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Abstract

:

Interferon gamma (IFN-γ) is an important cytokine with antiviral, antibacterial, and immunosuppressive properties. It has been used as a biomarker for the early detection of several diseases, including cancer, human immunodeficiency virus (HIV), tuberculosis, and paratuberculosis. In this study, we developed an electrochemical biosensor composed of multifunctional DNA 3WJ to detect IFN-γ level with high sensitivity. Each multifunctional triple-stranded aptamer (MF-3WJ) was designed to have an IFN-γ aptamer sequence, anchoring region (thiol group), and 4C–C (cytosine–cytosine) mismatch sequence (signal generation), which could introduce silver ions. To generate the electrochemical signal, four Ag+ ions were intercalated (3wj b-3wj c) in the 4C–C mismatch sequence. MF-3WJ was assembled through the annealing step, and the assembly of MF-3WJ was confirmed by 8% tris–boric–EDTA native polyacrylamide gel electrophoresis. The Au microgap electrode was manufactured to load sample volumes of 5 µL. The reliability of electrochemical biosensor measurement was established by enabling the measurement of seven samples from one Au microgap electrode. MF-3WJ was immobilized on the Au microgap electrode. Then, cyclic voltammetry and electrochemical impedance spectroscopy were performed to confirm the electrochemical properties of MF-3WJ. To test the electrochemical biosensor’s ability to detect IFN-γ, the limit of detection (LOD) and selectivity tests were performed by square wave voltammetry. A linear region was observed in the concentration range of 1 pg/mL–10 ng/mL of IFN-γ. The LOD of the fabricated electrochemical biosensor was 0.67 pg/mL. In addition, for the clinical test, the LOD test was carried out for IFN-γ diluted in 10% human serum samples in the concentration range of 1 pg/mL–10 ng/mL, and the LOD was obtained at 0.42 pg/mL.
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1. Introduction


Tuberculosis (TB) is an infectious disease caused by several types of Mycobacterium. Although TB is as old as human history, it remains an unresolved problem that threatens public health [1,2]. According to the World Health Organization (WHO), in 2019 alone, 1.4 million people died from TB, and about 10 million people were infected with TB [3,4]. The number of people infected with TB is declining by about 2% per year, but the number of new patients is still increasing due to the growing population [5]. The most effective way to manage TB risk is to quickly diagnose active TB patients and provide appropriate treatment to prevent the spread of TB bacteria, thereby preventing the occurrence of new TB patients.



For TB diagnosis, various methods, such as chest radiography [6], Mycobacterium tuberculosis smear [7], M. tuberculosis molecular diagnosis [8], susceptibility to isoniazid and rifampin [9], and tuberculin test (TST), have been carried out [10]. TST, which is used to investigate infection with M. tuberculosis, may produce false-positive results due to the Bacillus Calmette–Guérin vaccine. The interferon gamma (IFN-γ) test was introduced to address this issue [11,12]. The IFN-γ test involves an antigen that stimulates T cells [13] sensitized by M. tuberculosis, and is used to check for infection with M. tuberculosis through an enzyme-linked immunosorbent assay (ELISA) [14,15]. Apart from resolving the false-positive problem of TST, the IFN-γ test is in the spotlight as a test method that can be used to diagnose latent tuberculosis. While the ELISA-based technique is a commonly used method capable of quantifying IFN-γ in a sensitive and specific manner, production of an antibody is time-consuming and costly. Other disadvantages associated with this method include several washing steps, temperature sensitivity, and difficulty in miniaturization and multiplexing owing to the use of several reagents. An aptamer is a single-stranded nucleic acid that has many advantages over antibodies, such as temperature stability and low manufacturing cost. It is composed of a relatively simple nucleic acid sequence that is easy to modify and has excellent convenience and flexibility in structural design [16,17,18]. In this study, we attempted to insert a redox label for electrochemical detection into an aptamer by utilizing its excellent flexibility.



Electrochemical biosensor [19] is a powerful analysis tool due to its portability, fast response time, and high sensitivity. The miniaturization of modern microelectronics is made possible by constructing microelectrodes that are suitable for detecting small samples [20,21]. The large-scale production and low cost of electronic devices are important reasons that make the electrochemical approach more attractive for high-throughput analysis.



As shown in Figure 1, the detection strategy proposed in this study involved the self-assembly of a multifunctional triple-stranded aptamer (MF-3WJ) on a Au microgap electrode. The change in redox current was quantified using square wave voltammetry (SWV), and it was confirmed that this change was dependent on the concentration of IFN-γ. MF-3WJ consisted of three arms, namely, an IFN-γ aptamer sequence, a thiol group, and a C–C mismatch sequence. Ag+ was inserted between the C–C mismatched sequences to stabilize the double strand, and Ag+ was used as a redox label [22]. The reliability of the electrochemical biosensor was secured by measuring seven samples on one Au microgap electrode designed to minimize the use of IFN-γ samples.




2. Experimental Details


2.1. Materials


IFN-γ (16.7 kDa), C-reactive protein (CRP, 23 kDa), and tumor necrosis factor-alpha (TNF-α, 17.4 kDa) were purchased from Sino Biological Inc. (Beijing, China) and kept frozen at −20 °C. Myoglobin, hemoglobin, bovine serum albumin (BSA), potassium hexacyanoferrate (III), and potassium hexacyanoferrate (II) trihydrate were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Silver(Ⅰ) nitrate (AgNO3) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased from Daejung (Gyeonggi-do, South Korea). IFN-apt-3wj-a was synthesized by GenoTech (Daejeon, South Korea), and 3wj-b and SH-3wj-c were synthesized by Integrated Device Technology, Inc. (San Jose, CA, USA). The sequence of IFN-apt-3wj-a was 5′-CCG CCC AAA TCC CTA AGA GAA GAC TGT AAT GAC ATC AAA CCA GAC ACA CTA CAC ACG CAT TGC CAT GTG TAT GTG GG-3′ (77mer). The sequence of 3wj-b was 5′-TTC ACC CCT GAC ATG GCA A-3′ (19mer), and that of SH-3wj-c was 5′-CCC ACA TAC CAC CCC TGA A-3′ (19mer). IFN-apt sequence was followed by [23]. All oligonucleotides were diluted in nuclease-free water and kept frozen at −20 °C. Mini-Protean Tetra Cell and PowerPac™ power supplies were purchased from Bio-Rad (Hercules, CA, USA) and were used for gel electrophoresis to analyze DNA. For the clinical test, human serum used extracts from human male AB plasma (Sigma). Human serum was mixed with various diluted IFN samples with phosphate-buffered saline (PBS).




2.2. Assembly of the Multifunctional DNA 3WJ Structure


The MF-3WJ structure consisted of three fragments with each functioning as IFN-γ aptamer sequence, anchoring region using thiol functional group, and electrochemical signal reporter through C–C mismatch sequence. Ag+ was inserted into the C–C mismatch sequence and used as an oxidation–reduction label [24]. MF-3WJ was assembled in TMS buffer (50 mM tris, 10 mM MgCl2, 100 mM NaCl) by annealing. The annealing process included heating the same molar ratio ssDNA at 80 °C for 5 min and then cooling to 4 °C at a rate of 1 °C/min. The assembled MF-3WJ structure was confirmed using tris–boric–EDTA native polyacrylamide gel electrophoresis (TBE native PAGE). The electrophoresis status was examined using 100 bp DNA ladder (Bioneer Inc., Daejeon, South Korea). Each DNA sample was electrophoresed at 70 V for 60 min [25].




2.3. Fabrication/Preparation of the Au Microgap Electrode


The Au microgap electrode [26] was designed by the Korea Advanced Nano Fab Center (Daejon, Korea). Metal deposition of Cr (2 nm) and Au (50 nm) on the SiO2 was carried out using an electron beam evaporator. The Au microgap electrode was 10 mm wide and 15 mm long and had an area of 150 mm2. The working electrode area was 0.09 mm2, and the gap between the working electrodes and the counter electrode was 10 µm. For pretreatment of the electrodes, the electrodes were performed for 15 min with ultrasonication in acetone solution. Then, the electrode was sequentially washed with ethanol and distilled water and dried using nitrogen gas. For electrochemical measurements, polydimethylsiloxane (PDMS) was attached to the electrode and used as a chamber. PDMS was prepared by reacting sylgard 184A (DOW, Midland, MI, USA) and sylgard 184B (DOW, Midland, MI, USA) in a 10:1 ratio and drying in an oven at 70 °C for 1.5 h. Figure 2 shows the electrode drawing and preparation process [27].




2.4. Electrochemical Analysis


All electrochemical experiments were performed on a three-electrode system using an electrochemical workstation (CHI 760E, CH Instruments, Austin, TX, USA). The three-electrode system consisted of a Ag/AgCl reference electrode (CH Instruments, USA) and a Au microgap electrode as the counter electrode and working electrode. Cyclic voltammetry (CV) was performed in 10 mM HEPES (pH 7.03) and 5 mM [Fe (CN)6]3−/4− at a scan rate of 0.03 V/s and a voltage range of −0.3 to 0.6 V [28]. Electrochemical impedance spectroscopy (EIS) was performed with a voltage of 0.25 V in the frequency range of 1 Hz to 100 kHz in the same buffer. Square wave voltammetry (SWV) was performed in 10 mM HEPES (pH 7.03) in the potential range of −0.3 to 0.6 V and at a frequency of 15 Hz and an amplitude of 0.025 V.





3. Results and Discussion


3.1. Multifunctional DNA 3WJ Feasibility Evaluation


Multifunctional DNA consisted of three different ssDNA sequences. IFN-γ-Apt-3wj-a was an aptamer sequence that specifically bound to IFN-γ, SH-3wj-c was modified with a thiol group to immobilize on the substrate, and 3wj-b/3wj-c had four consecutive cytosine sequences to introduce Ag+. Ag+ stabilized the duplex DNA strand and was used as an oxidation–reduction label. Figure 3A shows the expected two-dimensional structure of MF-3WJ. The assembly of the MF-3WJ structure was confirmed using 8% TBE PAGE (Figure 3B) [25]. The bands in lanes 2, 3, and 4 showed single-stranded DNA of 3wj-a, 3wj-b, and 3wj-c, respectively. Lane 5 showed an assembled MF-3WJ structural band. In lane 5, a new band that was not observed in lanes 2–4 formed on top, indicating that MF-3WJ was assembled.




3.2. Comparison of the Electrochemical Performances of the Au Microgap Electrode and Au Substrate


MF-3WJ was immobilized to the prepared Au microgap electrode using a self-assembly process (gold–sulfur bond). The electrochemical capability of the prepared Au microgap electrodes was compared with a Au substrate (2 cm × 0.8 cm, National NanoFab Center, Daejeon, South Korea). Au substrate samples were prepared in the same way as Au microgap electrodes. The electrochemical performance was evaluated through CV and EIS. In the presence of [Fe(CN)6]3−4−, the following redox reaction occurred between the exposed electrode surface and the electrolyte.


     [  F e    (  C N  )   6   ]    3 −   +  e −    ↔      [  F e    (  C N  )   6   ]    4 −    



(1)







Figure 4A,B shows the electrochemical performance of a Au substrate, while Figure 4C,D shows the electrochemical performance of a Au microgap electrode. Current peaks of the redox species [Fe(CN)6]3−⁄4− were confirmed at 160 and 320 mV in the CV of each process (Figure 4A,C). After immobilization of the MF-3WJ on the substrate, the redox peak current value decreased remarkably. The negative charge of the phosphate groups contained in the DNA backbone interfered with the redox reaction between the electrode surface and the electrolyte, blocking the current. An additional pair of redox peaks were confirmed on the substrate modified with Ag ion. This redox peak occurred when Ag ions intercalated in MF-3WJ exchanged electrons between Ag+ and Ag2+. EIS is an electrochemical impedance spectroscopy method that has been widely used as an effective and fast method to measure the impedance value of the electrode surface during the frequency change process. In the Nyquist plot, the half-circle diameter refers to the charge transfer resistance (Rct) of the working electrode surface. Figure 4B,D depicts the Nyquist plots of a Au microgap electrode and Au substrate. EIS was performed in the same buffer as the CV. When comparing bare and modified electrodes with MF-3WJ, the change in Rct was higher in the modified electrodes. This finding confirmed that MF-3WJ DNA was immobilized on the surface. The negatively charged phosphate backbone of MF-3WJ induced larger Rct because it hindered the movement of [Fe(CN)6]3−⁄4− to the electrode surface. In the substrate modified with Ag ions, the Rct was markedly reduced. In MF-3WJ, it was confirmed that the intercalation of Ag ions can significantly enhance electron transfer, providing more active regions than bare Au, which is known as a good conductive material.



Each process was verified on Au substrates and Au microgap electrodes through CV and EIS. Table 1 shows the comparison of the electrochemical performance of the Au substrate and the Au microgap electrode. Δ is the difference between the signal in bare and the substrate modified with 3wj+ag. ΔIpc/area and ΔRct/area were calculated as signals generated per unit area of the working electrode. When comparing the electrochemical performances of the Au substrate and the Au microgap electrode, the Au microgap electrode showed superior performance.




3.3. Electrochemical Biosensor Performance


To evaluate the performance of the fabricated electrochemical biosensor, SWV was performed in 10 mM HEPES. Different concentrations of IFN-γ (10 ng/mL to 1 pg/mL) were used as samples, and Ag1/2+ intercalated into MF-3WJ was used as an electron mediator in SWV. The SWV signal of the MF-3WJ/Au microelectrode cultured with different concentrations of IFN-γ is shown in Figure 5A. This signal was obtained using artificial IFN-γ samples diluted with PBS. As the concentration of IFN-γ increased, the corresponding peak current gradually decreased. This was because more antigen–antibody immune complexes that act as insulating layers were formed to reduce the signal. Figure 5B shows the linear regression curve with an intercept of 8.4 × 10−7 ± 1.5 × 10−7 and a slope of 1.9 × 10−7 ± 1.2 × 10−8 (R2 = −0.98). The linear regression curve was obtained using the peak current value. The limit of detection (LOD) of the electrochemical biosensor using this regression curve was 0.67 pg/mL. In addition, IFN-γ samples diluted in 10% human serum were prepared, and SWV was performed in the same concentration range to confirm that they could be used in artificial IFN-γ samples and actual clinical samples. Figure 5C shows the SWV signal in clinical IFN-γ samples. It was observed that in clinical IFN-γ samples, the corresponding peak current decreased as the concentration of the samples increased. Figure 5D shows the linear regression curve with an intercept of 9.5 × 10−7 ± 7.2 × 10−8 and a slope (R2 = 0.99) of 1.5 × 10−7 ± 7.4 × 10−9. The LOD of the electrochemical biosensor using this regression curve was 0.42 pg/mL. This suggested the possibility of detecting IFN-γ in actual clinical samples. To evaluate the manufactured electrochemical biosensor’s selectivity, SWV was performed after reacting different proteins (myoglobin, hemoglobin, BSA, IFN-γ, CRP, TNF-α) at the same concentration of 0.25 μg/mL (Figure 5E). Results from the selectivity experiment showed a remarkably lower signal for IFN-γ compared with other proteins. Therefore, it was confirmed that the fabricated electrochemical biosensor had high selectivity. Table 2 presents a comparison of the performances of IFN-γ sensors reported in the literature and the electrochemical biosensor proposed in this study.





4. Conclusions


In this study, we developed an electrochemical DNA aptasensor with a microgap electrode for IFN-γ detection. For minimizing the detection process, the present electrochemical biosensor comprised a multifunctional DNA aptamer as a bioprobe. Moreover, a Au microgap electrode provided minimal sample loading volumes and enabled the seven sample measurements in one electrode. Using the Ag+ inserted between MF-3WJs as the redox label, the change in the electrochemical signal of IFN-γ was confirmed through SWV. It was observed that IFN-γ diluted with PBS showed a dynamic range of 1 pg/mL–10 ng/mL, and the LOD was 0.67 pg/mL. IFN-γ diluted with 10% human serum also showed the same dynamic range, and the LOD was 0.42 pg/mL. The proposed electrochemical biosensor has several advantages compared with those reported in previous studies. For example, it could react directly with IFN-γ without the need for multiple labeling and washing processes. In addition, it increases reliability as it can be measured seven times with one electrode. Furthermore, it has a low detection limit and a wide dynamic range. In the future, this electrochemical biosensor platform may be used not only for IFN-γ detection and molecular diagnosis with the low sample volume, but also for the detection of several biomarkers in immunological and cancer research.







Author Contributions


T.L., and J.M. conceived and designed the experiments and wrote the manuscript; S.N. performed all the experiments and wrote the manuscript; J.K. designed the electrode; C.P. carried out the electrochemical works. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (No. 2021R1C1C1005583); and by Korea Environment Industry&Technology Institute (KEITI) through the program for the management of aquatic ecosystem health, funded by Korea Ministry of Environment (MOE) (2020003030001); and by the Korean government (MSIT) (NRF-2019R1A4A1028700); and the excellent researcher support project of Kwangwoon University in 2021.




Institutional Review Board Statement


Not Applicable.




Informed Consent Statement


Not Applicable.




Data Availability Statement


Not Applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Boehm, U.; Klamp, T.; Groot, M.; Howard, J.C. Cellular responses to interferon-γ. Annu. Rev. Immunol. 1997, 15, 749–795. [Google Scholar] [CrossRef]

	



Castro, K.G.; LoBue, P. Bridging implementation, knowledge, and ambition gaps to eliminate tuberculosis in the United States and globally. Emerg. Infect. Dis. 2011, 17, 337. [Google Scholar] [CrossRef]

	



Shimabukuro-Vornhagen, A.; Gödel, P.; Subklewe, M.; Stemmler, H.J.; Schlößer, H.A.; Schlaak, M.; Kochanek, M.; Boll, B.; von Bergwelt-Baildon, M.S. Cytokine release syndrome. J. Immunother. Cancer 2018, 6, 56. [Google Scholar] [CrossRef]

	



Walzl, G.; Ronacher, K.; Hanekom, W.; Scriba, T.J.; Zumla, A. Immunological biomarkers of tuberculosis. Nat. Rev. Immunol. 2011, 11, 343–354. [Google Scholar] [CrossRef] [PubMed]

	



Chakaya, J.; Khan, M.; Ntoumi, F.; Aklillu, E.; Fatima, R.; Mwaba, P.; Kapta, N.; Mfinanga, S.; Hasnain, S.E.; Katoto, P.D.M.C.; et al. Global Tuberculosis Report 2020–Reflections on the Global TB burden, treatment and prevention efforts. Int. J. Infect. Dis. 2021. [Google Scholar] [CrossRef]

	



Van Cleeff, M.R.A.; Kivihya-Ndugga, L.E.; Meme, H.; Odhiambo, J.A.; Klatser, P.R. The role and performance of chest X-ray for the diagnosis of tuberculosis: A cost-effectiveness analysis in Nairobi, Kenya. BMC Infect. Dis. 2005, 5, 111. [Google Scholar] [CrossRef]

	



Behr, M.A.; Warren, S.A.; Salamon, H.; Hopewell, P.C.; De Leon, A.P.; Daley, C.L.; Small, P.M. Transmission of Mycobacterium tuberculosis from patients smear-negative for acid-fast bacilli. Lancet 1999, 353, 444–449. [Google Scholar] [CrossRef]

	



Richeldi, L.; Barnini, S.; Saltini, C. Molecular diagnosis of tuberculosis. Eur. Respir. J. Suppl. 1995, 20, 689s–700s. [Google Scholar]

	



Drobniewski, F.A.; Wilson, S.M. The rapid diagnosis of isoniazid and rifampicin resistance in Mycobacterium tuberculosis—A molecular story. J. Med. Microbiol. 1998, 47, 189–196. [Google Scholar] [CrossRef] [PubMed]

	



Huebner, R.E.; Schein, M.F.; Bass, J.B., Jr. The tuberculin skin test. Clin. Infect. Dis. 1993, 17, 968–975. [Google Scholar] [CrossRef] [PubMed]

	



Rhodes, S.G.; Gruffydd-Jones, T.; Gunn-Moore, D.; Jahans, K. Adaptation of IFN-gamma ELISA and ELISPOT tests for feline tuberculosis. Vet. Immunol. Immunopathol. 2008, 124, 379–384. [Google Scholar] [CrossRef]

	



Richeldi, L. An update on the diagnosis of tuberculosis infection. Am. J. Respir. Crit. Care Med. 2006, 174, 736–742. [Google Scholar] [CrossRef] [PubMed]

	



Sareneva, T.; Matikainen, S.; Kurimoto, M.; Julkunen, I. Influenza A virus-induced IFN-α/β and IL-18 synergistically enhance IFN-γ gene expression in human T cells. J. Immunol. 1998, 160, 6032–6038. [Google Scholar] [PubMed]

	



Wild, D. The Immunoassay Handbook, 3rd ed.; Elsevier: New York, NY, USA, 2005; ISBN1 0080445268. ISBN2 9780080445267. [Google Scholar]

	



Lequin, R.M. Enzyme immunoassay (EIA)/enzyme-linked immunosorbent assay (ELISA). Clin. Chem. 2005, 51, 2415–2418. [Google Scholar] [CrossRef] [PubMed]

	



Song, S.; Wang, L.; Li, J.; Fan, C.; Zhao, J. Aptamer-based biosensors. TrAC Trends Anal. Chem. 2008, 27, 108–117. [Google Scholar] [CrossRef]

	



Dunn, M.R.; Jimenez, R.M.; Chaput, J.C. Analysis of aptamer discovery and technology. Nat. Rev. Chem. 2017, 1, 76. [Google Scholar] [CrossRef]

	



Myszka, D.G. Improving biosensor analysis. J. Mol. Recognit. 1999, 12, 279–284. [Google Scholar] [CrossRef]

	



Maduraiveeran, G.; Sasidharan, M.; Ganesan, V. Electrochemical sensor and biosensor platforms based on advanced nanomaterials for biological and biomedical applications. Biosens. Bioelectron. 2018, 103, 113–129. [Google Scholar] [CrossRef]

	



Ricci, F.; Adornetto, G.; Palleschi, G. A review of experimental aspects of electrochemical immunosensors. Electrochim. Acta 2012, 84, 74–83. [Google Scholar] [CrossRef]

	



Guth, U.; Vonau, W.; Zosel, J. Recent developments in electrochemical sensor application and technology—A review. Meas. Sci. Technol. 2009, 20, 042002. [Google Scholar] [CrossRef]

	



Ono, A.; Cao, S.; Togashi, H.; Tashiro, M.; Fujimoto, T.; Machinami, T.; Oda, S.; Miyake, Y.; Okamoto, I.; Tanaka, Y. Specific interactions between silver (I) ions and cytosine–cytosine pairs in DNA duplexes. Chem. Commun. 2008, 4825–4827. [Google Scholar] [CrossRef]

	



Cao, B.; Hu, Y.; Duan, J.; Ma, J.; Xu, D.; Yang, X.D. Selection of a novel DNA aptamer for assay of intracellular interferon-gamma. PLoS ONE 2014, 9, e98214. [Google Scholar] [CrossRef]

	



Mohammadniaei, M.; Yoon, J.; Lee, T.; Bharate, B.G.; Jo, J.; Lee, D.; Choi, J.W. Electrochemical Biosensor Composed of Silver Ion-Mediated dsDNA on Au-Encapsulated Bi2Se3 Nanoparticles for the Detection of H2O2 Released from Breast Cancer Cells. Small 2018, 14, 1703970. [Google Scholar] [CrossRef] [PubMed]

	



Lee, T.; Mohammadniaei, M.; Zhang, H.; Yoon, J.; Choi, H.K.; Guo, S.; Guo, P.; Choi, J.W. Single Functionalized pRNA/gold nanoparticle for ultrasensitive microRNA detection using electrochemical surface-enhanced Raman spectroscopy. Adv. Sci. 2020, 7, 1902477. [Google Scholar] [CrossRef]

	



Lee, T.; Park, S.Y.; Jang, H.; Kim, G.H.; Lee, Y.; Park, C.; Mohanmmadniaei, M.; Lee, M.H.; Min, J. Fabrication of electrochemical biosensor consisted of multi-functional DNA structure/porous au nanoparticle for avian influenza virus (H5N1) in chicken serum. Mater. Sci. Eng. C 2019, 99, 511–519. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.Y.; Kim, J.; Yim, G.; Jang, H.; Lee, Y.; Kim, S.M.; Park, C.; Lee, M.H.; Lee, T. Fabrication of electrochemical biosensor composed of multi-functional DNA/rhodium nanoplate heterolayer for thyroxine detection in clinical sample. Colloids Surf. B Biointerfaces 2020, 195, 111240. [Google Scholar] [CrossRef]

	



Lee, T.; Kim, S.U.; Min, J.; Choi, J.W. Multilevel biomemory device consisting of recombinant azurin/cytochrome c. Adv. Mater. 2010, 22, 510–514. [Google Scholar] [CrossRef]

	



Ruecha, N.; Shin, K.; Chailapakul, O.; Rodthongkum, N. Label-free paper-based electrochemical impedance immunosensor for human interferon gamma detection. Sens. Actuators B Chem. 2019, 279, 298–304. [Google Scholar] [CrossRef]

	



Abnous, K.; Danesh, N.M.; Ramezani, M.; Alibolandi, M.; Hassanabad, K.Y.; Emrani, A.S.; Bahreyni, A.; Taghdisi, S.M. A triple-helix molecular switch-based electrochemical aptasensor for interferon-gamma using a gold electrode and Methylene Blue as a redox probe. Microchim. Acta 2017, 184, 4151–4157. [Google Scholar] [CrossRef]

	



Dai, H.; Yang, G.; Qi, F. A novel impedimetric immunosensor for the detection of chicken interferon-gamma based on a polythionine and gold nanoparticle modified glassy carbon electrode. Anal. Methods 2013, 5, 5684–5693. [Google Scholar] [CrossRef]

	



Yan, G.; Wang, Y.; He, X.; Wang, K.; Liu, J.; Du, Y. A highly sensitive label-free electrochemical aptasensor for interferon-gamma detection based on graphene controlled assembly and nuclease cleavage-assisted target recycling amplification. Biosens. Bioelectron. 2013, 44, 57–63. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Li, J.; Shi, S.; Yan, Y.; Zhang, M.; Wang, P.; Zeng, G.; Jiang, Z. Detection of interferon-gamma for latent tuberculosis diagnosis using an immunosensor based on CdS quantum dots coupled to magnetic beads as labels. Int. J. Electrochem. Sci. 2015, 10, 2580–2593. [Google Scholar]








[image: Biomedicines 09 00692 g001 550] 





Figure 1. Concept image of the proposed IFN-γ electrochemical biosensor. IFN-γ: interferon gamma, MF-3WJ: multifunctional triple-stranded aptamer, SWV; square wave voltammetry. 
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Figure 2. (A) Designed image of the Au microgap electrode. (B) Image of the Au microgap electrode. (C) Photo image of the Au microgap electrode. (D) Photo image of the Au microgap electrode with the working chamber. (E) Photo image of electrochemical measurement with a probe tip in the working solution. 






Figure 2. (A) Designed image of the Au microgap electrode. (B) Image of the Au microgap electrode. (C) Photo image of the Au microgap electrode. (D) Photo image of the Au microgap electrode with the working chamber. (E) Photo image of electrochemical measurement with a probe tip in the working solution.



[image: Biomedicines 09 00692 g002]







[image: Biomedicines 09 00692 g003 550] 





Figure 3. (A) Schematic diagram of MF-3WJ predicted by folding. (B) TBE PAGE confirmed to DNA 3WJ assembly and DNA ladder (lane 1), IFN-γ-Apt-3wj-a (lane 2), 3wj-b (lane 3), SH-3wj-c (lane 4), and MF-3WJ (lane 5). 
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Figure 4. (A) Cyclic voltammogram of Au substrate (black line), MF-3WJ on Au substrate (red line), and MF-3WJ intercalated with Ag+ on Au substrate (blue line). (B) Electrochemical impedance spectra of different modified Au substrates with bare, MF-3WJ, and MF-3WJ/Ag ion. (C) Cyclic voltammogram of Au microgap electrode (black line), MF-3WJ on Au microgap electrode (red line), and MF-3WJ intercalated with Ag ions on Au microgap electrode (blue line). (D) Electrochemical impedance spectra of different modified Au microgap electrodes with bare, MF-3WJ, and MF-3WJ/Ag ions. Working solution: 10 mM HEPES (pH 7.03) and 5 mM K3/4Fe(CN)6. 






Figure 4. (A) Cyclic voltammogram of Au substrate (black line), MF-3WJ on Au substrate (red line), and MF-3WJ intercalated with Ag+ on Au substrate (blue line). (B) Electrochemical impedance spectra of different modified Au substrates with bare, MF-3WJ, and MF-3WJ/Ag ion. (C) Cyclic voltammogram of Au microgap electrode (black line), MF-3WJ on Au microgap electrode (red line), and MF-3WJ intercalated with Ag ions on Au microgap electrode (blue line). (D) Electrochemical impedance spectra of different modified Au microgap electrodes with bare, MF-3WJ, and MF-3WJ/Ag ions. Working solution: 10 mM HEPES (pH 7.03) and 5 mM K3/4Fe(CN)6.



[image: Biomedicines 09 00692 g004]







[image: Biomedicines 09 00692 g005 550] 





Figure 5. (A) Square wave voltammetry at different concentrations of interferon gamma (IFN-γ) diluted with phosphate-buffered saline (PBS) in 10 mM HEPES (pH 7.03). (B) Calibration curve of different concentrations of IFN-γ in PBS, linear range from 10 ng/mL to 1 pg/mL. (C) Square wave voltammetry at different concentrations of IFN-γ diluted with 10% human serum in 10 mM HEPES (pH 7.03). (D) Calibration curve of different concentrations of IFN-γ in 10% human serum, linear range from 10 ng/mL to 1 pg/mL. (E) Current of several proteins based on selectivity. 
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Table 1. Comparison of the electrochemical performances of the Au substrate and the Au microgap electrode.
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	Au Substrate
	Au Microgap Electrode





	3wj + ag Ipc
	2.21 mA
	0.019 mA



	ΔIpc/area
	0.014 mA/m2
	0.21 A/m2



	3wj + ag Rct
	2.74 Ω
	890 Ω



	ΔRct/area
	1.71 × 104 Ω/m2
	9.89 × 109 Ω/m2
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Table 2. Comparison of electrochemical biosensors for IFN-γ detection reported in the literature and the electrochemical biosensor proposed in this study.
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	Probe
	Detection Method
	Detection Range
	LOD
	Ref





	Antibody
	EIS
	5–1000 pg/mL
	3.4 pg/mL
	[29]



	Aptamer
	CV
	10–1500 pg/mL
	3 pg/mL
	[30]



	Antibody
	EIS
	0.1–1000 ng/mL
	0.1 ng/mL
	[31]



	Aptamer
	DPV
	0.01–50 ng/mL
	0.0003 ng/mL
	[32]



	Antibody
	SWV
	1–500 pg/mL
	0.34 pg/mL
	[33]



	Aptamer
	SWV
	1 pg/mL–10 ng/mL
	0.42 pg/mL
	This study
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