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    The 7th volume of Frontiers in Clinical Drug Research – Anti Infectives comprises five chapters that cover a variety of topics including antivirals, treatments against some gram negative and gram negative bacteria, and an overview on a few antiprotozoal drugs that target specific pathogens.




    In chapter 1, Evran et al., focus on aptamers with antiviral activity, as well as the use of aptamers in viral detection platforms. They also give an overview of aptamers developed against viruses, and discuss the major hurdles in aptamer use, as well as the strategies to improve the drug potential of aptamers.




    In chapter 2, Leowattana et al. discuss host-directed, antibiotic-adjuvant combinations and antibiotic-antibiotic combination for treating Multidrug-Resistant (MDR) gram- negative pathogens (Acinetobacter, Enterobacteriaceae, Pseudomonas,etc.).




    In chapter 3, Barbosa and Teixeira explore the current therapeutic approaches and advances in the search for alternative solutions to inhibit the opportunistic pathogen C. difficile.




    Rivera-Fernández et al. in chapter 4 of the book, review the in vitro and in vivo activities of extracts, fractions, and isolated compounds obtained from different plants against Toxoplasma gondii, the pathogen that causes toxoplasmosis. This chapter presents information on potential leads for novel therapeutic agents for this disease.




    In the last chapter of the book by Percário et al., the author describe the main Amazonian species used to treat malaria and leishmaniasis in Brazilian folk medicine, relating ethnobotanical results to chemical studies, evaluation of activities, and toxicity. Several promising compounds of plants used in traditional Amazonian medicine are described
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      Abstract




      Aptamers with target-specific binding properties have emerged as an alternative to antibodies. Nucleic acid aptamers are short single-stranded oligonucleotides that can fold into unique three-dimensional structures. Nucleic acid aptamers are selected from random libraries in vitro by using the SELEX (Systematic Evolution of Ligands by Exponential Enrichment) technology. Likewise, peptide aptamers are short peptides that can be selected in vitro by using different strategies including phage display, ribosome display, or mRNA display. Aptamers are superior to antibodies with regard to ease of production, high stability, small size, and low cost. Therefore, aptamers find broad use in different biotechnological and therapeutic applications. Among them, aptamer use in virus detection and antiviral therapy is one of the attractive applications. The present Covid-19 pandemic and life-threatening viral infections reveal the need for rapid therapeutic solutions that can efficiently target viral mechanisms. In this respect, the chapter is mainly focused on aptamers with antiviral activity, as well as the use of aptamers in viral detection platforms. First, we summarize aptamer selection technologies that can be performed in vitro. Among them, we briefly explain ribosome display, mRNA display and SELEX (Systematic Evolution of Ligands by Exponential Enrichment) technologies. Then, we review aptamers targeting viral proteins and viral invasion mechanisms. In addition, we give an overview of aptamers developed against viruses. We also discuss the major hurdles in aptamer use, as well as the strategies to improve the drug potential of aptamers.
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      1. INTRODUCTION




      Nucleic acid aptamers and peptide aptamers with antibody-like binding properties are promising therapeutic agents. Several aptamers are currently evaluated under clinical phase studies, but the majority of studies are focused on metabolic diseases. In this chapter, we aim to highlight the potential use of aptamers as novel antiviral agents, and their importance in diagnosis and monitoring viral infections.




      The first section of the chapter gives an overview of the in vitro selection methods used to identify peptide and nucleic acid aptamers. Here, only some methods developed for selection from combinatorial libraries are given. This section is divided into three sub-sections as 1.1, 1.2 and 1.3 to introduce the methods of mRNA display, ribosome display and SELEX. The SELEX section is further divided into 1.4.1 and 1.4.2 to summarize two of the SELEX methods, namely cell-SELEX and bead-based SELEX. The final sub-sections 1.5 and 1.6 explore the modification strategies to improve the stability properties of aptamers for therapeutic use.




      The second section of the chapter is devoted to aptamers used for the detection of viruses. The sub-sections 2.1-2.9 summarize the studies for diagnosis of Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), Human Immunodeficiency Virus (HIV), Influenza, Arboviruses, SARS virus, Ebola Virus, SARS-CoV-2, and Human Papilloma Virus (HPV).




      The third section of the chapter is devoted to the aptamers targeting viral proteins. Aptamers developed against several proteins of HIV, HCV, HBV, SARS, and Influenza are summarized under the sections 3.1-3.5.




      

        



        1.1. The in vitro Selection Methods for Peptide and Nucleic Acid Aptamers




        Directed evolution is a powerful tool to develop proteins with superior function and binding properties [1]. One critical step of directed evolution is the screening or selection of improved variants from a large library [2]. Advances in molecular techniques have allowed the design of highly diverse libraries of nucleic acids, peptides and antibodies [3]. To meet the demand for working with large libraries, protein display technologies have been developed for the selection, isolation and identification of proteins with the desired properties [4,5]. Display techniques are basically divided into two groups: (i) cell-free and (ii) cell-based. Cell-based approaches such as bacterial display, yeast display, mammalian cell display and phage display have some limitations regarding the efficiency of recovery and library diversity [6]. Although phage display has been widely used to select proteins and peptides with improved binding properties [7], cell-free display methods have emerged as an alternative to overcome the limitations associated with living cells [8].




        Ribosome display and mRNA display are cell-free methods, which rely on in vitro transcription and translation of the newly formed peptide along with its encoding mRNA. Thereby, ribosome display and mRNA display can establish a direct link between phenotype and genotype. In vitro display and selection approach consists of 3 steps: (i) designing the initial library, (ii) performing repetitive rounds to obtain the desired characteristics, (iii) screening and characterizing the selected variants [9]. Engineered antibodies, proteins, as well as peptides for various applications in diagnostics and therapeutics have been identified by in vitro selection methods [10]. Ribosome display and mRNA display enable identification of high-affinity proteins or peptide aptamers [11,12], whereas SELEX (Systematic Evolution of Ligands by Exponential enrichment) method allows in vitro nucleic acid aptamer selection. As shown in Table 1, those in vitro methods allow working with libraries of large size. Cell-based approaches are limited by cell growth and replication [13]. In contrast, in vitro selection methods allow precise control of many parameters like pH, temperature, buffer conditions, and ionic strength [14]. Auxiliary components including the binding target and reaction substrates can be easily added to the selection medium, thereby eliminating the toxic effect problem that may be encountered in cell-based display methods [15].




        

          Table 1 Library size of in vitro selection methods.




          

            

              

                	In vitro method



                	Size of library



                	References

              


            



            

              

                	SELEX



                	1014-1015




                	[16]

              




              

                	mRNA display



                	1012-1013




                	[14]

              




              

                	Ribosome display



                	1013-1014




                	[17]

              


            

          




        


      




      

        



        1.2. MRNA Display




        mRNA display is based on the formation of a covalent link between the target peptide/protein and the mRNA encoding it. For this aim, 3' end of mRNA is modified with puromycin, an antibiotic molecule that acts like an aminoacylated tRNA. Upon translation of the modified mRNA, puromycin enters the A region of the ribosome and forms a peptide bond with the C-terminal of the polypeptide. In this way, the puromycin-modified mRNA is covalently linked to the peptide [18]. This generates a stable link between genotype and phenotype. In addition, this stable covalent bond allows selection under stringent conditions. In mRNA display method, all steps including protein expression are performed in vitro (Fig. 1) [19]. Cell-free translation is generally performed using eukaryotic cell lysates obtained from wheat germ or rabbit, which offer a wider post-translational modification repertoire compared to bacterial in vivo expression systems. For a tighter control of protein expression conditions, the PURE (protein synthesis using recombinant elements) translation system can also be used [20]. This system consists of purified components such as tRNA, ribosome, amino acids, release factors and aminoacyl tRNA synthetases required for E. coli translation [21].




        
[image: ]


Fig. (1))


        Schematic representation of mRNA display.



        mRNA display has several advantages over many in vivo and in vitro methods [22]. The covalent link between genotype and phenotype has a twofold benefit. Recovery of variants becomes easier, and harsh selection conditions that are not possible for many in vivo methods can be applied. Harsh conditions enable the development of proteins resistant to extreme pH, high temperature and high salt concentrations, which is particularly useful for enzyme engineering [23]. mRNA display has proven to be a powerful tool for peptide design, in vitro protein selection, studying molecular interactions, drug design, and protein engineering [24-27]. The developed ligands attract attention due to their superior properties and very high (nanomolar to picomolar) affinities [28].


      




      

        



        1.3. Ribosome Display




        Ribosome display has been developed as an alternative method to screen target-binding proteins/peptides against a variety of target molecules [29-30]. Ribo-some display is an approach in which genotype and phenotype are combined through the formation of a stable triple mRNA ribosome-protein complex [31]. It enables the enrichment of high-affinity variants with the desired property from a large library through repetitive cycles of affinity-based selection and PCR amplification [32]. In this approach, transcription, translation and selection are carried out cell-free in vitro [18].




        
[image: ]


Fig. (2))


        Schematic representation of ribosome display.



        Ribosome display basically consists of those steps; (i) preparation of DNA library, (ii) in vitro transcription and translation, (iii) selection and recovery of mRNA, (iv) reverse transcription and PCR step for the next round of selection. Formation of the non-covalent polypeptide-ribosome-mRNA complex is the most critical issue in this approach. The absence of a stop codon in mRNA ensures that the newly synthesized peptide and the mRNA encoding it remain attached to the ribosome Fig. (2) [32]. On the other hand, ribosome display suffers from nuclease-hypersensitive mRNA and low stability of the triple complex. Here, the PURE (protein synthesis using recombinant elements) system offers a solution




        so that the rate of mRNA recovery increases and more stable ternary complexes are produced [33].




        Ribosome display is a powerful approach for high-efficiency selection of peptides and proteins. Compared to phage display, ribosome display offers a faster scanning and more efficient selection [34]. The cell-free ribosome display has been used successfully for in vitro selection of specific binders for more than 20 years [35]. Ribosome display is performed not only to increase the binding affinity but also the stability of proteins. For this aim, redox potential is changed by addition of dithiothreitol (DTT) during the ribosome complex generation step. Thus, correct folding of the antibodies is ensured [36]. Single-chain antibody fragments against viruses, bacteria, drugs, hormones, proteins and pesticides have been developed by using the ribosome display method [37]. This approach can also be combined with high-throughput microarray methods to add a new dimension to protein-protein interaction analysis [38]. Simultaneous scanning can be performed for various massive peptides [39]. Ribosome display has proven a useful tool in different research areas, such as diagnosis and treatment of cancer infectious diseases, autoimmune and metabolic diseases, allergic disorders, and drug design [40-46].


      




      

        



        1.4. SELEX (Systematic Evolution of Ligands by Exponential Enrichment) for Nucleic Acid Aptamers




        Nucleic acid aptamers are single-stranded DNA or RNA sequences that can bind to their targets due to their folded structure, which is specified by their sequences. Aptamers bind to the target molecule through hydrogen bonding, stacking of aromatic rings, van der Waals interactions, salt bridges, and electrostatic interactions [47]. The term aptamer is derived from the Latin words 'aptus' - 'fit' and 'merus' - 'particle' [48]. Aptamers are selected by in vitro selection - Systematic Evolution of Ligands by Exponential Enrichment SELEX [49,50]. SELEX process consists of incubation, elution and amplification steps (Fig. 3). DNA or RNA libraries containing ~1014-1015 different oligonucleotides are first incubated with the target molecule. Then, sequences that show no or less affinity to the target are removed from the SELEX medium by using different approaches. The sequences bound to the target are amplified and used in the next round. After the SELEX is completed, cloning and characterization steps are performed [51].
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Fig. (3))


        Schematic representation of SELEX.



        As summarized in Table 2, aptamers have several advantages over antibodies in terms of chemical synthesis, high stability, high affinity and possibility of post-SELEX modification [52,53]. The molecular weight of the aptamers ranges from 10 to 30 kDa. With these properties, they are smaller molecules than antibodies [54]. Compared to antibodies, aptamers are highly advantageous due to low immunogenicity and cost. These properties highlight the aptamers as potential next-generation therapeutics [55,56]. Aptamers bind to a wide range of molecules, such as peptides, proteins, viruses, cells, tissues, nucleotides, antibiotics, toxins, and metal ions with high affinity and specificity [57,58]. Aptamers have been actively used in a variety of biomedical applications including molecular imaging, treatment and diagnosis of diseases, detection of biomarkers, and targeted drug delivery [59-67]. In addition, aptamers can be used in chromatography [68], Western-blot [69], surface plasmon resonance (SPR) [70], biosensors and micro-arrays [71]. Since the first introduction of SELEX technology, several protocols including bead-based SELEX, microarray-based SELEX, capture-SELEX, capillary electrophoresis SELEX, microfluidic SELEX, in silico SELEX, in vivo SELEX, and cell-SELEX have been proposed [16,72].




        

          Table 2 Comparison of aptamers and antibodies




          

            

              

                	Feature



                	Aptamers



                	Antibodies

              


            



            

              

                	Size



                	6- 30 kDa



                	150- 180 kDa

              




              

                	Manufacture



                	
in vitro


                SELEX method


                Chemical synthesis


                2-8 weeks



                	
in vivo


                Biological system


                6 months

              




              

                	
Stability


                Temperature




                	Long shelf-life, very stable


                Highly resistant (up to 95° C)



                	limited shelf-life


                Highly susceptible

              




              

                	Modification



                	Convenient



                	Restricted

              




              

                	Batch to batch variation



                	Low



                	Significant

              




              

                	Potential Targets



                	Wide range: small molecules to large molecules, ions, toxins, viral particles



                	immunogenic molecules

              


            

          




        




        

          



          1.4.1. Cell-SELEX




          Unlike conventional methods based on known targets, cell-SELEX does not require prior knowledge about the target protein. In the classical approach, target protein is obtained from living cells by overexpression and purification. However, these processes are costly and time-consuming. In addition, purified proteins may be less stable than their natural forms. Possible conformational differences in the target protein can adversely affect aptamer selection [73]. In cell-SELEX, target protein in the living cell preserves its natural conformation. Thus, the selected aptamers can recognize their target in its natural conformation. Cell-SELEX can be applied against virtually any cell line, parasite, virus and bacteria [74]. Since target molecules are in their active and natural form in the cell, the selected aptamers can be used directly for cellular imaging, diagnosis and therapy [75]. Cell-SELEX enables development of high affinity aptamers against specific molecules in the target cell. These aptamers are capable of separating target cells from other cells, which could be useful for cell profiling, cell capture, cell and tissue imaging, cell detection, drug delivery, diagnosis and treatment [76,77].




          Although cell-SELEX consists of similar incubation, elution and amplification steps, it requires more cycles and longer time compared to the classical approach [78]. Up to 35 rounds may be required to obtain high affinity sequences. In addition, any damage to target cell can affect selection results [79]. Cell number, initial library design, separation method, the number of selection rounds and temperature are the critical factors. The interference of dead cells is one important problem in cell-SELEX. Non-specific binding of aptamer library to dead cells adversely affects aptamer selection. In order to avoid this problem and remove dead cells from the environment, fluorescence activated cell sorter (FACS) and microbead-based methods have been developed [80,81]. Another critical factor is temperature. Cell-SELEX is usually carried out at 4°C, but binding characteristics of aptamers may differ at the physiological temperature [82].


        




        

          



          1.4.2. Bead-Based SELEX




          One of the commonly used strategies in SELEX is immobilizing the target molecule on a solid support material of sepharose, agarose or sephadex. After the protein-bound beads are incubated with initial library, aptamer-target protein complex can be easily separated [83,84]. Bead-based SELEX is advantageous in many ways. It can be easily adapted to different targets such as peptides, proteins and small molecules. Aptamer selection is much faster and more practical than conventional SELEX methods. Selection conditions can be changed easily [85].


        


      




      

        



        1.5. Post-SELEX Modifications




        Despite the great potential of aptamers as therapeutics, attack by nucleases and renal filtration can limit their use. Post-SELEX modification to increase stability and affinity of aptamers is a critical stage to avoid these possible risks. As one of the post-SELEX strategies, truncation allows removing nucleotides that are not involved in target binding, which may result in enhanced affinity [86-88].




        Aptamers can be chemically modified to impart nuclease stability. Sugar rings, bases, and linkages are the best candidates for different modifications [89]. Modification of oligonucleotides according to their mirror image (Spiegelmers) is a straightforward approach. Usually, nucleases recognize the D-form (native) but not the L-form. L-aptamers can bind their targets with high specificity like D-aptamers, but do not activate the immune system. Epitope-selective Spiegelmers developed against troponin complex subunits [90] and L-aptamer targeting D-vasopressin [91] are among the successful examples. In addition, 2'-Amino modification [92,93] and 2'-Fluoro modification are common post-SELEX strategies [94,95]. It has been shown that non-specific interaction tendencies of aptamers for human neutrophil elastase can be reduced by 2′-F purine modification [94]. This study shows that 2'-modifications provide more than increasing thermal stability and nuclease resistance. Similarly, 2'-O-CH3 modification has been shown to improve several properties, such as nuclease resistance and thermal stability [96,97]. As another post-SELEX strategy, locked nucleic acid (LNA) modifications can also be introduced into aptamers. In a study targeting the trans-activating responsive (TAR) element of HIV-1 genome, 2′-O-methyl aptamer containing two LNA residues in the loop has been shown to inhibit TAR-dependent transcription [98]. 3' or 5'-end-capping of aptamers with biotin, streptavidin, cholesterol, PEG, proteins, amine, and phosphate are other modifications for biosensor and therapeutic applications [99,100].




        Most aptamers in clinical trials contain a thiophosphate backbone, which is responsible for reduced thermal stability. Besides, aptamers with thiophosphate substitutions may show more nonspecific interactions than unmodified aptamers [101,102]. Phosphodiester bonds can be replaced with methylphosphonate or phosphorothioate linkage [103]. As shown for α thrombin-PS2 RNA aptamer with phosphorodiothionate (PS2) linkages, the binding affinity can be increased dramatically (from nanomolar to picomolar range) [104].




        SOMAmers (Slow off-rate modified aptamers) have become popular due to their superior affinity and kinetic properties, as well as nuclease resistance [105]. In a very recent study, SOMAmers have been used for proteomic screening [106]. SOMAmers have also been utilized successfully for isolation of cells from the complex medium [107]. Such studies reveal the high potential of SOMAmers for extraction and detection of viral factors and viruses from real human samples.


      




      

        



        1.6. Modification of Peptide Aptamers for Therapeutic Applications




        Low stability of peptide aptamers is one of the most important problems in therapeutic applications. As a result of protease degradation, the half-life may decrease to minutes. Peptide aptamers, like nucleic acid aptamers, can acquire many different improved properties with modifications [108]. Modification of the peptide backbone by different strategies, such as cyclization, mirror image transformation, retro-inversion, and peptidomimetics usage is a useful approach to increase peptide stability [109,110]. It has been suggested that the peptide synthesized in the reverse order of the natural peptide would have a side chain structure and target binding affinity similar to the parent peptide and impart resistance to proteases. This strategy has been successfully used for Prosaptide peptides to improve bioactivity [111,112]. In addition to these modifications, conjugating peptide aptamers with functional proteins is also useful. For this aim, it is possible to design genetic fusion proteins and make different modifications according to the purpose.


      


    




    

      



      2. Aptamers in Viral Diagnosis




      Viruses are agents that multiply in living cells of host organisms and cause infection. When viruses enter the cell, they can stay in the dormant phase for a long time or they can start the infection immediately. There are several severe diseases that are caused by viruses such as Covid-19, SARS MERS, Spanish flu, hepatitis, cervical cancer, influenza, and human immunodeficiency virus (HIV). Today, the new type of coronavirus is still a major health threat. Rapid spread of Covid-19 in a short time around the world, reveals the urgent need for fast, cheap and sensitive viral diagnostic platforms. Detection methods for diagnosis of viral infections can be generally divided as gene-based or antibody-based approaches. Gene-based methods rely on polymerase chain reaction (PCR), including real-time PCR, LAMP (loop mediated isothermal amplification-based assay), NASBA (nucleic acid sequencing-based amplification). Antibody-based approaches are used to detect viral proteins and host antibodies [113]. As summarized in (Table 3), each approach has some advantages and disadvantages.




      

        Table 3 Advantages and disadvantages of methods for viral infection diagnosis.




        

          

            

              	Method



              	Target



              	Pros



              	Cons



              	Ref.

            


          



          

            

              	PCR based methods



              	Nucleic acid



              	Low detection limit


              Sensitive



              	Specialized equipments, need experts, time- consuming, contamination, false positive



              	[114]

            




            

              	Antibody based methods



              	IgG, IgM



              	Rapid, cheap, no need experts, portable



              	Post-infection, not specific



              	[115]

            




            

              	Viral culture



              	Virus



              	Specific



              	Time-consuming (6-10 days), low sensitivity, safety



              	[116]

            




            

              	Antigen Tests



              	Viral antigen



              	Portable, point-of-care, sensitive, early detection is possible



              	Sensitivity changes with commercial assay



              	[115]

            


          

        




      




      In general, current diagnostic tools are highly expensive and time-consuming. For that reason, aptamers with superior properties have great potential to be used in diagnostic tools. Aptamers can chemically synthesized and easily modified with biotin, polyethylene glycol (PEG) or fluorescent dyes. Moreover, unlike antibodies, they do not show batch-to-batch variations.




      

        



        2.1. Aptamers in Diagnosis of Hepatitis B Virus (HBV)




        HBV, a member of Hepadnaviridae family is a partially double-stranded DNA virus. HBV genome is composed of ~3200 base pairs. Hepatitis B virus surface antigen (HBsAg) is the most studied and used antigen in diagnosis of HBV in blood samples [117]. HBsAg is the first virological marker to appear in blood circulation [118]. Recombinant HBsAg is used to induce neutralizing antibodies for vaccination [119]. Despite the effective vaccination, HBV is still the cause of deaths [119]. In hospitals, enzyme-linked immunosorbent assay (ELISA) kits are commonly used to detect HBsAg. Conventional methods detect HBsAg 6-8 weeks after the infection [118]. Therefore, new sensitive and fast methods are urgently needed for detection of HBV. Xi et al. [118] obtained three aptamers against HBsAg by using SELEX. The selected aptamers were immobilized onto the carboxylated magnetic nanoparticles to develop a chemiluminescence aptasensor platform. Detection limit of the aptasensor was found 0.1 ng/mL in serum samples, which was five times lower than the limit of enzyme-linked immunosorbent assay (ELISA). Additionally, the authors tested the serum samples from hepatitis A and hepatitis C patients, as well as a mixed sample of hepatitis A, B and C to evaluate the specificity of selected aptamer. The authors found that hepatitis A and C did not interfere with the detection. Mohsin et al. [120] developed a highly sensitive electrochemical aptasensor to detect HBsAg. They used the previously developed aptamer [118] and increased the detection limit to 0.0014 fg/mL by using the carbon electrode modified with gold nanoparticles [120]. Also, the aptasensor allowed detection of HBsAg in the range of 0.5-2.0 fg/mL with good recovery in real human serum samples. The selectivity of aptasensor was tested with prostate-specific antigen, vitamin C, glucose and fetal bovine serum.




        The e antigen of hepatitis B (HBeAg) is released during hepatitis B virus replication. For that reason, HBeAg is a good marker of chronic infection and related with the risk of developing liver cancer and cirrhosis [121]. Although some treatment options are available, they can only suppress the replication of virus [119]. Therefore, monitoring the levels of HBeAg in serum has crucial importance to follow the success of therapy. Considering the increase in number of chronic HBV patients, there is a great demand for cheap, fast and sensitive detection methods for HBeAg. In order to detect HBeAg in serum samples, Liu et al. [121] developed a sandwich assay based on reporter and capture DNA aptamers. For this aim, the authors modified the previously developed aptamers [122]. The reporter aptamer was truncated to 40-mer from original 80-mer and modified with a G-quadruplex and two loops, which yielded a Kd value of 0.4 nM. Similar truncation and modification studies were performed on the capture aptamer, which displayed a Kd value of 1.2 nM. The sandwich assay achieved detection of HBeAg in the range of 0.1−60 ng/mL in real HBV serum samples.


      




      

        



        2.2. Aptamers in Diagnosis of Hepatitis C Virus (HCV)




        HCV belongs to the family of Flaviviridae. It is small, positive-sense single-stranded, enveloped RNA virus, which is known to cause acute liver disease. HCV contains a small genome of 9600 base pairs. With early diagnosis, the success of anti-HCV treatment can reach up to 98% [123].




        Serological tests based on anti-HCV antibodies and molecular tests based on detection of HCV RNA are commonly used. However, these are expensive techniques that need special facilities and experts. In addition, these tests are not appropriate for patients with suppressed immune system and they can not identify HCV in the early phase. ELISA assays can achieve a detection limit of 10-14 M [124]. Aptamer-based biosensor platforms are promising for early HCV diagnosis. As summarized in Table 4, DNA or RNA aptamers were developed against different antigens.




        

          Table 4 Summary of DNA and RNA aptamer which can be used in diagnosis of HCV.




          

            

              

                	Aptamer



                	Target



                	Reference

              


            



            

              

                	RNA



                	HCV core antigen



                	[125]

              




              

                	DNA



                	HCV core antigen



                	[127]

              




              

                	DNA (Bz-Du modified)



                	E2



                	[128]

              




              

                	DNA



                	Envelope Glycoprotein E2



                	[129]

              




              

                	RNA



                	HCV helicase



                	[130]

              


            

          




        




        In aptasensor studies, HCVcoreAg with a conserved protein structure was targeted because of the link between HCVcoreAg concentration and viral RNA [125-128]. The first aptamers to recognize HCV antigen in serum samples were developed by Lee et al. [125]. RNA aptamers were selected after nine SELEX rounds. The aptamers showed high affinity to HCV core antigen, but not to NS5 antigen. Due to their smaller size, aptamers can overcome the problems encountered in design of antibody-based nanowire sensors [123]. By taking this advantage, Malsagova et al. [123] reported a novel nanowire aptamer-sensitized biosensor to detect HCVcoreAg in serum samples. The authors used the previously developed DNA aptamer against HCVcoreAg [127]. They designed an aptasensor with a detection limit of 10-15 M capable of working in acidic and neutral buffer. Also, the aptasensor showed good reproducibility in real serum sample




        Core protein is found in both infectious and non-infectious phases of HCV, but E2 protein is generally related with the infectious dose of HCV [128]. For that reason detection of E2 is valuable for diagnosis. Park et al. [128] performed SELEX by using 5-benzylaminocarbonyl-dUridine (Bz-dU) instead of thymine and obtained four aptamers with Kd values ranging between 0.8–4 nM. Then, the authors developed an Enzyme Linked Aptasorbent Assay (ELASA) to detect HCV E2 protein. The assay was based on using two aptamers for capture and detection purposes.


      




      

        



        2.3. Aptamers in Diagnosis of Human Immunodeficiency Virus (HIV)




        HIV is a member of lentivirus and a part of the retrovirus subgroup [131]. HIV affects the immune system by damaging CD4+ T cells and causes acquired immune deficiency syndrome (AIDS). Antiretroviral drugs are useful to prolong the life of patients with HIV but they cannot eliminate the HIV viruses from the body. HIV enters into cells through interaction between viral surface protein gp120 and host CD4 [132]. Enzyme-linked immunosorbent assay (ELISA) and real-time PCR are used to detect HIV infection in clinical samples. Combination of antigen/antibody immunoassays usually detects the HIV-1 and HIV-2 antibodies and p24 antigen of HIV-1 [132]. The detection range of commercial ELISA assays is 0.2–10 pg/mL for HIV-gp24 glycoprotein capsid antigen [133].




        The vast majority of aptamer studies were focused on the therapeutic use of aptamers. Some studies showed that the obtained aptamers can also be used as diagnostic tools. Generally, aptamers were developed to recognize the viral transactivator (Tat), Rev and gp120 proteins [61]. Tat and Rev proteins are vital for viral replication [134]. Since Tat protein is an early sign of HIV exposure, it is useful for early detection of HIV, as well as it is a target for antiretrovirals [61]. Çağlayan and Üstündağ [133] developed a surface plasmon resonance enhanced total internal reflection ellipsometry (SPReTIRE) technique to detect Tat protein. The authors used 5 different antiTAT aptamers to detect TAT in the range of 1 nM −500 nM. Tombelli et al. [135] developed aptamer-based surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) biosensors to detect Tat protein. High selectivity and sensitivity were obtained for both aptamer-based sensor platforms. The linear range of TAT protein was 0–1.25 and 0–2.5 ppm for QCM and SPR, respectively. Yamamoto et al. [136] obtained aptamer-derived oligomers against Tat protein. They designed the new aptamer by splitting two oligomers of RNATat. One of them had a hairpin structure labeled with 5ʹ-fuorophore and 3ʹ-quencher. The other oligomer was nonstructured. The assay was based on the fluorescence signal in the presence of Tat. Fatin et al. [131] developed a split RNA aptamer-based method to detect Tat by using unmodified gold nanoparticle (GNP)-based colorimetric assay, which yielded a detection limit of 10 nM.




        CD4 receptor is the primary receptor for HIV [61]. Monoclonal antibodies are used for blocking HIV entry to the cells [137]. Kenneth et al. [138] developed a RNA aptamer against recombinant CD4, and then the fluorophore labeled aptamers were used for the flow cytometry analysis.


      




      

        



        2.4. Aptamers in Diagnosis of Influenza




        Influenza is the most common infectious disease in worldwide. World Health Organization (WHO) estimates that nearly 1 billion people get influenza annually and it causes approximately 300,000-500,000 deaths. Influenza viruses belong to Orthomyxoviridae family, and their genome is negative sense single-strand segmented enveloped RNA. There are four types of influenza viruses, namely A, B, C and D. Influenza A and B are the main cause of human respiratory disease. A and B types have eight RNA segments, while B and C have seven RNA segments [113]. Haemagglutinin (HA) and neuraminidase (NA) are viral proteins that show high antigenic variety. Because of this property fast diagnostic tools could be developed for detection of influenza. As shown in Table 5, nucleic acids aptamers hold great promise as biorecognition elements.




        

          Table 5 Nucleic acid aptamers with potential use in diagnosis of Influenza.




          

            

              

                	Target



                	Aptamer



                	KD



                	Reference

              


            



            

              

                	Mini HA 4900 and H1N1 virus



                	ssDNA



                	19.2 nM



                	[147]

              




              

                	Recombinant HA (H5N1 and H7N7)



                	RNA



                	170 pM



                	[148]

              




              

                	Whole HA (H3N2)



                	RNA



                	188 pM



                	[149]

              




              

                	Whole HA (H1N1)



                	RNA



                	67 fM



                	[150]

              




              

                	Recombinant HA (H5N1)



                	ssDNA



                	4.65 nM



                	[151]

              




              

                	HA proteins (H1N1, H5N1, H3N2)



                	ssDNA



                	15.3 nM



                	[141]

              




              

                	Whole H5NX (H5N1, H5N8, H5N2)



                	ssDNA



                	8x104 to


                1x104 EID50/mL



                	[152]

              




              

                	Whole H1N1



                	ssDNA



                	55.14 ± 22.40 nM



                	[153]

              




              

                	Whole H5N2



                	ssDNA



                	6.913 × 105 EID50/mL to to 1.27 × 106 EID50/mL



                	[154]

              


            

          




        




        Kukushkin et al [139] reported a sandwich surface-enhanced raman scattering (SERS) assay against hemagglutinin by using the previously developed DNA aptamer RHA0385 capable of recognizing the H1N1, H3N2, and H5N1 strains of influenza [140]. Detection limit of aptamer-based SERS assay was 104 virus particles per sample. This assay was found much more sensitive and faster than conventional methods. Bai et al. [141] developed an electrochemical impedance spectroscopy (EIS) aptasensor platform for diagnosis of H1N1, a subgroup of influenza B. They developed aptamers against the inactivated form of H1N1 to reduce infection risk during the experiments. The EIS aptasensor demonstrated high selectivity and sensivity to H1N1 with a limit of detection value (LOD) of 0.9 pg/ mL. Moreover, the aptasensor showed selectivity towards inactivated H1N1.




        In another study, DNA aptamer with a Kd value of 77.6 ± 5.6 nM was selected against the nucleoprotein of influenza [142]. In this study, a new strategy was used and aptamer pool was incubated with antigen-antibody complex to eliminate the sequences binding to the antigen- antibody binding site.




        Avian influenza (AI) is a major threat for poultry industry. There are also some reported infections in humans. Avian influenza subgroups such as H5 and H7 are of concern because of their potential mutation and transmission to humans [143]. Currently, culturing, detection of viral RNA and antigen tests are used for the detection. However, these methods are highly time-consuming. The two aptamers with potential use in point-of-care detection systems were found highly specific to H5N. Kwon et al. [144] reported a field-effect transistor (FET) label-free assay by using the aptamer against hemagglutinin (HA) protein. Detection limit of the aptamer-based assay was found 5.9 pM.




        Chen et al. [145] developed a surface-enhanced raman scattering (SERS) aptasensor to detect influenza A/H1N1 virus. Detection limit of the assay was calculated as 97 PFU mL− 1 and detection time was approximately 20 min. The test was not affected by bovine serum albumin (BSA), mucin and serum.




        Kang et al. [146] brought a different perceptive to detect influenza A or B virus. In order to amplify the signal, the authors built a sandwich DNA aptamer by using streptavidin-fused replication protein A conjugated with biotin-horseradish peroxidase. The assay was successfully used samples from patients.


      




      

        



        2.5. Aptamers in Diagnosis of Arboviruses




        Arboviruses or Arthropod-borne viruses cause disease in humans. Bunyaviridae, Flaviviridae, and Togaviridae families of arboviruses share similar transmission pathway [155]. Arboviruses circulate in wild animals, then transmit to the arthropods, such as tick and mosquitoes. Humans become infected by bite of virus-carrying insects. Arboviruses include many viruses such as Dengue (DENV), chikungunya (CHIKV), West Nile virus (WNV), Yellow Fever, Rift Valley fever, Thick Borne encephalitis virus (TBEV), Zika virus and Crimean-Congo hemorrhagic fever (CCHF).




        Dengue virus, zika and yellow fever belong to Flaviviridae family [156]. DENV infects 390 million people annually [157] Aedes aegypti is the principal mosquito vector of DENV [158]. Basso et al. [157] developed aptamer-conjugated hybrid nanoparticles to detect four types of Dengue virus. The conjugated aptamer did not bind to the yellow fever and zika virus.




        Lee and Zheng [159] developed a sandwich ELISA method to detect NS1 protein of zika virus. Two aptamers (aptamer 2 and aptamer 10) with the highest affinity to NS1 were selected after 7 rounds. The authors tried aptamer 2/aptamer 10 and aptamer 2/antibody combinations to detect NS1. In both combinations, Aptamer 2 (truncated 41-mer, KD= 45 pM) was used to capture the target protein and antibody was used to detect NS1. In the second assay, aptamer 10 was biotinylated at its 5ʹ end and combination of aptamer 2/aptamer 10 achieved detection of NS1 in the range of 100 ng/mL-1 μg/mL. However, aptamer/ antibody combination was found more successful with a detection range of 0.1−1 ng/mL in buffer, 1−10 ng/mL in 10% human serum and >10 ng/mL in 100% human serum. In another study, Alves et al. [160] reported DNA aptamers against ZIKV NS5 protein. Bruno et al. [171] developed DNA aptamers against different virus proteins and viral particles (Table 6).




        

          Table 6 Viral particles which were targeted by Bruno et al. [155].




          

            

              

                	Virus



                	Target

              


            



            

              

                	CCHF



                	Altamura Gn 611


                11E7a, 11E7b, 11E7c

              




              

                	Chikungunya



                	E1a Peptide

              




              

                	Dengue Type 1,2,3,4



                	Recombinant E antigen

              




              

                	TBEV



                	CE/gE

              




              

                	WNV



                	E protein

              


            

          




        




        Rift Valley fever virus is a mosquito borne virus and has negative single-strand enveloped RNA genome. It causes hepatitis, hemorrhagic fever and in humans [161]. In the study of Ellenbecker et al. [161] RNA aptamers against the nucleocapsid protein of Rift Valley fever virus (RVFV) were developed. Kondratov et al. [162] obtained DNA aptamers after 15 SELEX rounds for the surface protein of TBEV virus. Saraf et al. [163] reported a microfluidic detection system based on aptamers. Two aptamers for CHIKV E1 and ZIKV envelope proteins were used for capture and detection. The assay successfully detected the CHIKC and ZIKV among other arboviruses in PBS and 10% diluted defibrinated calf blood, with detection limits as low as 1 pM and 10 pM, respectively.


      




      

        



        2.6. Aptamers in Diagnosis of SARS Virus




        Severe acute respiratory syndrome (SARS) was responsible of nearly 800 deaths during SARS outbreak between 2002 and 2003 [164]. SARS coronavirus is positive single-stranded RNA virus. Nucleocapsid (N) protein of SARS is a diagnostic marker. In addition to molecular methods, ELISA can be used to detect antibodies against N protein, but this method is not suitable for early detection because antibody production takes 2-3 weeks after infection [165]. To overcome this problem, Ahn et al. [165] developed high-affinity RNA aptamers against N protein. In addition, the authors verified the interaction between RNA aptamer and N protein by using electrophoretic mobility shift assay (EMSA). Furthermore, they used this aptamer to capture N protein in a nanoarray chip and achieved a detection limit of as low as 2 pm/mL (42 fM). In another study, DNA aptamer with a dissociation constant of 4.93± 0.30 nM was developed to recognize N protein [166].


      




      

        



        2.7. Aptamers in Diagnosis of Ebola Virus




        Ebola virus is a highly pathogenic virus that belongs to Filoviridae family [167]. Early detection of Ebola is essential to control the infection. Until now, there are six types of known ebolaviruses, with four of them causing severe or deadly hemorrhagic fever in humans [132]. Zhan et al. [167] developed highly specific DNA aptamers for GP and NP proteins with dissociation constants of 4.1 ± 0.9 and 8.1 ± 2.4 nM, respectively. The selected aptamer for GP achieved a detection limit of 4.2 ng/mL.


      




      

        



        2.8. Aptamer in Diagnosis of SARS-COV-2




        Coronaviruses are single-stranded RNA viruses from Coronaviridae family. In December 2019, the new type of coronavirus caused a global pandemic. The pandemic reveals the importance of fast and sensitive methods for detection of SARS-CoV-2 (Table 7). Currently, the most common method is reverse transcription polymerase chain reaction (RT-PCR). However, nasal swab samples may not contain sufficient genetic material for the analysis. In addition, RT-PCR is time-consuming and can sometimes give false-negative results. For that reason, computed tomography (CT) scans are combined with RT-PCR for diagnosis of SARS-CoV-2. In addition to CT and RT-PCR, antibody tests are also used to detect SARS-CoV-2, but they are not effective for early detection of infection because production of IgM and IgG takes time [168].




        

          Table 7 Detection methods for SARS-CoV-2.




          

            

              

                	Method



                	Target



                	Advantages



                	Disadvantages



                	Ref.

              


            



            

              

                	Real time RT-PCR



                	Viral RNA



                	Early detection,


                Thousands of samples in one day,


                Sensitivity 95%



                	Cross reactivity


                with other species



                	[169]

              




              

                	
RT-LAMP


                Colorimetric LAMP




                	ORF1ab gene and S gene,


                Conserved region for nucleocapsid protein,


                Viral RNA among RdRp gene


                SARS-CoV-2 RNA



                	Fast


                Rapid diagnosis


                Medium cost



                	Requires validation


                Accuracy need


                to be determined



                	[170-174]

              




              

                	CRISPR/Cas13a



                	Viral RNA



                	Rapid, low cost



                	Validation



                	[175]

              




              

                	Enzyme immunoassay (EIA)



                	SARS-CoV-2 specific antibodies, antigens



                	Information about infection status and SARS-CoV-2 exposure



                	Time-consuming, antigen detection is less accurate than RT-PCR



                	[176]

              




              

                	Rapid tests for SARS-CoV-2



                	Antibodies/antigens



                	Rapid (15 min)



                	Low accuracy



                	[177]

              




              

                	Serum virus neutralization assay (svn)



                	Antibodies



                	High accuracy



                	Long analysis time, high cost



                	[170]

              


            

          




        




        In 2003, during the SARS outbreak, nucleocapsid (N) protein was shown to be significantly important as a diagnostic biomarker [178]. In the early days of infection, detection of N protein is more sensitive (90% positive) compared to detection of antibodies (21.4%) and viral genome (42.9%) [179]. Another important advantage of N protein is it can be detected in urine, fecal and nasopharyngeal aspirate [180]. Furthermore, N protein is one of the most abundant proteins in SARS-CoV-2. Other valuable feature of N protein is that it has low similarity between other human coronaviruses except SARS-CoV, eliminating false-positive results. N proteins from SARS-CoV and SARS-CoV-2 share 91% sequence homology [181]. Cho et al. [166] developed DNA aptamer against N protein of SARS coronavirus. Then, the aptamer was modified to generate three different variants, which showed similar affinity to N protein of SARS-CoV-2 and a detection limit of 10 ng/mL was achieved [181].




        Zhang et al. [168] developed DNA aptamers against N protein of SARS-CoV-2 after 5 selection rounds. During SELEX, they added serum to the selection buffer to improve specificity of aptamers. The initial sequence length of aptamers was 76mer. Aptamer Np-A48 was truncated and showed the best binding affinity with a Kd value of 0.49 nM. All four aptamers recognized Np with high affinity, and their affinity was below 5 nM. The aptamers were used in gold nanoparticle immunochromatographic strip (GIS) and ELISA to detect N protein in serum and urine. The authors showed that aptamer- antibody combination gave the best result.
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