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Abstract

:

Aptasensors based on stripping voltammetry exhibit several advantages, such as high sensitivity and multi-target detection from stripping voltammetric technology, and high selectivity from the specific binding of apamers with targets. This review comprehensively discusses the recent accomplishments in signal amplification strategies based on nanomaterials, such as metal nanoparticles, semiconductor nanoparticles, and nanocomposite materials, which are detected by stripping voltammetry after suitable dissolution. Focus will be put in discussing multiple amplification strategies that are widely applied in aptasensors for small biomolecules, proteins, disease markers, and cancer cells.






Keywords:


aptasensors; stripping voltammetry; aptamer; signal amplification








1. Introduction


1.1. Electrochemical Aptasensors


Biosensors are the devices used to detect the presence of a target by using a biological recognition element in direct spatial contact with a transducer; when transduction is electrochemical we talk of electrochemical biosensors [1,2,3]. The key point for biosensor performance is molecular-specific recognition. Nowadays, recognition elements include receptors, enzymes, antibodies, nucleic acids, molecular imprints, etc. Aptamers are nucleic acids (DNA or RNA strands) that selectively bind to low-molecular-weight organic or inorganic molecules, macromolecules, such as proteins, and even tumor markers and cancer cells [4,5]. Aptamers are selected from a combinatorial library of synthetic nucleic acids by SELEX (systematic evolution of ligands by exponential enrichment) technology [6,7,8]. Generally SELEX consists in repeated binding, selection, and amplification of aptamers from the initial, synthetic combinatorial library of nucleic acids until one (or more) aptamer(s) with the desired characteristics has been isolated. SELEX procedure starts with generating nearly 1014–1015 random nucleic acid sequences. These random nucleic acids are chemically synthesized and amplified with polymerase chain reaction (PCR). Then the nucleic acid library is incubated with the target. The targets are often immobilized onto a solid-state matrix, such as a gel or a column, so that DNA or RNA strands having affinity to the target molecule can be captured. Next, the target-bound nucleic acids are separated from the unbound strands in the pool, and then the bound DNA or RNA strands are eluted from the target and amplified via PCR to seed a new pool of nucleic acids enriched with sequences that have higher affinity to the target. The next round of the selection process is usually performed under more stringent conditions (such as lower target concentration and shorter time for binding). After nearly 10–20 rounds of the selection processes, the nucleic acids with the highest affinity to the target molecule can be obtained [9,10,11]. The specific binding and high affinity constants of aptamers towards their substrates are comparable to the binding constants of antibodies to antigens. In comparison with antibodies, aptamers exhibit many advantages. For example, they are designed in vitro without the need of an animal host and are lacking immunogenicity. Once selected, aptamers can be readily produced with high reproducibility and purity by chemical synthesis. More importantly, aptasensors can be used in a wide variety of sample matrixes, including non-physiological buffers and temperature conditions that would cause denaturation of typical antibodies [12]. Owing to the above advantages, many different aptasensors, such as fluorescent [13], colorimetric [14], electrochemical [4,15], and electrochemiluminescent [16,17,18,19] approaches have been developed to date. It covers nearly all biosensing strategies.



Electrochemical aptasensors are attractive since they require low-cost portable instrumentation and allow one to perform high-throughput, multi-analyte, and on-site analysis [4,20]. Therefore, electrochemical aptasensors have been extensively applied in analysis of small biomolecules (e.g., adenosine and ATP [21,22], cocaine [23,24]), proteins [25,26,27], disease pathogens [28,29,30], and cancer cells [29,31,32]. Some metal ions, such as As(III) [33] or Pb(II) [34,35], can also be detected using suitable aptasensors obtained by the SELEX procedure. In the past decades, many strategies to enhance the response of the aptasensor on the basis of electrochemical signals have been developed. Different functional nanomaterials were employed such as metal nanoparticles [36], semiconductor nanoparticles [26,37,38], magnetic nanoparticles [39], polymeric nanoparticles [31], carbon-based nanomaterials [40], and nanocomposite materials [22,41,42] in order to meet the growing demands for ultrasensitive detection [43]. Additionally, other multiple amplification strategies, such as PCR, strand-displacement amplification (SDA), hybridization chain reaction (HCR) amplification, rolling circle amplification (RCA), and cyclic target-induced primer extension (CTIPE), are also utilized to improve the sensitivity of electrochemical aptasensors [23,27,44,45].




1.2. Electrochemical Stripping Voltammetry


Stripping voltammetry is a unique voltammetric method for quantitative detection. It includes two main steps: (i) an accumulation step, whose role is to concentrate analytes at the sensor surface; and (ii) a detection step during which the reverse reaction of the first step occurs. Thanks to the preconcentration step, stripping voltammetry shows higher sensitivity than direct methods, such as cyclic voltammery, linear sweep voltammetry, or chronoamperometry [46,47,48,49]. Stripping voltammetry can be used to detect nanoparticles/nanomaterials which are often used to enhance the sensitivity of aptasensing. In these cases, the nanomaterials bound to the target or probe or electrode are first dissolved in acid solutions (such as HNO3 and HCl) to release ions (such as Ag+, Pb2+, Cd2+, Cu2+) which are, afterwards, detected by stripping voltammetry. The roles of the nanomaterial are: (i) to give electrochemical signals by stripping analysis of the dissolved metals; (ii) to modify the surface of the electrode for making much sensitive electrochemical transducers; and (iii) to immobilize capturing probes [50]. Nowadays, mercury-based electrodes are scarcely used since Hg is recognized as a toxic material. Many alternative electrodes, such as carbon electrodes, gold electrodes, silver electrodes, iridium electrodes, and bismuth electrodes, have been studied for applications in stripping voltammetry. We found an alternative dioctyl phthalate-based carbon paste electrode for stripping voltammetry in 2012 [51]. It exhibits an extremely wide cathodic potential range and even higher hydrogen evolution overpotential than bismuth electrodes. Kokkinos and his group reported a novel microfabricated tin biosensor for stripping voltammetric analysis of DNA and prostate-specific antigen (PSA) in 2013 [37]. They found that a microfabricated tin electrode works better than electroplated mercury-film or bismuth-film electrodes on glassy carbon in electrochemical stripping analysis of DNA and PSA. These significantly promote the development of stripping voltammetry.



Nowadays, anodic, cathodic, and adsorptive stripping voltammetries are recognized as election techniques for trace electroanalysis of heavy metal ions, such as Pb2+, Cd2+, Fe3+, Co2+, Mn2+, Zn2+, As3+/As5+, and Sb5+ [52,53,54,55,56,57,58]. Anodic striping voltammetry is an effective approach to achieve multiple-detection of heavy metals simultaneously. Square wave and differential pulse stripping voltammetric techniques have obviously higher sensitivity than linear stripping voltammetry [25,59,60,61]. Stripping voltammetry has been successfully combined with aptasensing to develop electrochemical biosensors suitable to detect small biomolecules such as adenosine triphosphate (ATP) [61], drugs, such as kanamycin [62], proteins, such as thrombin [63], and cancer and tumor markers; however, further studies are required to improve and optimize the analytical performances and to widen the applications.



Herein, we focus on the combination of aptamer and stripping voltammetry technology to give a mini-review of the most recent developments on electrochemical aptasensors based on stripping voltammetry.





2. Aptasensor Based on Stripping Voltammetry


2.1. Aptasensors for Simultaneous Detection of Small Biomolecules


The development of biosensor for sensitive and selective determination of important small biomolecules, such as ATP, cocaine, and adenosine, has been extensively studied for several decades. Quite a number of biosensors can only measure a single analyte. However, the simultaneous detection of several analytes is desirable in many cases (e.g., diagnosis and environmental analysis). Aptasensors based on stripping analysis are a sensitive method for multiplex analysis. For example, Yuan and his group designed an electrochemical strategy for “signal on” and sensitive one-spot simultaneous detection of multiple analytes, such as ATP and cocaine, using two quantum dot (QD) labels [64]. It is a traditional sandwiched strategy, but it involves the self-assembly of two types of thiol-modified primary target-binding aptamers, ATP binding aptamer (ABA1) and cocaine binding aptamer (CBA1) on the gold substrate (Figure 1). These two aptamers contribute to the specific binding of its corresponding target ATP and cocaine, respectively. After simultaneous addition of ATP and cocaine as well as their corresponding QD-conjugated secondary binding aptamers (PbS-ABA2 and CdS-CBA2), ATP and cocaine form a stable sandwiched complex with a QD-conjugated secondary aptamer and primary binding aptamer. This leads to different square wave stripping voltammetric signals via the measurement of released Pb2+ and Cd2+ after an acid dissolution process, enabling simultaneous and sensitive detection of ATP and cocaine due to the inherent amplification feature of the QD labels and the “signal on” detection scheme.



Compared with a single nanoparticle electrochemical label, nanocomposites allow better signal amplification strategies. Zhang and his group utilized QDs-AuNPs nanocomposite labels in simultaneous detection of adenosine and thrombin. The strategy involved a thiol-modified dual-aptamer DNA consisting of both an adenosine aptamer and thrombin aptamer (Figure 2) [22]. The thiol-modified dual-aptamer DNA was immobilized on the Au electrode surface via an Au–S bond. CdS QDs-AuNPs with a reporter DNA complementary to the adenosine aptamer and PbS QDs-AuNPs with a reporter DNA complementary to the thrombin aptamer were used for the detection of adenosine and thrombin by Cd2+ and Pd2+, respectively. In the absence of adenosine and thrombin, CdS QDs-AuNPs were brought to the surface of electrode via DNA hybridization, resulting in a strong Cd stripping peak. When adenosine and thrombin were added, the aptamer could bind tightly and specifically to adenosine and form a tertiary complex. CdS QDs-AuNPs were removed from the surface of electrode because of stronger interaction of adenosine with its aptamer, and PbS QDs-AuNPs were attached to the surface of electrode due to the formation of the sandwich-type structure between thrombin and its two aptamers. As a result, Cd stripping peaks decrease with increasing adenosine concentrations and the Pb stripping peak increases with increasing thrombin concentrations, which allows simultaneous detection of adenosine and thrombin. This strategy of barcode QD tags for simultaneous detection of multiple small molecular analytes supplies an attractive route for screening of small molecules in clinical diagnosis.



These stripping voltammetric strategies mentioned above belong to the direct analysis of small biomolecules. The backfilling strategy belongs to an indirect analysis. Yuan and his group developed a multi-analyte aptasensor through a backfilling strategy for simultaneous detection of ATP and lysozyme using aptamer/nanoparticle bioconjugates as labels [21]. In this backfilling strategy, CdS QDs and PbS QDs are firstly tagged with different DNA sequences, which are complementary with an ATP aptamer and a lysozyme aptamer, respectively (Figure 3). If no ATP and lysozyme exist, duplexes and 6-mercapto-1-hexanol are blocked on the gold substrate. After the addition of ATP and lysozyme, tertiary aptamer/targets are formed and released from the gold substrate. At this time, CdS QDs and PbS QDs tagged with different DNA are added and form backfilling hybridization with thiol-modified DNAs on the gold substrate. This achieves simultaneous detection of ATP and lysozyme by measuring the enhanced square-wave voltammetric stripping signals of the Pb2+ and Cd2+. This aptamer/nanoparticle-based backfilling strategy can improve the sensitivity via the signal-on protocol compared with common target-induced displacement or conformational change signal-off configuration. It opens opportunities for multiplexed clinical diagnosis of different molecules with distinct sizes.




2.2. Aptasensors for Proteins


In bioassays, antibodies have been widely used in the analysis of clinical biofluid specimen, such as urine and blood [50,65,66]. However, antibodies are not stable and may lose activity easily. Aptamers are alternatives to antibodies for bioassays. They can specifically bind to a variety of target molecules, such as proteins [36,39,67,68], drugs [62], small biomolecules [21,22], and cells [28,31,43,69].



In protein aptasensor research area, thrombin is a typical protein model investigated by many researchers. Several works on protein aptasensors based on stripping voltammetry have been reported [26,63,70,71,72,73]. Usually only one type of nanoparticles, such as QDs, are used as labels for stripping voltammetric analysis of thrombin [73] but, compared with a single nanoparticle, nanocomposite materials can obviously achieve signal amplification. Lin and his group reported a novel electrochemical aptasensor for the determination of protein thrombin by anodic stripping voltammetric analysis of Cd2+ using ssDNA-labeled CdS NPs-AuNPs in 2010 [26]. In their strategy, the first step is to obtain detection probe. Linker DNA ssDNA-labeled CdS nanoparticles (NPs) is conjugated with AuNPs through one thrombin-related aptamer. Then, the sandwich type is formed after the addition of target thrombin via another aptamer modified on the surface of gold electrode. In this work, AuNPs and ssDNA-labeled CdS NPs conjugate served not only as a target recognition probe for thrombin, but also as a tool of amplification. Numerous ssDNA-labeled CdS NPs were linked with AuNPs, which enhanced the Cd2+ stripping signals. Therefore, it achieved the determination of thrombin in the linear range of 1.0 × 10−15 to 1.0 × 10−11 M with a low detection limit of 0.55 fM. This aptasensor was also confirmed to be able to distinguish the target thrombin from the interferents. Xu and his group also utilized nanocomposite cadmium sulfide nanoparticles (CdS NPs) functionalized with colloidal carbon particles (CPs) in an analysis of thrombin in 2011 [63]. The sandwich-type assay of thrombin was developed by in situ growing of abundant CdS NPs on the surfaces of monodisperse carbon particles (CdS/CPs) via square wave stripping voltammetric signals of the released Cd2+. Both of these two works utilized nanocomposite materials as signal amplification strategy. Additionally, Shumyantseva and his group developed two similar label-free stripping voltammetric analyses of thrombin, respectively using Au+ stripping signals 2008 [71] and using Ag+ stripping signals in 2010 [72]. As shown in Figure 4 [72], a screen-printed electrode (SPE) modified with AgNPs served as the sensing platform and the oxidation of AgNPs (Ag0→Ag+) upon polarization (+100 mV) supplied the detection signals for the proposed aptasensor. Aptamers were immobilized onto the surface of SPE modified with AgNP via an S–Ag bond. In the presence of thrombin, the anodic Ag+ stripping peak was decreased. This direct detection strategy is label-free, simple, and fast, and can be extended to other analytes or biorecognition elements.



Wang and his group took advantage of the signal amplification effect of the labeled CdS NPs with the assistance of target protein-induced strand displacement and developed a sensitive electrochemical aptasensor for thrombin (Figure 5) [68]. In this electrochemical aptasensor for thrombin, a single DNA labeled with CdS nanoparticles was used as a detection probe. In the presence of thrombin, the aptamer in the dsDNA preferred to form a G quarter structure with thrombin releasing one single strand in the dsDNA sequence. In the G quarter structure, multiple guanines are organized around thrombin in a four-stranded structure. After the addition of the CdS NPs labeled probe, the concentration of thrombin is related to the amount of the captured CdS nanoparticles. After dissolving CdS particles, the released Cd2+ is determined by adsorptive stripping voltammeries and this amount is related to the thrombin concentration, allowing reaching a detection limit for the protein of 4.3 × 10−13 mol/L.



Xu and his group utilized AgNPs/graphene nanocomposite materials for the analysis of the protein human immunoglobulin E (IgE) [42]. IgE plays an important role in allergic reactions and other related diseases. Like other aptasensor of protein, a sandwich-type strategy was used. However, the detection probe was a streptavidin-functionalized AgNPs/graphene hybrid linked with biotinylated anti-human IgE antibody. Meanwhile, thiol-tagged IgE aptamer was used as the capture probe. Owing to specific binding between the aptamer with IgE and the antibody with IgE, a sandwich-type aptasensor for IgE was developed by a square wave anodic stripping voltammetric signal from AgNPs/graphene nanocomposite materials. The high-loading ability of graphene for AgNPs, combined with the unique electrical properties of graphene, contributed to the low detection limit. It brought a dynamic range for IgE detection from 10 to 1000 ng/mL with a low detection limit of 3.6 ng/mL. Furthermore, it is also a portable, simple, and inexpensive electrochemical biosensor for IgE since a disposable screen printed electrode was used as a sensing platform.



Silver staining is commonly used as a signal amplification strategy for detection methods based on nanomaterial labels [41,66]. Xie and his group used gold label/silver staining in detection of immunoglobulin G (IgG) with the low detection limit of 0.2 fg/mL [66]. In their strategy, silver ions can be stained solely on the surface of catalytic AuNPs through chemical reduction of silver cations by hydroquinone. A beforehand “potential control” in air, and then an injection of HNO3 for dissolution of the stained silver, enables rapid cathodic preconcentration of atomic silver onto the electrode surface for anodic stripping voltammetry measurement of silver ions.



SPE is an appropriate electrode for clinical diagnosis because it can satisfy highly sensitive and reproducible determination of target analytes, and meets the requirement for performing rapid in situ analyses. Combining the advantages of SPE and those of electrochemical array technology, SPE array technology shows great advantages in multi-analytes measurements. It has been used in various analytical methods, such as heavy metal ion detection, enzymatic biosensors, immunosensors, and DNA sensors [74,75]. Xu and his group further developed a multiplied protein aptasensor for platelet-derived growth factor (PDGF-BB) and thrombin by constructing a SPE array chip screen-printed electrode array in 2014 [25]. A sandwich-type strategy was utilized and an aptamer was tagged with DNA-functionalized AgNPs aggregate (Figure 6A). It gave an amplified differential pulse stripping voltammetry signal compared to the signal-labeled tag. Different aptamers for PDGF-BB and thrombin were chosen to construct multiplied-protein detection using a SPE array chip (Figure 6B). The novel SPE array chip achieved a wide linear range and low limit of detection in analysis of PDGF-BB and thrombin.




2.3. Aptasensors for Cancer Cells and Diseases


Determining the extent of disease and planning appropriate therapies are essential for cancer treatment at an early stage. A tumor marker is a substance abnormally expressed in response to cancer. Different tumor markers can indicate different types of cancers with altered disease processes. Breast cancer is a kind of cancer mainly occurring in the inner lining of the milk ducts or lobules with different spread, aggressiveness, and genetic makeup. It has become the second most common type of cancer after lung cancer, and the fifth common cause of cancer death [69]. Li and his group developed a sensitive electrochemical aptasensor for the analysis of MCF-7 breast cancer cells by simultaneously detecting two tumor markers, human mucin-1 (MUC1) and carcinoembryonic antigen (CEA), on the surface of MCF-7 breast cancer cells in 2010 [69]. In their strategy, MCF-7 breast cancer cells were firstly recognized by its aptamer immobilized on the surface of a gold electrode. Another tumor marker, CEA, was subsequently captured by CdS nanoparticles (CdS NPs)-labeled anti-CEA. It achieved breast cancer cell analysis by anodic stripping voltammetric signals of Cd2+. It efficiently improved the accuracy of the detection and avoidance of false-positive results due to low specificity. Similarly, B. Shim and his group developed an ultrasensitive and selective electrochemical diagnosis of breast cancer marker (HER2) and HER2-overexpressing breast cancer (SK-BR-3) on the basis of a hydrazine–Au NP–aptamer bioconjugate in 2013 [41]. Human epidermal growth factor receptor 2 (HER2) is a key prognostic marker and an effective therapeutic treatment target for breast cancer because it can be over-expressed in 10%–25% of breast cancers. In this strategy (Figure 7), anti-HER2 immobilized on the surface of an electrode was used to recognize breast cancer (SK-BR-3). 2,5-bis(2-thienyl)-1H-pyrrole-1-(p-benzoic acid) was self-assembled on AuNPs and the hydrazine-AuNP-aptamer bioconjugate was used as a detection probe. During the detection process, the anti-HER2-immobilized probe, HER2, or SK-BR-3 breast cancer cells, and Hyd-AuNP-Apt bioconjugate form a sandwich-type structure. In order to achieve ultrasensitive analysis of breast cancer, the silver-stained signal amplification was used. The silver ion is selectively reduced by hydrazine. The deposited silver is analyzed via square wave stripping voltammetry. This was the first report about the analysis of breast cancer cells utilizing selective silver stain through interaction with the Hyd–AuNP–Apt bioconjugate. Differently, Zhu and his group developed a competitive electrochemical sensor for anodic stripping voltammetric detection of breast cancer by using aptamer-quantum dots conjugates (Apt-QDs) [76]. Amino modified aptamers, which can specifically recognize MUC1 on the surface breast cancer cells, are firstly captured by the thiolated complementary DNA (cDNA) anchored on the gold electrode surface. Then Apt-QDs are formed through the interaction of amino groups with carboxyl groups in QDs. In the presence of breast cancer cells, MUC1 protein could compete with cDNA to conjugate with Apt-QDs conjugates. It leads to the decrease in the number of QDs retained at the electrode. After dissolving the remaining QDs, the concentration of the obtained metal species is detected via anodic stripping and the concentration of breast cancer cells is detected. The competitive electrochemical method is a good way to avoid false positive signals.



In addition to breast cancer, acute leukemia is the most common pediatric malignancy and remains the leading cause of disease-related mortality in children and adolescents. Zhu and his group developed an aptamer-based competition strategy for ultrasensitive electrochemical detection of leukemia cells (Figure 8) [77]. CCRF-CEM acute leukemia cells were chosen as model cells. The strategy was based on a dual signal amplification based on Fe3O4 magnetic nanoparticles (MNPs) carrying AuNPs and AuNP-catalyzed silver, which realized both as an electrosensor and cytosensor for target cells. An aptamer was designed to bind specifically to target cells. A partial cDNA was used to match the aptamer sequence. To fabricate the cytosensor, AuNPs loaded on Fe3O4 MNPs were prepared. Fe3O4 MNPs acted as both the separation tool and the strong nanocarriers for loading AuNPs and AuNP-catalyzed Ag deposition, which achieved signal amplification for the detection. After the addition of target cells, they could compete efficiently with conjugated cDNA to bind specifically with its aptamers. Therefore, the number of Fe3O4 MNPs carrying AuNPs and AgNPs retained at the electrode were decreased. The dissolved Ag+, which was related with the number of target cells, were measured via square wave stripping voltammetry. The combination of the competitive, hybridization-based, and square wave anodic stripping voltammetric sensing platform supplies leukemia detection with high sensitivity, good specificity, desirable reproducibility, and acceptable stability. It exhibits great clinical value in the early diagnosis and prognosis of leukemia.



Zhu and his group developed both electrochemical aptasensor and cytosensor for selective and ultrasensitive detection of cancer cells using aptamer-DNA concatamer quantum dot probes by fabricating an supersandwich structure (Figure 9) in 2013 [78]. DNA concatamers are linear polymeric structures formed by self-association of short DNA fragments through specific interactions. The proposed supersandwich structure combined with numerous CdS QDs achieves significant signal amplifications in aptasensors for cancer cells with the low detection limit of 50 cells/mL.



Multiple amplification strategies include PCR, SDA, HCR, RCA, etc. [43,44,45,79]. RCA is a simple and powerful isothermal enzymatic process. A short DNA or RNA primer is elongated to form a long, single-stranded DNA or RNA, assisted by a circular DNA template and unique DNA or RNA polymerases [80]. Since the RCA product contains thousands of tandem repeats that are complementary to the circular template, it leads to effective signal readout approaches, which are crucial to achieve various analytical purposes. Just owing to the advantages of high speed, efficiency, and specificity, RCA has been widely applied for signal amplification in analysis of DNA, protein, metal ions, and diseased cells. Ding and his group reported a cascade signal amplification strategy for ultrasensitive detection of cancer cell Ramos cells via combining RCA technique in 2012 [31]. In their strategy (Figure 10), NH2-modified probe DNA and NH2-modified primer DNA were immobilized on the surface of carboxyl-coated polystyrene microspheres (PSMs) to form a bio-bar code probe. The probe DNA firstly hybridized partly with the Ramos cell aptamer modified on magnetic beads (MBs) to construct a magnetic biocomplex. Carboxyl-coated MBs acted as the separation tool and the immobilization matrix. When the RCA reaction was started, a large quantity of signal DNA tagged with CdS NPs was added to the mixture. In this way, a long, single-stranded DNA which contains numerous tandem-repeat sequences was synthesized. At the same time, a large number of CdS-DNA probes for enhanced recognition were periodically assembled. But the double helixes between PSMs and MBs conjugate were opened due to much stronger binding of aptamer to Ramos cells than that of ordinary double-stranded DNA. Therefore Ramos cell were separated by magnetic separation procedure and the released Cd2+ form separated CdS-DNA probes was measured through anodic stripping voltammetry. This electrochemical aptasensor for cancer cells exhibited high sensitivity and specificity with the detection limits of 10 Ramos cells/mL.



Jiang and his group combined the RCA reaction with poly(thymine)-templated copper nanoparticles (Cu NPs) for cascade signal amplification in ultrasensitive and highly-selective electrochemical analysis of prostate cancer biomarker PSA in 2016 [32]. DNA-templated metal nanoparticles, such as DNA-templated silver nanoclusters and DNA-templated Cu NPs, as novel-type emerging signal reporters have attracted increasing interest in biosensors owing to their advantages, including low toxicity, good biocompatibility, excellent optical properties, and facile integration with DNA-based recognition and signal amplification strategies. Though DNA-templated Cu NPs have been employed for the detection of small molecules, enzyme activity, nucleic acids, and metal ions, this was the first time of applying poly(thymine) repeats for a poly(thymine)-templated Cu NPs in electrochemical aptasensor of cancer markers. As shown in Figure 11, the RCA product contained thousands of poly(thymine) repeats which were used to synthesize DNA-templated Cu NPs. Once one PSA existed, one primer-AuNP-aptamer would be immobilized on the well and, subsequently, thousands of poly(thymine) sequences would be generated from RCA. It led to the synthesis of numerous DNA-templated Cu NPs and brought enhanced stripping voltammetric signals of released Cu2+. It was a successful attempt at the ultrasensitive detection of PSA with a remarkable detection limit of 0.020 fg/mL for DNA-templated Cu NPs applied in cascade signal amplification.



In addition to cancer, some diseases also attract great attention. Staphylococcus aureus (S. aureus), one of the most important human pathogens, can cause different kinds of illnesses, from minor skin infections to life threatening diseases [28,81]. Abbaspour and his group reported a sensitive and highly-selective sandwich-type electrochemical detection of S. aureus using dual aptamers [28]. The primary aptamer was immobilized on the surface of MBs and the secondary aptamer, conjugated to AgNPs, acted as signal reporters to provide electrochemical stripping voltammetry characteristics. After fast magnetic separation, S. aureus was determined by Ag+ released via differential pulse anodic stripping voltammetric measurement. It is a characteristic aptasensor for disease analysis, combining magnetic separation and AgNPs-based signal amplification technology. Zhang and his group developed a novel method for the determination of sulfate-reducing bacteria with the low detection limit of 1.8 × 102 cfu/mL) by combining a graphene oxide sheet-amplified assay and silver enhancement technology in 2011 [40]. They utilized graphene oxide sheets as promoters for silver reduction into AgNPs by hydroquinone. It is a good example of silver stained-based stripping voltammetry by utilizing the intrinsic catalytic property of graphene oxide sheets.





3. Conclusions


In this article, a mini-review about the most recent developments in the field of aptasensors based on stripping voltammetry is presented. In order to improve the sensitivity of aptasensors nanomaterials, such as metal nanoparticles, semiconductor nanoparticles, and nanocomposite materials, were employed. They can give electrochemical signals by stripping analysis of the dissolved metals, modify the surface of the electrode to construct more sensitive electrochemical transducers, or immobilize capturing probes. Multiple amplifications, such as RCA, are also powerful strategies to improve the sensitivity of aptasensors. Moreover, some alternative electrodes, such as bismuth electrodes, tin electrodes, and even screen-printed electrodes, were employed by researchers. All of these will greatly promote the development of aptasensors on the basis of stripping voltammetry in single-target and multi-target analysis of small biomolecules, proteins, disease markers, and cancer cells.
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Abbreviations


The following abbreviations are used in this manuscript:





	ABA
	ATP binding aptamer



	Apt-QDs
	aptamer-quantum dots conjugates



	ATP
	adenosine triphosphate



	CBA
	cocaine binding aptamer



	cDNA
	complementary DNA



	CEA
	carcinoembryonic antigen



	CPs
	colloidal carbon particles



	CTIPE
	cyclic target-induced primer extension



	HCR
	hybridization chain reaction



	HER2
	breast cancer marker



	IgE
	human immunoglobulin E



	IgG
	immunoglobulin G



	MBs
	magnetic beads



	MCF-7
	The number of one type of breast cancer cells



	MNPs
	magnetic nanoparticles



	MUC1
	human mucin-1



	PCR
	polymerase chain reaction



	PDGF-BB
	platelet-derived growth factor



	PSMs
	polystyrene microspheres



	PSA
	prostate-specific antigen



	QD
	quantum dot



	RCA
	rolling circle amplification



	S. aureus
	Staphylococcus aureus



	SDA
	strand-displacement amplification



	SELEX
	systematic evolution of ligands by exponential enrichment



	SK-BR-3
	HER2-overexpressing breast cancer



	SPE
	screen-printed electrode
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Figure 1. Scheme of one-spot simultaneous detection of two small molecules ATP and cocaine on the basis of square wave stripping voltammetry [64]. 
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Figure 2. Scheme of the sensing interface for simultaneous detection of adenosine and thrombin via anodic stripping voltammetry [22]. 
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Figure 3. Scheme of the aptamer/nanoparticle-based backfilling protocol for simultaneous detection of lysozyme and ATP [21]. 
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Figure 4. Scheme of label-free anodic stripping voltammetric detection of thrombin based on the oxidation of silver upon polarization by the determination of AgNPs surface status [72]. 
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Figure 5. Scheme of the electrochemical aptasensor of thrombin based on target protein-induced strand displacement using signal amplification of CdS NPs [68]. 
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Figure 6. Scheme of (A) differential pulse stripping voltammetry detection and (B) multiplexed detection of PDGF-BB and thrombin [25]. 
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Figure 7. Scheme of square wave stripping voltammetric detection of tumor marker (human epidermal growth factor receptor 2, HER2) and HER2-overexpressing breast cancer (SK-BR-3) [41]. 
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Figure 8. Scheme of competition strategy for ultrasensitive electrochemical detection of leukemia cells using dual-signal amplification based on Fe3O4 MNPs carrying AuNPs and AuNP-catalyzed silver [77]. 
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Figure 9. Procedures for (A) the fabrication of aptamer-DNA-concatamer-QDs probes, (B) MWCNTs@polydopamine(PDA)@AuNPs composites. and (C) a supersandwich aptasensor for cancer cells [78]. 
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Figure 10. Scheme of aptasensor for cancer cells via anodic stripping voltammetry [31]. 
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Figure 11. Scheme of rolling circle amplification for stripping voltammetric analysis of prostate cancer biomarker PSA [32]. 
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