBA-thrombin, in the presence of both cations. 
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Table 1. Analytical characteristics of electrochemical aptasensors and the scientific innovation of the work. Alternating Current Voltammetry (ACV); Cyclic Voltammetry (CV); Electric Field (EF); Electrochemical Impedance Spectroscopy (EIS); Field Effect Transistor (FET); Square Wave Voltammetry (SWV).
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	Target
	Experimental Technique
	Innovation
	LOD
	Reference





	ATP
	EIS/switch
	UV regeneration
	1 nM
	[33]



	Tetracycline
	EIS
	MoS2-TiO2@Au arrays
	10 pM
	[34]



	Ampicillin
	ACV SWV
	Fast response; reusability for at least 3 times
	1 μM (ACV) 30 μM (SWV)
	[35]



	Papilloma virus
	CV
	Glassy carbon electrodes
	1.75 pM
	[36]



	Malaria biomarker
	EIS
	Adjustable detection range, reusability
	0.84 pM
	[37]



	Interleukin-6 cancer marker
	FET
	Nanotube arrays
	10 pg/mL
	[38]



	Cancer cells
	FET
	Whole cell detection
	1 cell/mL
	[39]



	Human osteopontin
	SWV CV
	SWV vs. CV
	1.4 nM (SWV) 4.2 nM (ACV)
	[40]



	CA125-cancer marker
	FET
	Multiwalled carbon nanotubes
	5 × 10−10 U/mL
	[41]



	Theophylline
	EIS
	Gold nanoparticle
	0.7 μM
	[42]
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Table 2. List of the principal proteotronics case studies.
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	Biomolecule
	Target/Inhibitor
	Experimental Technique
	References





	Anti-thrombin aptamer (TBA)
	Thrombin
	SPR
	[51,56]



	Bacteriorhodopsin
	Light
	Conductive atomic force spectroscopy
	[52,54,55]



	Bovine rhodopsin
	Light
	EIS
	[55]



	OR I7
	Octanal, heptanal
	EIS
	[52]



	OR 17-40
	Helional
	EIS, SPR
	[53]



	Anti-Ang2 aptamer
	Ang2
	EIS
	[57]



	Proteorhodopsin
	Light
	UV-spectroscopy
	[58]



	AChE
	Several toxins
	Potentiometric
	[59]
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