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Abstract

:

In this review, the unique properties of intrinsically conducting polymer (ICP) in biomedical engineering fields are summarized. Polythiophene and its valuable derivatives are known as potent materials that can broadly be applied in biosensors, DNA, and gene delivery applications. Moreover, this material plays a basic role in curing and promoting anti-HIV drugs. Some of the thiophene’s derivatives were chosen for different experiments and investigations to study their behavior and effects while binding with different materials and establishing new compounds. Many methods were considered for electrode coating and the conversion of thiophene to different monomers to improve their functions and to use them for a new generation of novel medical usages. It is believed that polythiophenes and their derivatives can be used in the future as a substitute for many old-fashioned ways of creating chemical biosensors polymeric materials and also drugs with lower side effects yet having a more effective response. It can be noted that syncing biochemistry with biomedical engineering will lead to a new generation of science, especially one that involves high-efficiency polymers. Therefore, since polythiophene can be customized with many derivatives, some of the novel combinations are covered in this review.
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1. Introduction


Electronic conductive polymers have garnered enormous interest in drug delivery and biomedical applications [1,2,3]. Recently, some ICPs, such as polypyrrole (PPy), polyaniline (PANI), and polythiophene (PTh), have been widely applied in different applications, such as electromagnetic-interference shielding, chemical sensors [4], rechargeable batteries [5], photovoltaic cells [6], bio-molecular immobilized matrices [7], membrane separation [8], corrosion tools, and microwave adsorption [9]. ICP is a novel descendant of new polymeric compounds that have delocalized electronic structures which are sensitive to variations of the environmental polymeric chains and other disturbances in the chain structure. A drawback of the functionalized polymers with the post-polymerization process is the potentially detrimental effects of the polymer films being adhesive to the surface of the electrode, which is important for biosensing [10]. Conducting polymers (CPs) were first introduced during the mid-70s, and they were deemed as a novel production of organic substances which had both electrical and photosensitive properties, similar to inorganic semiconductors and several metals. In addition, CPs also have some satisfactory properties, such as simple synthesis pathways and flexibility in processing.



The detection and determination of certain DNA sequences is a novel usage in several applications, including clinical diagnosis and medical research. Hence, electrochemical Geno sensors are widely utilized due to their great selectivity and acceptable sensitivity. Some factors, such as satisfactory hydrophobicity, suitable surface area, and high cell specificity, are required for neural probe materials to develop and maintain a quality signal-to-noise (S/N) ratio [11]. The polymers of the poly (alkyl thiophene) family have previously been used because of their high conductivity and their favorable orbital overlapping along the backbone of the polymers [12]. Recent research has also illustrated that these polymers could be modified with an extensive spectrum of functional ending groups, such as one that allowed metal self-assembly [12]. However, medicinal analysis may face a shortage of supplies in the case of emergencies. Measuring the levels of a drug is the cornerstone for drug discovery in biological fluids and also for pharmacodynamics, pharmacokinetic investigations, and drug detection [13]. Using grafted PTh is also well known to boost the carrying of DDS through the cell membrane using endosomal membrane hydrophobicity and rigidity [14].



The discovery of novel pathways to develop the platforms for monitoring DNA with high sensitivity and selectivity is still a challenging issue and needs more attention, especially in biomedical uses and medical detections. Recently, methods utilizing connected polymers to transmit combination events to an electronic signal were recorded [15]. In some cases, this recognition is related to the modification of electrical features of a functionalized conjugated polymer by using oligonucleotide and then combining it with its potent desired nucleic acid [16]. The major concerns of such applications are a low value of S/N ratio due to the continuous presence of adsorbed polymer on the substrate and also the reduction in electrical signal following certain target recognition [17]. Cationic PTh includes special abilities to recognize DNA in complex aggregations [18]. Furthermore, cationic polymers are favored as they can be assembled quickly with DNA via electrostatic interaction to achieve complexes of polyelectrolyte. Such an approach is affected by various factors, including pH, ionic strength, and temperature. These parameters influence the polyanion/polycation interactions and are commonly well-known. The variations of such factors can also be utilized to improve dissociation for the on-demand assembly of polyelectrolyte [19,20].




2. Conjugated Polythiophene (PTh)


Conjugated PThs and their valuable derivatives are introduced as a novel member of the conjugated polymer group due to their unique characteristics, such as electrical behavior, thermal stability, high environmental behavior, mechanical robustness, and cost-effective preparation [9]. A wide range of modified thiophenes had been prepared in the past for their needed features. Usually, diverse thiophenes with interesting functional groups that can immobilize biocompounds (for instance, eCOOH and eNH2) are hardly electropolymerized, as their functional groups demonstrate vital nucleophilicity, which proves that the radical cationic intermediates create the ithin electropolymerization process, and thus resulting in the harming of the polymerization process [21].



In addition, the electro polymerization of 3-thiopheneacetic acid has been reported [22], in which a great oxidizing potential (w1.6 V vs. Ag/Agþ) and great value of monomers were required to obtain a conductive polymer. On the other hand, at a low value of monomers, the electro-oxidation and homo-polymerization of thiophene-acetate were inhibited [23]. The issue is solved by post-polymerization functionalization as the monomers of thiophene can be simply electropolymerized along with the protective carboxylic acid groups. This method is a new approach to prepare novel electroactive organic platforms with well-proportioned electronic, spectroscopic, and electrochemical features [24].



It is believed that thiophene can be combined with a variety of materials, mainly polymers with conjugated nanoparticles, to enhance its stability and required performance [25,26,27,28]. Developing organic biocomposites for tissue engineering is considered to have a bright future in medical fields. A vast range of materials is known to be beneficial when combined with thiophene, such as nano clay, for improving the antimicrobial effects [29], compounds prepared by nanocomposites to facilitate the delivery of drugs [30], nanofibers for managing the drug release systems [31], carbon Nanotube [32], silica [33,34], epoxy [35] and, etc.




3. Electrode Coating


An extensive range of approaches has been reported by researchers where the surfaces of the electrode were coated with soft biomolecules layers, such as layer-by-layer assembly, hydrogels, and multi-layer assembling [36]. These coating approaches enhance the separation of the target neuron and electrode, and they can also enhance the independence of electrodes. Both of these impacts can reduce the strength of the neural signal and therefore lead to worsening of the in vivo performance. Using the mixed films of some conductive polymers and biomolecules can be a beneficial pathway for electrode coating development. Indeed, these proposed films provide lower electrode impedance and higher acceptable biocompatibility [37].



It is a noticeable fact that almost all coatings with conducting polymer for neural probes are built by electro-co-deposition of biocompatible anions and polymer at particular sites of the electrode. Such a process enables the properties of films that are tailored for each electrode. However, it can be noted that the electrodeposition route does not allow specific parts to be controlled; for example, the relative amounts of biomolecule and polymer in the film or 3-dimensional display of such components are at the micro-/nano-meter diameters. Furthermore, films are just bonded on the surface of the electrode via electrostatic interactions owing to mechanical interactions or decreasing the attack of metal/polymer interface by delamination of electrolyte [38]. It is suitable to build a conductive polymer that is strongly connected with the electrode, which will enable the composition of the film to be controlled. In contrast, by using some nanomaterials, such as epoxy [39] and nanotubes [40], as the potent filler for thiophene composites, a higher total electrical conductivity can be achieved.




4. Self-Assembled Monolayers (SAMs)


SAMs are linked covalently to substrates, and they create monolayers on the surface [41]. Generating well-loaded SAMs can usually be achieved via substrate incubation in an organic diluting solution of assembled molecules at nighttime. Once they are created, SAMs consist of covalent coupling surface groups for biomolecules [42]. SAMs are often strong enough under different biological situations, and their attachment to the substrate can be regenerated through electrochemical functions [43]. These layers can be described in three distinct sections. First, the PTh’s ability is verified to form SAMs through the AFM test. Next, SAMs are modified with cohesive neuronal compounds and then cultured with initial neurons of mouse to indicate their biocompatibility. Finally, the SAMs’ electrical impedance is measured with and without combined adhesion compounds in order to reveal the functionality of these coatings for the improvement in the characterizations of electrodes. These coatings are capable of enhancing the electrodes’ properties. All SAMs are shaped by using thiol ‘1 groups’ interactions to clean gold surfaces. Figure 1 illustrates the schematic process of SAM formation through cell culture.



During the tapping state of the AFM analysis of the net and mix SAMs of MHA and EHPT with a blank template/stripped Au, pure SAMs were formed from MHA, as shown in Figure 2e,f. They were slightly different from the bare TSG. As seen from the results of these scans, single MHA molecules were way smaller compared to the cantilever tip and must be created in a high-loaded monolayer, which reflected the underlying topography. The presence of MHA can only be checked through its capability to take part in coupling reactions of protein, as observed in Figure 2i,j. Following the reaction which happens to couple the materials, the height across the surface changes while the underlying Au structure is unclear. Figure 2g demonstrates the performance of SAM configuration of a complex solution. The figure indicates the features of EHPT and MHA net SAMs and also the more desirable EHPT. The granules, which were approximately 10–15 nanometers tall, can be observed to be similar to those in EHPT; however, some cracks in gold terraces were still observed. As indicated in Figure 2k,l, by coupling the proteins, the surface had modified the pure MHA SAM. Despite considering the condition that the top SAMs were maintained in ambient temperature (without the presence of light) over the course of time (days or even months), any important variations over time in the images of SAM were apperceived (data not represented). As illustrated in Figure 3, SAMs, EHPT, and MHA compounds are at an appropriate neuro compatible scale and are able to maintain the continuation of neurite outgrowth up to 7 DIV. The quantitative efficiency of mixing SAMs among pure SAMs of each component is noticeably distinct. While the neurons’ longer-range durations of SAMs have not been reported, it can be assumed from prior experiences with the primary neuron cultures that a culture that remains until 7 DIV can remain perpetually as high as the mean, which is regularly varied.



The influence of coupling MHA with NCAM13 is a result of a certain linkage of NCAM13 to NCAM over the cultured nerves; hence, it is believed that the proteins do not form permissive substrates while combined with anything other than the adhesion compounds (such as albumin). It is interesting to report that there was no considerable difference among any of the mixed tested SAMs. Nonetheless, this can be clarified based on the powerful impact observed through the AFM analysis. If more surface area is needed, it is predicted that the obtained 55% impedance will be reduced just after the formation of EHPT SAM. Some researchers have illustrated the electrochemical rise in PThs, such as both syntheses from the covalently linked self-assembled initiators and preparation routes [45]. Even though such methods are complex because of the ability of PThs to be overoxidized at potentials close to the potential of their synthesis, they can be embraced to enable the creation of films that are significantly rougher and thicker while still being linked chemically to substrate.




5. Polythiophene in the Detection of Adrenolytic Using SPME-HPLC


The SPME-HPLC/UV method is a sensitive and easy way to determine the adrenolytic drug therapies which are characterized by small biological volumes in major diseases, including chronic atrial fibrillation (AFib) or hypertension, which requires direct blood monitoring. This method is known to be able to evaluate the blood levels in adrenolytic drugs and is an effective device for extracting them selectively in clinical analysis. Hence, polythiophene and polypyrrole had been chosen as the main adsorbent in solid-phase microextraction sampling of five adrenolytic drugs in the human plasma models. The SPME coatings of polythiophene and polypyrrole affect the extraction capacity in terms of sensitivity and selectivity with respect to the desired molecules. Therefore, in order to define the beta-blockers in the mentioned models, using PPy and PTh can be very beneficial [46].



The results of the extraction using polythiophene fibers indicated that the polythiophene fibers worked perfectly at the desorption processing pH of 7.0 for the drugs oxprenolol and metoprolol and in pH of 8.6 for the drugs propranolol, mexiletine, and propaphenon. It is necessary to note that both PPy and PTh fibers that were obtained using the electrochemical polymerization method can act as an adsorbent for microextraction (solid-state). Fifteen grams per milliliter was the optimum concentration for each experimental drug. The functionality of PPy and PTh in the human plasma models was assessed via six different concentrations with descending quantity of adrenolytic drugs (30 g/mL to 5 g/mL). Adsorption and desorption time was calculated at periods of 10 and 5 min, respectively. The efficacy of each tested drug in the applied adsorbent material is described in Table 1. Comparison of the extraction results between PPy-SPME and PTh-SPME fibers from the human plasma models for adrenolytic drugs at 5 g/mL concentration indicated that the pH of 8.6 demonstrated the ideal outcomes, while metoprolol displayed the greatest extraction functionality from all the investigated adrenolytic drugs. In the end, it was indicated that the PThSPME fibers showed better extraction potentials compared to PPySPME fibers [46].




6. Molecular Gate


In a recent study, the linkage copolymerization of hydrophilic methyl methacrylate monomer and N,N-dimethyl aminoethyl methacrylate on PTh through the ATRP method was studied for molecular gates. Furthermore, PTh-g-poly (di-methylamino ethylmethacrylate) (PTh-g-PDMA) was synthesized [47,48]. The PL-intensity of the PTh-g-PDMA solution decreases as the temperature increases at the pH of 7 as a result of the collapse of the chains of PDMA onto the PTh core, which shows that the intensity of PL is enhanced in the MC gel as a compensation of the aforementioned reduction. Based on such results, it was proposed that the prepared PTh-g-PDMA graft copolymer could act as an AND fluorescent molecular logic gate type system with fluorescence as the output and pH and temperature as the inputs. The highest sensitivity of the logic gate was pH-dependent, and it occurred at a high pH (pH 9.2) rather than at other conditions, such as pH = 4 at the temperature of 45 °C. Such results are ascribed to a variation in polarity of the micro-environment of the PTh chains related to PTh-g-PDMA within the methylcellulose gel, particularly because of the variation of pH and temperature [9].




7. DNA Hybridization Electrochemical Biosensor


Due to the sensitivity of the biosensor, various values of ODN, targeted in the range between 1.49 and 7.45 nmol, were measured using electrochemical approaches. Figure 4 shows the CVs of bioelectrode modified with poly(hydroxyl phenylthiophene-carboxylate, PHPT)-ODN by enhancing the value of the ODN target and the change in anodic peak signal versus the value of the physisorbed ODN on PHPT film via the CV method. It can be observed that the oxidation signal at 1.2 V was reduced when the value of the ODN target increased. This outcome shows the further improvement in selectivity and sensitivity achieved via PHPT nanocomposites. An unlabeled and simple electrochemical sensor was prepared to detect the DNA event using electro polymerization of hydroxyphenyl-thiophenecarboxylate. PHPT was synthesized on GCE using the electrochemical methods, and its characterization can be traced through CV, AFM, and FTIR analyses. The probe of ODN was physically adsorbed onto the PHPT film and assayed on a combination of the supplementary parts of ODN. A bio-recognition can be carried out by comparing the electrochemical currents (CV analysis) of the single-stranded and double-stranded oligonucleotide. The anodic peak signal current of the single strand was higher than the one in dss-oligonucleotide, which was related to the reduction in the PHPT electroactivity and the enhancement of the rigidity of the structure of polymer. The Physisorbed probe of ODN and its combination were revealed morphologically on ITO electrodes through the AFM. The electrochemical sensor sensitivity and detection limit were 0.02 µA/nmol and 1.49 nmol, respectively, with excellent selectivity.



The HPT can be electropolymerized within the electrolyte TBAClO4/acetonitrile to the respective PHPT. The anodic oxidizing peak was achieved at 1.2V [49]. With increasing film thickness, the polymer color varied from brown color to dark green-red color. Contrary to alkyl-substituted PTh [50], PHPT is insoluble in the usual organic-based solvents, including chloroform and acetonitrile. Following several repetitions of scans, the modified electrode was rinsed completely with acetonitrile solvent to eliminate oligomeric and monomer species. Then, the prepared electrode was placed in a free electrolytic-monomer media with 5 mM TBAClO4/acetonitrile. The polymer film showed a great electroactivity in that media with a relatively reversible anodic peak at 1.2 V and a linearly current dependency of CV on the scan rate. The responses of the oxidizing peak were estimated, and it was shown that the oxidation signal linearly increased as the scan rate increased. It was obvious that the redox behavior was not diffusional, and the electroactive polymer was excellently attached to the surface of the electrode [51]. It can be observed that the current intensities of the probe of ODN and the immobilized ODN electrodes had reduced, which can be ascribed to the advanced redox activity of the probe of ODN [51].




8. Electrochemical DNA Hybridization Detection


In the present research, the PTh modified with MB (PMT/MB) was prepared, and its feasibility as a marker for electrochemical detection of DNA was surveyed. The current variation of PMT-MB for supplementary ODN is four times higher than the non-supplementary ODN with a similar value. There was a linear relationship between the variation of current and the logarithmic values of ODN in the range of 6.37 nM to 0.204 µM. The PMT-MB signal response to non-supplementary ODN showed excellent selectivity towards the recommended identification tool. In addition, as the electrochemical marker, PMT-MB exhibited high resistance against variations in values of the electrolyte (changing in ionic strength). For all tested concentrations of electrolyte, the combination always led to the enhancement of the PMT-MB signal due to the electrostatic interaction between dsODNs and PMT-MB. On the other hand, even though MB was applied as a control material, the combination led to a large reduction in the current of the applied electrolyte solution and a small increase in the current owing to the variation in the dominated interaction. The interaction between dsODNs and PMTMB was investigated further via UV-Vis spectrometric methods. For dsODNs with low value, the PMT-MB main binding mode with dsODNs was intercalation, and for dsODNs with great value, the main binding mode was electrostatic interaction. The outcomes demonstrated that PMT-MB can selectively and effectively identify supplementary targets of ODN as an electrochemical indicator and possessed a high capability to be used in life science and medicinal diagnostics.



3-(3-Bromopropoxy)-4-methylthiophene (BMT) was synthesized based on the recorded methods [52]. Following polymerization, FeCl3 was employed as an oxidizing material, whereby the obtained polymer PBMT had a reaction with the methylene-blue in N-methyl pyrrolidone within a 5-day period in a dark media at ambient temperature. Subsequently, the PMT-MB was precipitated by adding acetone, which was saturated with tetra-butyl ammonium chloride. The PMT-MB product was purified using the acetone solution and the soxhlet extracting method. To assay the performance of the PMT-MB as an electro-indicator for combination recognition, an ODN probe with modified Au-electrode was incubated in the ODN target media. The identification of various ODN targets was performed by gathering DPV peaks of PMT-MB on the surface of the electrode in the blank PBS.



Figure 5A shows the DPV plots of PMTMB accumulated on the functionalized electrode via ODN probe before and after incubation in the ODN solutions. Following the incubation in 0.204 µM of non-supplementary ODN, a small increase in signal was observed (Figure 5A (b)), which may be due to the adsorbed non-specific non-supplementary target, which led to the increased value of accumulated PMT-MB on the surface of the electrode. On the contrary, following the incubation with the supplementary target of ODN, the peak of the current increased greatly (Figure 5A curve c), which demonstrated that there was more accumulated PMT-MB on the surface of the electrode owing to the ODN duplex formation. This outcome clearly revealed that the PMT-MB can be applied as an efficient indicator for electro-recognition of ODN hybridization [53].




9. Specific and Sensitive Detection of DNA by PTh


The strategy of amplification according to the application of electroactive aggregates and the considerable sensitivity of the absorptive stripping SWV was considered. The specific and sensitive electrochemical recognition obtained was as low as the zeptomoles of the ss-DNA (about 2500 copies into the 10 μL). This method used the specific hybridization of a wide range of electroactive moieties, which recorded each combination case due to the polymeric nature of the transducer and the good DNA recognition abilities of the cationic PThs in the form of aggregation. Therefore, the electrochemical recognition techniques were incorporated into the combination of PNA features with respect to DN. A novel electrochemical amplifying approach is employing water-soluble aggregates for ultrasensitive recognition of DNA, as ferrocene modified PTh, was also analyzed. The method included a quantitative, sandwich-type of method that targeted the DNA which was absorbed by the PNA probes, and the aggregations of polymer/DNA acted as the transducers. The electrochemical recognition was performed on an adjacent bare electrode where the resulting aggregates were separated from the array of PNA and fragmented. A pre-concentration approach of ferrocenyl groups was carried out by stripping the SWV to further enhance the performance of the sensor. Such an approach shows the novel hybridization of a large number of electroactive moieties, which records each combination event, due to the polymeric nature of the transducer and its abilities to detect the DNA related to the cationic PThs in the aggregation system. It combines the simplicity of electrochemical methods and their high sensitivity for higher combination affinity of PNA to DNA, thus allowing DNA recognition of about 4 moles LOD (2500 copies in 10 μL) with superior selectivity towards mismatched DNA [19].




10. Colorimetric Recognition of RNase H and microRNA Using Cationic Derivatives of PThs


MicroRNAs (miRNAs) are known as non-protein-coding, small-sized RNAs (almost 19 to 23 nucleotides), which have been detected in animals, viruses, and plants. Gene regulation using miRNAs plays an impressive role in a large number of main biological functions, including development, metabolism, differentiation, and immunological response [54]. Recent investigations had demonstrated that the patterns of miRNA interpretation were accompanied by different types of tumors [55]. Therefore, to find out the performances of miRNAs in the detection of diseases and also to find novel drug targets, robust research is being performed worldwide with the aim of discovering effective ways to detect miRNA [56]. Some homogeneous techniques to detect miRNA have also been recorded, including real-time PCR, amplification based on ribozyme, and modified invader assay [57]. Nevertheless, such homogeneous techniques require complex approaches and multiple fluorescence tags, leading to great cost and long analysis time.



Hence, performing simple, homogeneous, and label-free tests is the challenge in detecting miRNA. RNase H nuclease is a certain endolytic nuclease of RNA in RNA/DNA hybrids. It plays a certain role in some cellular approaches, which include replication, transcription, and repair of DNA [58]. In addition, the RNase H behavior of HIV-1 reverse transcriptase is a novel target for HIV-1 inhibitors as there is a good possibility to improve novel anti-HIV therapeutics [59]. Therefore, the assay of the activity of RNase H has high significance in biological studies and for the screening of novel anti-HIV drugs. Cationic water-soluble poly (N,N,N-triethylamino-propyloxy)-methyl-thiophene hydrochloride) was chosen as the optical probe for miRNA detection. To verify the specificity of the perfectly complementary DNA, the proposed method for miRNA detection, which had one or three bases of DNA mismatched with the non-complementary DNA, were combined with miRNA, followed by the addition of the 3-Unit RNase H into the solution of miRNA/DNA for the digestion of miRNA. Thereafter, the solution was combined with PMNT.



The absorbance ratio ranging from 400 nm to 525 nm was used to represent the color change (A525 nm/A400 nm). The results (Figure 6) indicated that a well-specified signal was recognized from the combination of the complementary miRNA/DNA. For the case of three-base and one-base mismatched miRNA/DNA, the A525 nm/A400 nm was 42% and 79%, respectively, in comparison with the complete combination. Hence, with the RNase H digestion tests, the one-base can be discriminated from the whole complementary miRNA/DNA, thus confirming the great specificity of the suggested test. Although miRNA was combined with the non-complementary DNA, there was no miRNA digestion in the presence of RNase H due to the fact that there was no combination between non-complementary DNA and miRNA, and the DNA/PMNT duplexes were created in the media. The creation of PMNT/miRNA duplexes led to the enhancement of the absorbance at 400 nm. In consequence, the lowest A525 nm/A400 nm ratio can be achieved in the case of miRNA and non-complementary DNA. The outcomes confirm that the absorption process and the variation in color changes of the PMNT conformation can be used for the recognition of RNase H behavior with fast routes and a facile tool [60].




11. Antibacterial Activity of Thiophenes


It had been proven that some derivatives of thiophene, such as Cefoxitin and Cephalothin, possess satisfactory antibacterial/antifungal attributes against pathogenic bacteria. Ticonazole and Sertaconazole, which have the heterocycle of thiophene, are also known as antifungal agents. Some experiments to synthesize new substitute thiophenes were done using the Gewald reaction to determine their antimicrobial activity. [61]. The various derivatives of parent compound I was obtained by applying various aryl aldehydes to get a group of Schiff Bases (IIa- k), such as R= OH, Cl, CH3, OCH3, NO2, etc.



The antimicrobial (antibacterial and antifungal) effects of newly synthesized compounds were validated by using spectral data and screened using the disk diffusion method. Monitoring of the reactions was done using layer chromatography on pre-coated plates (SD fine Chem. Ltd.) with various solvent devices. By using TLC, purification of the compound was specified, and iodine vapors were used as visualizing agents. The compound structure was evaluated by using I.R., Mass spectra, and NMR. The antimicrobial behavior was measured using the agar diffusion method at a concentration of 50 mg/0.1 mL where DMSO was used as a solvent [62].



The researchers claimed that the types of electron withdrawal and the process of electron donation were the two major reasons for the high antibacterial activity. Apart from that, it had also been proven that aldehydic phenyl can be considered as a promising ring for antibacterial effects. IId with 2-nitro substitution and IIf with 2-chloro substitution were determined as the most powerful compounds with acceptable performances. Other compounds had demonstrated moderate effects against microorganisms in comparison with their control column. In terms of antifungal performance, the tested compounds demonstrated moderate effect when exposed to Aspergillus niger. On the contrary, the antifungal performance of the aforementioned compounds against Candida albicans was not acceptable [63,64].




12. Anti-HIV Effects of Thiophene


It is believed that the mutations in viral reverse transcriptase can decrease the impression of the first production of inhibitors with no nucleoside-reverse transcriptase (NNRTIs), such as efavirenz (EFV), nevirapine (NVP), and delavirdine (DLV) [65]. It is necessary to note that the emergence of DVL and NVP is the main parameter in reducing susceptibility. Indeed, E138K and K103N are known as the major ones among the existing mutations [66]. Hence, finding and improving new NNRTIs with good efficacy against resistant mutations can be a controversial subject in the field of biomedical chemistry [67].



As reported in the previous investigations [68,69], thiophene pyrimidine [68] can be a satisfactory candidate in the area of diarylpyrimidine (DAPY)-type anti-HIV drugs, which possessed acceptable performance against HIV [68]. Based on their results, the anti-HIV performance and even the SAR assessment of the nine thiophene derivatives were completely promising. Furthermore, a new type of thiophene derivative, which was called (thiophene(3,2-d)pyrimidine), was synthesized in the green pathway, and its potent anti-HIV performance was demonstrated.



All desired materials demonstrated modest to high potential against WT HIV-1 based on the values of EC50 ranging from 0.0071 μM to 0.196 μM, in which the two most powerful substances (9d and 9a) were certified to be monomorphic inhibitors (EC50 = 7.1 and 9.2 nM, respectively), which were stronger than AZT. These two compounds also possessed moderate potency against most of the tested mutant strains. Specifically, they demonstrated considerable behavior against K103N (EC50 = 0.032 and 0.070 μM) and E138K (EC50 = 0.035 and 0.045 μM). The molecular simulation revealed and proved that the recently introduced sulfamide group, distinct from its isostere amide, can generate extra interactions along with the remaining amino acid in the intolerant region I of NNIBP. It is believed that these results will be a new interest in the research to design NNRTIs based on thiophene pyrimidine with more inherent behavior against the RT mutant HIV strains. The features of a set of three prepared analogs were examined by functionalizing them with amide and sulfonamide substituents at the right part (interaction to the tolerant region I). The left part (A-rings) and the thiophene (2, 3-d) pyrimidine core (B-ring) were retained. Therefore, the tolerant area I of the linked NNRTI (NNIBP) was explored on the basis of the opinion that the novel H-binding receptors/donors may form H2 binds with the remaining amino acid of NNIBP, leading to robust linkage and high capability for variants of the associated resistance.



The 4-amino piperidine part of lead was substituted with 1,2-diaminocyclohexane and subsequently sulfonylation, where the acylation with various sulfonyl and acyl chlorides created the desired materials, bearing substituents with changing size and polar group substitution. Indeed, all the obtained derivatives (thiophene d-pyrimidine) were completely characterized through (1H NMR), (HRMS), and (13C NMR) tests. Moreover, the 4-cell MT cultures infected with WT HIV-1 strain, which was associated with the NNRTI-resistant strains, such as F227L + V106A, L100I, Y181C, E138K, and RES056, were used to assess the antiviral performances of the synthesized compounds.



Apart from that, azidothymidine (AZT) and etravirine (ETV) were chosen as the control blank drugs. The obtained results for EC50 (anti-HIV potency), SI (selectivity index, CC50/ EC50 ratio), and CC50 (cytotoxicity) are presented in Table 2 and Table 3. Preliminary SAR analysis demonstrated that the type of functional group (X) in the cyclohexanediamine can significantly affect anti-HIV activity. The compounds of the 9 subseries (X = SO2) indicated better activity than those of the 8 subseries (X = CO), i.e., 9b (EC50 = 0.0092 μM) > 8b (EC50 = 0.026 μM); 9c (EC50 = 0.025 μM) > 8c (EC50 = 0.030 μM); 9d (EC50 = 0.0071 μM) > 8d (EC50 = 0.138 μM); 9e (EC50 = 0.086 μM) > 8e (EC50 = 0.196 μM). These results indicated that the tetrahedral structure of the sulfonamide can be more impressive than the planar structure of the amide for hydrogen bonding with the remaining amino acid of NNIBP (Figure 7).



In the 9 subseries, the order of anti-HIV-1 activity was CN > F > Br > CF3, whereas in the 8 subseries, the order was slightly different: F > Br > CN > CF3. Some representative compounds, such as 9a and 9d, were applied to validate the binding target of these newly synthesized thienopyrimidine derivatives. In other words, their performance to prevent the recombination of WT HIV-1 RT enzyme with ETV and NVP again were evaluated as reference drugs. The results illustrated that 9d and 9a demonstrated significant anti-RT capability (IC50 = 1.041 and 1.138 μM), which was superior to NVP but somewhat lesser than ETV. Hence, these novel thienopyrimidine derivatives have great vicinity for WT HIV-1 RT and act as classical NNRTIs [69].




13. Conclusions


Thiophene and its valuable derivatives are very effective materials, which can play a vital role in biomedical engineering for usages such as drugs and biosensors. Furthermore, their ability to be flexible in binding many different derivatives is known to be useful for biochemical fields. Therefore, some of the unique electromagnetic polymers, such as polythiophene, were covered in this research for their novel properties with regards to biosensors, gene delivery, and DNA detection. Polythiophene is known to be a good ICP for organic usages. Different electro-conducting methods and many combinations of polythiophene were described above. Moreover, initial results were presented, which demonstrated that polythiophene can be considered as a permanent alternative technology for creating some conductive polymer coatings on neural electrodes. In this review, some items, such as self-assembled monolayers, conjugated PTh and its derivatives, and several approaches for electrode coatings, were summarized in detail. Polythiophene SPME and polypyrrole coating were applied to separate the adrenolytic drugs from human plasma using the SPME-HPLC method. Polythiophene was also applied in diverse gene applications, such as gene sensors and gene delivery systems, with a water-soluble pH-responsive molecular brush of thiophene due to their characteristics and bonding with DNA. They are also a new subject of interest among DNA research, such as electrochemical DNA hybridization detection. Some thiophenes modified with oligosiloxane were used and built for cell growth. These valuable materials can be used in the colorimetric detection of microRNA and RNase applications. A number of compounds were used for identifying the antimicrobial effects of thiophenes to improve the cure and treatment of drug-resistant bacteria. It is hoped that these compounds and experiments will lead to a new generation of medicine and biochemistry science.







Author Contributions


Conceptualization, S.M.M.; writing—original manuscript, S.M.M. and S.B., K.Y., G.B., A.B., N.O., C.W.L., A.G. writing—review and editing, S.A.H. and W.-H.C.; visualization, S.M.M.; supervision, S.M.M. and W.-H.C.; funding acquisition, W.-H.C. All authors have read and agreed to the published version of the manuscript.




Funding


Ministry of Science and Technology of Taiwan (MOST Grant no. MOST 107-2628-E-011-002-MY3, 109-2923-E-011-003-MY3, and 109-NU -E-011-001-NU′′).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available in a publicly accessible repository.




Conflicts of Interest


The authors declare that there is no conflict of interest that would prejudice the impartiality of this scientific work.




References


	



Arthur, C.L.; Pawliszyn, J. Solid phase microextraction with thermal desorption using fused silica optical fibers. Anal. Chem. 1990, 62, 2145–2148. [Google Scholar] [CrossRef]

	



Valentini, R.F.; Vargo, T.G.; Gardella, J.A.; Aebischer, P. Patterned neuronal attachment and outgrowth on surface modified, electrically charged fluoropolymer substrates. J. Biomater. Sci. Polym. Ed. 1994, 5, 13–36. [Google Scholar] [CrossRef] [PubMed]

	



Dhawan, S.; Singh, N.; Venkatachalam, S. Shielding behaviour of conducting polymer-coated fabrics in X-band, W-band and radio frequency range. Synth. Met. 2002, 129, 261–267. [Google Scholar] [CrossRef]

	



Guerfi, A.; Trottier, J.; Boyano, I.; De Meatza, I.; Blazquez, J.; Brewer, S.; Ryder, K.; Vijh, A.; Zaghib, K. High cycling stability of zinc-anode/conducting polymer rechargeable battery with non-aqueous electrolyte. J. Power Sources 2014, 248, 1099–1104. [Google Scholar] [CrossRef]

	



Esteves, C.H.; Iglesias, B.A.; Li, R.W.; Ogawa, T.; Araki, K.; Gruber, J. New composite porphyrin-conductive polymer gas sensors for application in electronic noses. Sens. Actuators B Chem. 2014, 193, 136–141. [Google Scholar] [CrossRef]

	



Hwang, I.-W.; Soci, C.; Moses, D.; Zhu, Z.; Waller, D.; Gaudiana, R.; Brabec, C.J.; Heeger, A.J.; Hwang, I.-W.; Soci, C.; et al. Ultrafast Electron Transfer and Decay Dynamics in a Small Band Gap Bulk Heterojunction Material. Adv. Mater. 2007, 19, 2307–2312. [Google Scholar] [CrossRef]

	



Doğan, F.; Barton, S.; Hadavinia, H.; Mason, P.; Foot, P.J. Experimental Studies on Conducting Polyaniline. Recent Patents Mater. Sci. 2012, 5, 241–255. [Google Scholar] [CrossRef]

	



Guo, B.; Glavas, L.; Albertsson, A.-C. Biodegradable and electrically conducting polymers for biomedical applications. Prog. Polym. Sci. 2013, 38, 1263–1286. [Google Scholar] [CrossRef]

	



Jayamnd, M.; Hatamzadeh, M.; Omidi, Y. Modification of polythiophene by the incorporation of processable polymeric chains: Recent progress in synthesis and applications. Prog. Polym. Sci. 2015, 47, 26–69. [Google Scholar] [CrossRef]

	



Peng, H.; Zhang, L.; Spires, J.; Soeller, C.; Travas-Sejdic, J. Synthesis of a functionalized polythiophene as an active substrate for a label-free electrochemical genosensor. Polymer 2007, 48, 3413–3419. [Google Scholar] [CrossRef]

	



Guimard, N.K.; Gomez, N.; Schmidt, C.E. Conducting polymers in biomedical engineering. Prog. Polym. Sci. 2007, 32, 876–921. [Google Scholar] [CrossRef]

	



Jeffries-EL, M.; Sauvé, G.; McCullough, R.D. In-Situ End-Group Functionalization of Regioregular Poly (3alkylthiophene) Using the Grignard Metathesis Polymerization Method. Adv. Mater. 2004, 16, 1017–1019. [Google Scholar] [CrossRef]

	



Needham, S.; Brown, P.; Duff, K.; Bell, D. Optimized stationary phases for the high-performance liquid chromatography–electrospray ionization mass spectrometric analysis of basic pharmaceuticals. J. Chromatogr. A 2000, 869, 159–170. [Google Scholar] [CrossRef]

	



Mohammad, A.; Fortuni, B.; Inose, T.; Ricci, M.; Fujita, Y.; Van Zundert, I.; Fron, E.; Mizuno, H.; Latterini, L.; Rocha, S.; et al. PolyEthyleneamine-Grafted Polythiophene nanoparticles for Efficient DDS Delivery Reagent: A New Class of Polymeric Reducing Agent. Sci. Rep. 2017. [Google Scholar] [CrossRef]

	



Nilsson, K.P.R.; Inganäs, O. Chip and solution detection of DNA hybridization using a luminescent zwitterionic polythiophene derivative. Nat. Mater. 2003, 2, 419–424. [Google Scholar] [CrossRef]

	



Korri-Youssoufi, H.; Garnier, F.; Srivastava, P.; Godillot, A.P.; Yassar, A. Toward Bioelectronics: Specific DNA Recognition Based on an Oligonucleotide-Functionalized Polypyrrole. J. Am. Chem. Soc. 1997, 119, 7388–7389. [Google Scholar] [CrossRef]

	



Korri-Youssoufi, H.; Makrouf, B. Electrochemical biosensing of DNA hybridization by ferrocenyl groups functionalized polypyrrole. Anal. Chim. Acta 2002, 469, 85–92. [Google Scholar] [CrossRef]

	



Ho, H.A.; Doré, K.; Boissinot, M.; Bergeron, M.G.; Tanguay, R.M.; Boudreau, D.; Leclerc, M. Direct Molecular Detection of Nucleic Acids by Fluorescence Signal Amplification. J. Am. Chem. Soc. 2005, 127, 12673–12676. [Google Scholar] [CrossRef]

	



Lepage, P.H.; Peytavi, R.; Bergeron, M.G.; Leclerc, M. Amplification Strategy Using Aggregates of Ferrocene-Containing Cationic Polythiophene for Sensitive and Specific Electrochemical Detection of DNA. Anal. Chem. 2011, 83, 8086–8092. [Google Scholar] [CrossRef]

	



Wagner, P.; Officer, D.L.; Kubicki, M. A flip-disorder in the structure of 3-[2-(anthracen-9-yl)ethenyl]thiophene. Acta Crystallogr. Sect. E Struct. Rep. Online 2006, 62, o5745–o5747. [Google Scholar] [CrossRef]

	



Li, G.; Koßmehl, G.; Welzel, H.-P.; Engelmann, G.; Hunnius, W.-D.; Plieth, W.; Zhu, H. Reactive groups on polymer coated electrodes, 7. New electrogenerated electroactive polythiophenes with different protected carboxyl groups. Macromol. Chem. Phys. 1998, 199, 525–533. [Google Scholar] [CrossRef]

	



Li, F.; Albery, W. A novel mechanism of electrochemical deposition of conducting polymers: Two-dimensional layer-by-layer nucleation and growth observed for poly(thiophene-3-acetid acid). Electrochimica Acta 1992, 37, 393–401. [Google Scholar] [CrossRef]

	



Welzel, H.-P.; Kossmehl, G.; Boettcher, H.; Engelmann, G.; Hunnius, W.-D. Reactive Groups on Polymer-Covered Electrodes. 5. Synthesis and Cyclovoltammetric Analysis of 3-Substituted Thiophene Derivatives†. Macromolecules 1997, 30, 7419–7426. [Google Scholar] [CrossRef]

	



McCullough, R.D. The chemistry of conducting polythiophenes. Adv. Mater. 1998, 10, 93–116. [Google Scholar] [CrossRef]

	



Mousavi, S.; Aghili, A.; Hashemi, S.; Goudarzian, N.; Bakhoda, Z.; Baseri, S. Improved Morphology and Properties of Nanocomposites, Linear Low Density Polyethylene, Ethylene-Co-Vinyl Acetate and Nano Clay Particles by Electron Beam. Polym. Renew. Resour. 2016, 7, 135–153. [Google Scholar] [CrossRef]

	



Mousavi, S.M.; Esmaeili, H.; Arjmand, O.; Karimi, S.; Hashemi, S.A. Biodegradation Study of Nanocomposites of Phenol Novolac Epoxy/Unsaturated Polyester Resin/Egg Shell Nanoparticles Using Natural Polymers. J. Mater. 2015, 2015, 131957. [Google Scholar] [CrossRef]

	



Mousavi, S.M. Study properties Biodegradation of polypropylene composite nanoparticles on Eggshells. In Proceedings of the Chemical Engineering Industry, Arak, Iran, 1 October 2014. [Google Scholar]

	



Mousavi, S.M. Mechanical Properties of Poly(Methyl Metha Acrylate)and Poly Styrene/Sodium Bentonite Bentonite Nano Composists Prepreared by Bulk Polymerization; Bangs Laboratories, Inc.: Fishers, Indiana, 2012. [Google Scholar]

	



Farazi, Z.; Oromiehie, A.; Mousavi, S.M.; Hashemi, S.A. Preparation of LDPE/EVA/PE-MA, Nano Clay Blend Composite in the Stage Potassium Sorbate (KS) and Garlic Oil (GO) as an Antimicrobial Substance. Polym. Sci. 2018, 4, 1–12. [Google Scholar]

	



Zakeri, A.; Kouhbanani, M.A.J.; Beheshtkhoo, N.; Beigi, V.; Mousavi, S.M.; Hashemi, S.A.R.; Zade, A.K.; Amani, A.M.; Savardashtaki, A.; Mirzaei, E.; et al. Polyethylenimine-based nanocarriers in co-delivery of drug and gene: A developing horizon. Nano Rev. Exp. 2018, 9, 1488497. [Google Scholar] [CrossRef]

	



Savardashtaki, A.; Amani, A.M.; Mousavi, S.M.; Delavarifar, S.; Hashemi, S.A.; Vakili, S.; Movahedpour, A.; Jahandideh, S. Core-Shell Nanofibers: A New Horizon in Controlling the Drug Release. Curr. Cancer Ther. Rev. 2017, 13. [Google Scholar] [CrossRef]

	



Mousavi, S.M. Alignment of multi wall carbon nanotube in epoxy polymer matrix and investigating the effect of CNT’s alignment on the mechanical properties of composite. In Proceedings of the Second International Conference on New Approaches in Science, Engineering and Technology, Istanbul, Turkey, 5–6 November 2015. [Google Scholar]

	



Mousavi, S.M.B.O.; Arjmand, C.H.; Mostajabi, D.H. Shooli Investigation of Physical, Mechanical and Biodegradation Properties of Nitrile Butadiene Rubber by Natural Polymers and Nano- Silica Particles American. Int. J. Res. Form. Appl. Nat. Sci. 2014, 1, 110–117. [Google Scholar]

	



Mousavi, S.M. Mechanical and thermal and morphology studies of unsaturated polyester-toughened epoxy composites filled with amine-functionalized nanosilica. Iran. Chem. Congr. 2013, 16, 7–12. [Google Scholar]

	



Mousavi, S.M. Long-term thermal mechanical and physical properties of silica nanoparticles epoxy phenol novelac resins and unsaturated polyester crosslinking method by creating a fluid. In Proceedings of the Chemical Engineering Confrence, Atlanta, GA, USA, 16–21 November 2014. [Google Scholar]

	



Fernandes, R.; Yi, H.; Wu, L.-Q.; Rubloff, G.W.; Ghodssi, R.; Bentley, W.E.; Payne, G.F. Thermo-Biolithography: A Technique for Patterning Nucleic Acids and Proteins. Langmuir 2004, 20, 906–913. [Google Scholar] [CrossRef]

	



Stauffer, W.R.; Cui, X.T. Polypyrrole doped with 2 peptide sequences from laminin. Biomaterials 2006, 27, 2405–2413. [Google Scholar] [CrossRef]

	



Cui, X.; Hetke, J.F.; Wiler, J.A.; Anderson, D.J.; Martin, D.C. Electrochemical deposition and characterization of conducting polymer polypyrrole/PSS on multichannel neural probes. Sens. Actuators A Phys. 2001, 93, 8–18. [Google Scholar] [CrossRef]

	



Mousavi, S.M.; Hashemi, S.A.; Arjmand, M.; Amani, A.M.; Sharif, F.; Jahandideh, S. Octadecyl Amine Functionalized Graphene Oxide towards Hydrophobic Chemical Resistant Epoxy Nanocomposites. Chemistry 2018, 3, 7200–7207. [Google Scholar] [CrossRef]

	



Hashemi, S.A.; Mousavi, S.M.; Arjmand, M.; Yan, N.; Sundararaj, U. Electrified single-walled carbon nanotube/epoxy nanocomposite via vacuum shock technique: Effect of alignment on electrical conductivity and electromagnetic interference shielding. Polym. Compos. 2018, 39, E1139–E1148. [Google Scholar] [CrossRef]

	



Bain, C.D.; Troughton, E.B.; Tao, Y.T.; Evall, J.; Whitesides, G.M.; Nuzzo, R.G. Formation of monolayer films by the spontaneous assembly of organic thiols from solution onto gold. J. Am. Chem. Soc. 1989, 111, 321–335. [Google Scholar] [CrossRef]

	



Lee, H.; Bellamkonda, R.V.; Sun, W.; Levenston, M.E. Biomechanical analysis of silicon microelectrode-induced strain in the brain. J. Neural Eng. 2005, 2, 81–89. [Google Scholar] [CrossRef]

	



Yang, D.-F.; Wilde, C.P.; Morin, M. Electrochemical Desorption and Adsorption of Nonyl Mercaptan at Gold Single Crystal Electrode Surfaces. Langmuir 1996, 12, 6570–6577. [Google Scholar] [CrossRef]

	



Widge, A.S.; Jeffries-El, M.; Cui, X.; Lagenaur, C.F.; Matsuoka, Y. Self-assembled monolayers of polythiophene conductive polymers improve biocompatibility and electrical impedance of neural electrodes. Biosens. Bioelectron. 2007, 22, 1723–1732. [Google Scholar] [CrossRef] [PubMed]

	



Geissler, M.; Chen, J.; Xia, Y. Comparative Study of Monolayers Self-Assembled from Alkylisocyanides and Alkanethiols on Polycrystalline Pt Substrates. Langmuir 2004, 20, 6993–6997. [Google Scholar] [CrossRef]

	



Olszowy, P.; Szultka, M.; Ligor, T.; Nowaczyk, J.; Buszewski, B. Fibers with polypyrrole and polythiophene phases for isolation and determination of adrenolytic drugs from human plasma by SPME-HPLC. J. Chromatogr. B 2010, 878, 2226–2234. [Google Scholar] [CrossRef]

	



Gautier, C.; Cougnon, C.; Pilard, J.-F.; Casse, N.; Chénais, B. A Poly(cyclopentadithiophene) Matrix Suitable for Electrochemically Controlled DNA Delivery. Anal. Chem. 2007, 79, 7920–7923. [Google Scholar] [CrossRef] [PubMed]

	



Samanta, S.; Das, S.; Layek, R.K.; Chatterjee, D.P.; Nandi, A.K. Polythiophene-g-poly(dimethylaminoethyl methacrylate) doped methyl cellulose hydrogel behaving like a polymeric AND logic gate. Soft Matter 2012, 8, 6066–6072. [Google Scholar] [CrossRef]

	



Uygun, A. DNA hybridization electrochemical biosensor using a functionalized polythiophene. Talanta 2009, 79, 194–198. [Google Scholar] [CrossRef] [PubMed]

	



Buga, K.; Pokrop, R.; Majkowska, A.; Zagorska, M.; Planes, J.; Genoud, F.; Pron, A. Alternate copolymers of head to head coupled dialkylbithiophenes and oligoaniline substituted thiophenes: Preparation, electrochemical and spectroelectrochemical properties. J. Mater. Chem. 2006, 16, 2150–2164. [Google Scholar] [CrossRef]

	



Cha, J.; Han, J.I.; Choi, Y.; Yoon, D.S.; Oh, K.W.; Lim, G. DNA hybridization electrochemical sensor using conducting polymer. Biosens. Bioelectron. 2003, 18, 1241–1247. [Google Scholar] [CrossRef]

	



Faïd, K.; Leclerc, M. Functionalized regioregular polythiophenes: Towards the development of biochromic sensors. Chem. Commun. 1996, 24, 2761–2762. [Google Scholar] [CrossRef]

	



Liu, M.; Luo, C.; Peng, H. Electrochemical DNA sensor based on methylene blue functionalized polythiophene as a hybridization indicator. Talanta 2012, 88, 216–221. [Google Scholar] [CrossRef]

	



Nielsen, C.B.; Shomron, N.; Sandberg, R.; Hornstein, E.; Kitzman, J.; Burge, C.B. Determinants of targeting by endogenous and exogenous microRNAs and siRNAs. RNA 2007, 13, 1894–1910. [Google Scholar] [CrossRef]

	



Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.; Mak, R.H.; Ferrando, A.A.; et al. MicroRNA expression profiles classify human cancers. Nature 2005, 435, 834–838. [Google Scholar] [CrossRef]

	



Cheng, Y.; Zhang, X.; Li, Z.; Jiao, X.; Wang, Y.; Zhang, Y. Highly Sensitive Determination of microRNA Using Target-Primed and Branched Rolling-Circle Amplification. Angew. Chem. 2009, 121, 3318–3322. [Google Scholar] [CrossRef]

	



Chen, C.; Ridzon, D.A.; Broomer, A.J.; Zhou, Z.; Lee, D.H.; Nguyen, J.T.; Barbisin, M.; Xu, N.L.; Mahuvakar, V.R.; Andersen, M.R.; et al. Real-time quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005, 33, e179. [Google Scholar] [CrossRef] [PubMed]

	



Rizzo, J.; Gifford, L.; Zhang, X.; Gewirtz, A.; Lu, P. Chimeric RNA–DNA molecular beacon assay for ribonuclease H activity. Mol. Cell. Probes 2002, 16, 277–283. [Google Scholar] [CrossRef]

	



Schultz, S.J.; Champoux, J.J. RNase H activity: Structure, specificity, and function in reverse transcription. Virus Res. 2008, 134, 86–103. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Li, Z.; Cheng, Y.; Lv, X. Colorimetric detection of microRNA and RNase H activity in homogeneous solution with cationic polythiophene derivative. Chem. Commun. 2009, 2009, 3172–3174. [Google Scholar] [CrossRef] [PubMed]

	



Darwish, E.S. Facile Synthesis of Heterocycles via 2-Picolinium Bromide and Antimicrobial Activities of the Products. Molecules 2008, 13, 1066–1078. [Google Scholar] [CrossRef]

	



Bauer, A.W.; Kirby, W.M.; Sherris, J.C.; Turck, M. Antibiotic susceptibility testing by a standardized single disk method. Am. J. Clin. Pathol. 1966, 45, 493–496. [Google Scholar] [CrossRef]

	



Srivastava, S.; Das, B. Synthesis and evaluation of some novel thiophenes as potential antibacterial and mycolytic agents. Der Pharma Chemica 2011, 3, 103–111. [Google Scholar]

	



Campos, K.R. Direct sp3C–H bond activation adjacent to nitrogen in heterocycles. Chem. Soc. Rev. 2007, 36, 1069–1084. [Google Scholar] [CrossRef]

	



Esté, J.A.; Cihlar, T. Current status and challenges of antiretroviral research and therapy. Antivir. Res. 2010, 85, 25–33. [Google Scholar] [CrossRef] [PubMed]

	



Wainberg, M.A.; Zaharatos, G.J.; Brenner, B. Development of Antiretroviral Drug Resistance. N. Engl. J. Med. 2011, 365, 637–646. [Google Scholar] [CrossRef]

	



Chen, W.; Zhan, P.; Daelemans, D.; Yang, J.; Huang, B.; De Clercq, E.; Pannecouque, C.; Liu, X. Structural optimization of pyridine-type DAPY derivatives to exploit the tolerant regions of the NNRTI binding pocket. Eur. J. Med. Chem. 2016, 121, 352–363. [Google Scholar] [CrossRef] [PubMed]

	



Kang, D.; Fang, Z.; Li, Z.; Huang, B.; Zhang, H.; Lu, X.; Xu, H.; Zhou, Z.; Ding, X.; Daelemans, D.; et al. Design, Synthesis, and Evaluation of Thiophene[3,2-d]pyrimidine Derivatives as HIV-1 Non-nucleoside Reverse Transcriptase Inhibitors with Significantly Improved Drug Resistance Profiles. J. Med. Chem. 2016, 59, 7991–8007. [Google Scholar] [CrossRef] [PubMed]

	



Kang, D.; Ding, X.; Wu, G.; Huo, Z.; Zhou, Z.; Zhao, T.; Feng, D.; Wang, Z.; Tian, Y.; Daelemans, D.; et al. Discovery of Thiophene[3,2-d]pyrimidine Derivatives as Potent HIV-1 NNRTIs Targeting the Tolerant Region I of NNIBP. ACS Med. Chem. Lett. 2017, 8, 1188–1193. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 06850 g001 550] 





Figure 1. Assembly schematic for SAM-based neuron/electrode interface (a,b) Formation of mixed EHPT/MHA SAM by incubation in organic thiol solution; (c) formation of reactive NHS esters on MHA carboxyl groups; (d) capture of adhesion-promoting biomolecules (N-CAM13 anti-NCAM) by NHS ester reaction with free amino groups; (e) quenching of unreacted esters and plating of primary neurons that bind to the coupled adhesion molecules [44]. 
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Figure 2. Atomic force microscopy of pure and mixed EHPT and MHA SAMs on template-stripped Au (111). All images were acquired in tapping mode with a scan speed of 1 Hz. (a,b) Bare gold. Wide and flat terraces with smaller subgrains are seen; the tall specks are presumed to be dust particles adsorbed to the surface. (c,d) EHPT SAM. The underlying terraces are concealed by this thick, granular film. (e,f) MHA SAM. This tightly packed thin organic monolayer essentially mirrors the underlying terrace structure. (g,h) Mixed 1:1 EHPT:MHA SAM. This strongly resembles an EHPT SAM, with polymer granules seen across the entire surface. Despite the EHPT, the underlying gold is not entirely effaced. (i,j) MHA SAM after IgG coupling. Large globular protein molecules (likely including small aggregates) cover the surface. (k,l) Mixed 1:1 EHPT:MHA SAM after protein coupling. The surface now matches the MHA/protein image, showing the same irregularly globular structures [44]. 
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Figure 3. Outgrowth of neurites on pure and mixed EHPT/MHA SAMs at 3 and 7 DIV. Average length of each cell’s primary (longest) neurite is reported. At 3 DIV, only the EHPT group differs significantly from the others (p < 4.624 × 10−5). By 7 DIV, pure MHA shows significantly greater outgrowth than all mixed SAMs (p < 0.0087, denoted by *), and pure EHPT (with protein adsorbed) shows significantly less growth (p < 0.0233, denoted by **). There is no significant difference at 3 or 7 DIV among the three mixed SAMs tested (p > 0.3287) [44]. 
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Figure 4. Variation of electrode current at constant potential E = 1.2 V, as a function of concentration of target ODN (inset: cyclic voltammograms of PHPT/ODN bioelectrode with increasing target ODN concentration, mmol) [49]. 
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Figure 5. (A) Differential pulse voltammograms of accumulated PMT-MB on modified gold electrodes. (a): ssODN modified; (b): after incubation with 0.204 _M of noncomplementary ODN target; (c) after incubation with 0.204_M of complementary ODN target. (B) The current change in DPV response of PMT-MB with the concentration of complementary ODN target (a) and non-complementary ODN (b). PMT-MB was accumulated for 25 min in 5 mM phosphate buffer solution containing 0.032 mg/mL of PMT-MB. DPV was measured in blank phosphate buffer [53]. 
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Figure 6. Inverted micrographs of HeLa cells grown in the absence and presence of the oligosiloxane modified thiophenes. Panels A and D are control after 18 h and 7 days, respectively. Panels B and E are poly(VI)-co-poly(3-methylthiophene) (50/50, w/w), after 18 h and 7 days, respectively. Panels C and F are poly(VII)-co-poly(3-methylthiophene) (50/50, w/w), after 18 h and 7 days, respectively. 
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Figure 7. (a) 2-((substituted benzylidene) imino)-3-N-(propyl carboxamido)-4,5,6,7-tetra hydro benzo (b) thiophenes (Schiffs bases)(IIa-k)): TLC solvent system: Benzene: Ethyl acetate (7:3); Recrystallization solvent: DMF:Water (9:1). 
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Table 1. Correlation coefficient and Linearity with relative standard deviations of extraction by PTh-coated SPME fibers from aqueous solutions (n = 3) [46].
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	Parameters
	Oxprenolol
	Mexiletine
	Propranolol
	Propaphenon
	Metoprolol





	Linear range (g/mL)
	-
	-
	-
	-
	1–150



	Slope
	146.9
	131.65
	966.62
	1025.5
	319.72



	Intercept
	667.4
	465
	830.9
	4212.2
	1054



	R2
	0.9605
	0.9644
	0.9773
	0.9879
	0.9856



	RSD
	1.2
	1.1
	1.1
	1.8
	0.9
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Table 2. Activity and Cytotoxicity against HIV-1 (IIIB) and HIV-2 (ROD) Strains in MT-4 Cells [69].
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EC50 (μM) a

	




	
comp

	
X

	
SI c IIIB

	
ROD

	
R

	
IIB

	
CC50 (μM) b






	
8a

	
CO

	
294

	
>3.930

	
H

	
0.013 ± 0.007

	
3.930 ± 0.662




	
8b

	
CO

	
121

	
>3.182

	
4-F

	
0.026 ± 0.002

	
3.182 ± 1.346




	
8c

	
CO

	
93

	
>2.849

	
4-Br

	
0.030 ± 0.005

	
2.849 ± 1.225




	
8d

	
CO

	
19

	
>2.617

	
4-CN

	
0.138 ± 0.018

	
2.617 ± 1.655




	
8e

	
CO

	
17

	
>3.241

	
3-CF3

	
0.196 ± 0.086

	
3.241 ± 0.671




	
9a

	
SO2

	
340

	
>3.734

	
4-NHCOCH3

	
0.010 ± 0.008

	
3.734 ± 0.157




	
9b

	
SO2

	
383

	
>3.527

	
4-F

	
0.0092 ± 0.001

	
3.527 ± 0.372




	
9c

	
SO2

	
231

	
>5.861

	
4-Br

	
0.025 ± 0.006

	
5.861 ± 3.624




	
9d

	
SO2

	
1308

	
>9.287

	
4-CN

	
0.0071 ± 0.0005

	
9.287 ± 6.187




	
9e

	
SO2

	
78

	
>6.683

	
3-CF3

	
0.086 ± 0.029

	
6.683 ± 3.436




	
ETV

	
-

	
776

	
-

	
-

	
0.0028 ± 0.0002

	
2.18 ± 0.029




	
AZT

	
-

	
>664

	
0.008 ± 0.001

	
-

	
0.011 ± 0.005

	
>7.484








a EC50: concentration of compound required to achieve 50% protection of MT-4 cell cultures against HIV-1-induced cytotoxicity, as determined by the MTT method. b CC50: concentration required to reduce the viability of mock-infected cell cultures by 50%, as determined by the MTT method. c SI: selectivity index, the ratio of CC50/EC50.
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Table 3. Anti-HIV-1 Activity against Mutant Strains in MT-4 Cells [69].
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	L100I
	K103N
	Y181C
	Y188L
	E138K
	F227L + V106A
	RES056





	8a
	>3.922
	0.273 ± 0.045
	≥1.508
	>3.922
	0.183 ± 0.039
	>3.922
	>3.922



	8b
	>3.183
	0.478 ± 0.023
	>3.183
	>3.183
	0.230
	>3.183
	>3.183



	8c
	>2.851
	0.519 ± 0.023
	>2.851
	>2.851
	0.370 ± 0.086
	>2.851
	>2.851



	8d
	>2.623
	≥1.436
	>2.623
	>2.623
	0.736 ± 0.017
	>2.623
	>2.623



	8e
	>3.237
	>3.237
	>3.237
	>3.237
	≥1.327
	>3.237
	>3.237



	9a
	0.562 ± 0.487
	0.032 ± 0.002
	0.513 ± 0.415
	0.903 ± 0.248
	0.035 ± 0.001
	1.208 ± 0.333
	>3.727



	9b
	0.410 ± 0.350
	0.103 ± 0.006
	0.472 ± 0.323
	>3.519
	0.076 ± 0.018
	>3.519
	>3.519



	9c
	0.841 ± 0.884
	0.131 ± 0.003
	0.852 ± 0.655
	2.250 ± 0.011
	0.126 ± 0.014
	≥6.136
	5.874 ± 0.925



	9d
	0.424 ± 0.361
	0.070 ± 0.025
	0.428 ± 0.294
	0.675 ± 0.091
	0.045 ± 0.001
	3.583 ± 0.241
	>9.280



	9e
	≥4.092
	0.569 ± 0.31
	≥4.341
	>6.687
	0.642 ± 0.009
	>6.687
	>6.687



	ETV
	0.0097 ± 0.003
	0.0034 ± 0.0003
	0.019 ± 0.007
	0.020 ± 0.0034
	0.014 ± 0.0025
	0.023 ± 0.011
	0.026 ± 0.0041



	AZT
	0.0054 ±0.0004
	0.0078 ± 0.0005
	0.0063 ±0.0009
	0.008 ±0.001
	0.017 ±0.0056
	0.0053 ±0.0011
	0.011 ± 0.0029
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