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Abstract

:

Adrenocorticotropic hormone (ACTH) plays an essential role in regulating corticosteroid hormone production, which has important functions in a myriad of critical physiological functions. In this proof-of-concept study, a miniaturized immunosensor was developed for the highly sensitive detection of ACTH using electrochemical impedance spectroscopy (EIS) in connection with disposable screen-printed gold electrodes (SPGEs). A film of 3,3′-dithiobis[sulfosuccinimidylpropionate] (DTSSP) was prepared to immobilize anti-ACTH antibodies covalently on the nanostructured SPGE surface. The surface-immobilized anti-ACTH antibodies captured the biotinylated ACTH (biotin-ACTH) and non-labelled ACTH for the competitive immunoassay. After coupling of a streptavidin-alkaline phosphatase conjugate (Streptavidin-ALP), the bio-catalysed precipitation of an insoluble and insulating product onto the sensing interface changed the charge transfer resistance (Rct) characteristics significantly. The detection limit of 100 fg/mL was determined for ACTH in a 5 μL sample volume, which indicated that this versatile platform can be easily adapted for miniaturized electrochemical immunosensing of cancer marker biomolecules. High selectivity and sensitivity of our immunoassay to detect ACTH in real samples demonstrated its promising potential for future development and applications using clinical samples.
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1. Introduction


Adrenocorticotropic hormone (ACTH) is a 39-amino acid peptide hormone (4.5 kDa) released from the anterior pituitary gland [1]. ACTH is an essential component of the hypothalamic-pituitary adrenal axis, regulating corticosteroid hormone production, which has important functions in a myriad of critical physiological functions [2,3,4]. Dysregulation of ACTH secretion, resulting from conditions such as hypopituitarism [5] or Cushing’s syndrome [6], can be life threatening if not diagnosed and treated properly, and in the most severe cases, it can cause death because of vascular collapse [7]. ACTH-secreting pancreatic neuroendocrine tumours, although rare, were reported to be responsible for about 15% of ectopic Cushing syndrome [8,9]. They represent a challenging entity because their diagnosis is frequently difficult, and clear-cut morphologic criteria useful to differentiate them from other types of symptoms have not been described [8,9]. For early and accurate assessment of altered ACTH secretion, advances in its detection are required; however, there are challenges associated with the diagnosis for altered ACTH level. ACTH deficiency is often misdiagnosed due to the general symptoms such as weight loss, vomiting, nausea, and muscle weakness. Furthermore, the fluctuation of ACTH in serum (<4.1 to 51.4 pg/mL) makes diagnosis even more problematic [10]. To address these challenges in diagnosis, a rapid, sensitive, and selective detection method is needed. Various detection methods exist for the detection of ACTH, such as radioimmunoassays [11,12], chemiluminescence assays [13], and enzyme-linked immunosorbent assays [14]. Current issues concerning these methods include sensitivity and specificity along with expensive bench-top instrumentation that requires skilled technicians and time-consuming procedures [15]. In this report, we present a proof-of-principle study on impedimetric detection of ACTH using disposable screen-printed gold electrodes (SPGEs). Our immunoassay is a cost-effective approach that requires low sample volumes. SPGEs can be mass-produced at low-cost, and each experiment can be performed on a new and analogous surface to prevent possible cross-contamination errors between surfaces that were exposed to biological samples [16]. Each SPGE can be discarded after use and eliminate carry-over contamination from tedious cleaning, and require less reagents for detection [17,18,19]. Furthermore, current advances in instrumentation allow these SPGEs to be compatible with portable devices that are in the size of a smart-phone for convenient point-of-care measurements [20,21,22,23].




2. Materials and Methods


2.1. Reagents


Anti-ACTH polyclonal antibody was purchased from EMD Millipore (Darmstadt, Germany). Biotin-labelled adrenocorticotropic hormone (ACTH) (1–39, Human) and non-labelled ACTH (1–39, Human) were purchased from AnaSpec (Fremont, CA, USA). Streptavidin-conjugated alkaline phosphatase (Streptavidin-ALP), disodium 5-bromo-4-chloro-3-indolyl phosphate (BCIP), 3,3′-dithiobis[sulfosuccinimidylpropionate] (DTSSP) and ethanolamine were purchased from Sigma-Aldrich (Oakville, ON, Canada). The screen-printed gold electrodes (SPGEs) were obtained from BioDevice Technology (Ishikawa, Japan). Follicle-stimulating hormone (FSH), human growth hormone (hGH), rat blood, and plasma samples were kindly prepared and donated by Dr. Paul Le Tissier (University of Edinburgh, Edinburgh, UK). Other reagents were of analytical grade, and were used as received.




2.2. Surface Modification and Electrochemical Impedance Spectroscopy


The principal of the detection method is shown in Figure 1. (a) A layer of 3,3′-dithiobis[sulfosuccinimidylpropionate] (DTSSP) was formed on SPGE surface through Au–S bonding. The working electrode of the SPGE was incubated with 80 μL of 2 mM DTSSP in 100 mM Na2CO3 for 48 h at −4 °C. DTSSP acted as the linker molecule to immobilize the antibodies covalently on the nanostructured surface. The preparation of nanostructures with scanning electron microscope images were described in our previous publication [21]. An aliquot (15 μL) of anti-ACTH antibodies at a desired concentration in 50 mM phosphate buffer solution with 100 mM NaCl (pH 7.4) was spotted onto the working electrode surface and incubated for 12 h at −4 °C. (c) An aliquot (5 μL) of the desired concentration of biotin-ACTH was incubated on the surface for 30 min. The antibodies interacted with the biotin-labelled ACTH (biotin-ACTH). The antibody-modified electrodes were thoroughly rinsed with water and immersed in 100 mM ethanolamine solution (ethanol) for 1 h at 25 °C in order to block all unreacted NHS active ester groups. (d) An aliquot (20 μL) of streptavidin-conjugated alkaline phosphatase (Streptavidin-ALP) was spotted on the electrode surface and incubated for 1 h. Biotin moieties captured the streptavidin-ALP. (e) Finally, an aliquot (20 μL) of 0.3 mM disodium 5-bromo-4-chloro-3-indolyl phosphate (BCIP) was spotted on the surface and incubated for 10 min to form the insoluble 5,5′-dibromo-4,4′-dichloro indigo product. As the product precipitated, it formed an insulating layer on the surface [24,25,26,27]. (f) For the competitive detection of ACTH, known concentrations of non-labelled ACTH were mixed with 100 pg/mL biotin-ACTH and exposed to the antibody-modified SPGEs followed by the same experimental steps as described above. As non-biotinylated ACTH from spiked samples displaced the biotinylated ACTH (not shown in this image), streptavidin-ALP conjugates were also rinsed away from the surface, decreasing the formation of insoluble product. After each modification step, SPGEs were rinsed with Milli-Q water rigorously. The changes in charge transfer resistance (Rct) were measured using electrochemical impedance spectroscopy (EIS). EIS was performed using a μAutolab II Electrochemical Analyzer (Metrohm, Herisau, Switzerland) in conjunction with Frequency Response Analyzer (FRA) software. EIS were recorded using 10 mM [Fe(CN)6]3−/4− as the redox probe in 50 mM PBS with 100 mM NaCl (pH 7.4) in a frequency, ω, ranging from 1 Hz to 10 kHz at a dc potential of 0.30 V, corresponding to the recorded Fe(CN)63−/4− standard reduction potential, with a superimposed root mean squared AC voltage amplitude of 5 mV. Analysis of the raw impedance data was based on complex non-linear least-squares (CNLS) regression fitting to the Randles equivalent circuit, as shown in Figure 2. EIS is a highly sensitive detection method and allows for a wide range of biosensing applications [28,29,30,31,32]. EIS measurements are interpreted using the Randles equivalent circuit, consisting of ohmic resistance (Rs) of electrolyte, double layer capacitance (Cdl), charge-transfer resistance (Rct), and Warburg impedance (Zw) [33,34,35]. The observation of Zw as a component of the equivalent circuit was attributed to the nanostructured topology of the surface [23], which might have facilitated the diffusion process [36]. Upon the adsorption of insoluble indigo product on the electrode surface, the accessibility of the solution-based redox probe [Fe(CN)]3−/4− to the surface was suppressed, which significantly increased Rct, enabling highly sensitive detection of ACTH.




2.3. Scanning Electron Microscopy (SEM)


SPGE surfaces were observed using a Hitachi S530 scanning electron microscope (Hitachi, Tokyo, Japan) in the Centre for the Neurobiology of Stress at UTSC. The surfaces were electrically connected to the sample stub by smearing silver paste between the SPGE and the metallic stub. The surfaces were monitored at an acceleration voltage of 20 kV with a working distance of 5.0 mm.





3. Results and Discussion


The electrochemical detection relied on the formation of the insoluble product on the electrode surface, which significantly increased the Rct over a short period of time. Calibration studies were performed using varying concentrations of antibody and streptavidin-ALP (data not shown). The optimum concentrations for antibodies and streptavidin-ALP were determined as 10% (v/v) and 100 ng/mL, respectively. As shown in Figure 2a, concentrations between 10 fg/mL to 1 ng/mL of biotin-ACTH were calibrated. The concentration dependence of Rct was studied using various concentrations of non-labelled ACTH in the presence of 1 ng/mL biotin-ACTH. The binding affinity of non-labelled ACTH was found to be stronger than that of biotin-labelled ACTH, because polyclonal antibodies were utilized in this study. A significant decrease was observed in Rct after exposure of non-labelled ACTH to the polyclonal antibodies, because the non-labelled ACTH was not able to capture streptavidin-ALP due to its lack of biotin moieties.



As non-labelled ACTH displaced the biotin-ACTH on the antibody-modified surfaces, the difference between Rct in the presence and absence of non-labelled ACTH increased significantly. As shown in Figure 2b, the Rct ratio ΔRct/Ri was calculated using the formula ΔRct = Rf − Ri, where Rf displays the Rct that was detected after exposure of antibody-modified SPGEs to non-labelled ACTH, and Ri displays the Rct that was detected in the absence of target proteins with the rest of the experimental steps performed as described in the Materials & Methods section. The Rct began to plateau beyond 100 pg/mL ACTH, suggesting a dynamic range between 100 fg/mL and 100 pg/mL in PBS. This dynamic range is 102 magnitude larger than the dynamic range of the ACTH sensor published [37], offering a more versatile detection platform. A detection limit was observed as 100 fg/mL. The limit of blank was the highest analyte concentration expected to be determined, when replicates of a blank sample containing no analyte were tested. Assuming a Gaussian distribution of the raw analytical data from blank samples, the limit of blanks would represent 95% of the observed values. Thus, the limit of detection was calculated as the sum of the limit of the blank and 1.645 (95% confidence interval) of the standard deviation of the signals obtained from the lowest concentration of analyte. This detection limit was about 100-fold more sensitive than a commercially available ELISA-based kit, which had a detection limit in the 10 pg/mL range [38]. Furthermore, the selectivity of our immunosensor was challenged in the presence of interfering proteins.



Two pituitary gland hormones, human growth hormone (hGH) and follicle stimulating hormone (FSH), that might be present in real samples were used in control experiments as shown Figure 3a. The Rct percentage ΔRct/Ri × 100% (Figure 3b) was calculated using the formula ΔRct = Rf − Ri, where Rf displays the Rct that was detected after exposure of antibody-modified SPGEs to ACTH, hGH, or FSH as the target protein in the competitive assay, and blank is the signal obtained after all modifications that were made in the absence of biotin-ACTH. Ri displays the Rct that was detected in the absence of target proteins with the rest of the experimental steps performed as described in the Materials & Methods section. The ΔRct/Ri percentage was significantly high for ACTH at 64% in comparison with the non-target proteins hGH and FSH. Relatively low ΔRct/Ri ratios of 23% and 18% for hGh and FSH, respectively, were attributed to much lower non-specific adsorption of those proteins on the electrode surface. Control experiments were performed to further challenge the immunosensor using various plasma and whole blood samples.



After 100 fg/mL ACTH, hGH, and FSH were spiked in undiluted plasma (Figure 4a and Figure 4b-blue bars) and blood (Figure 4b-red bars), those samples were used as the target protein solutions in the experimental steps as described above, blank is the signal obtained after all modifications that were made in the absence of biotin-ACTH. There was an increase in the responses, which were attributed to the fouling of surfaces after exposure to undiluted plasma and blood samples. However, ΔRct/Ri percentage was significantly higher for ACTH in both undiluted plasma and blood samples compared to those obtained with hGH and FSH. In this study, ethanolamine was found sufficient to quench the active-NHS ester groups on the electrode surface to suppress the covalent attachment of ACTH molecules non-specifically. Bovine serum albumin (BSA) and polyethylene glycol (PEG) modifications are commonly utilized to avoid non-specific adsorption issues on electrode surfaces [35,39,40]. We have also investigated the applications of various PEGylated linker molecules and BSA on our biosensor surfaces to suppress non-specific adsorption issues, and the results of those studies will be published elsewhere.




4. Conclusions


Our proof-of-concept study demonstrates that electrochemical immunosensors provide a promising platform to detect rare cancer biomarkers such as ACTH in undiluted real samples. Enzymatic amplification of impedimetric response at disposable miniaturized SPGEs enabled a low detection limit. High selectivity and sensitivity of our immunoassay exemplify its promising potential for future development and applications using clinical samples.







Acknowledgments


The authors thank Professor Paul Le Tissier (University of Edinburgh, UK) for kindly donating the antibodies and reagents for this project. The authors also gratefully acknowledge financial support from NSERC Discovery Grant, Canadian Foundation for Innovation, Ontario Ministry of Research, Innovation and Science (Early Researcher Award) and Canada Research Chairs (Tier-2).




Author Contributions


N.L. and K.K. designed and directed the experiments; N.L. and E.M.L. performed the experiments; N.L., E.M.L. and K.K. analyzed the data; N.L. and K.K. wrote the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



White, A.A. ACTH: Cellular peptide hormone synthesis and secretory pathways. Results Probl. Cell Differ. 2010, 50, 63–84. [Google Scholar]

	



Duda, T.; Pertzev, A.; Rameshwar, K.S. Ca(2+) modulation of ANF-RGC: New signalling paradigm interlocked with blood pressure regulation. Biochemistry 2012, 51, 9394–9405. [Google Scholar] [PubMed]

	



Varadhan, L.; Aror, A.; Walker, A.B.; Varughese, G.I. Cushing’s disease: Establishing the diagnosis and management approach. J. Assoc. Physicians India 2013, 61, 278–280. [Google Scholar] [PubMed]

	



Hale, A.C.; Besser, G.M.; Rees, L.H. Characterization of pro-opiomelanocortin-derived peptides in pituitary and ectopic adrenocorticotrophin-secreting tumours. J. Endocrinol. 1986, 108, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Prabhakar, V.K.; Shalet, S.M. Aetiology, diagnosis, and management of hypopituitarism in adult life. Postgrad. Med. J. 2006, 82, 259–266. [Google Scholar] [CrossRef] [PubMed]

	



Newell-Prince, J.; Bertagna, X.; Grossman, A.B.; Nieman, L.K. Cushing’s syndrome. Lancet 2006, 367, 1605–1617. [Google Scholar] [CrossRef]

	



Gibson, S.; Crosby, S.R.; Stewart, M.F.; Jennings, A.M.; McCall, E.; White, A. Cushing’s syndrome. J. Clin. Endocrinol. Metab. 1993, 78, 835–841. [Google Scholar]

	



Rees, L.H.; Bloomfield, G.A.; Gilkes, J.J.; Jeffcoate, W.J.; Besser, G.M. ACTH as a tumor marker. Ann. N. Y. Acad. Sci. 1977, 297, 603–620. [Google Scholar] [CrossRef] [PubMed]

	



Maragliano, R.; Vanoli, A.; Albarello, L.; Milione, M.; Basturk, O.; Klimstra, D.S.; Wachtel, A.; Uccella, S.; Vicari, E.; Milesi, M.; et al. ACTH-secreting pancreatic neoplasms associated with Cushing syndrome: Clinicooathologic study of 11 cases and review of the literature. Am. J. Surg. Pathol. 2015, 39, 374–382. [Google Scholar] [PubMed]

	



Rees, L.H.; Cook, D.M.; Kendall, J.W.; Allen, C.F.; Kramer, R.M.; Ratcliffe, J.G.; Knight, R.A. A radioimmunoassay for rat plasma ACTH. Endocrinology 1971, 89, 251–254. [Google Scholar] [CrossRef] [PubMed]

	



Kertesz, G.; Bourcier, B.; Cailla, H.; Jean, F. Immunoradiometric assay of succinylated corticotropin: An improved method for quantification of ACTH. Clin. Chem. 1998, 44, 78–85. [Google Scholar] [PubMed]

	



Crosby, S.R.; Stewart, M.F.; Ratcliffe, J.G.; White, A. Direct measurement of the precursors of adrenocorticotropin in human plasma by two-site immunoradiometric assay. J. Clin. Endocrinol. Metab. 1988, 67, 1272–1277. [Google Scholar] [CrossRef] [PubMed]

	



Hakanson, R.; Sundler, F. Fluorometric determination of N-terminal tryptophan-peptides after formaldehyde condensation. Biochem. Pharmacol. 1971, 20, 3223–3225. [Google Scholar] [CrossRef]

	



Vogeser, M.; Kuhnel, W.; Lambrecht, H.G.; Sitte, J. Fluorometric determination of N-terminal tryptophan-peptides after formaldehyde condensation. Clin. Lab. 1999, 45, 27–45. [Google Scholar]

	



Ojeda, I.; Moreno-Guzmán, M.; González-Cortés, A.; Yáñez-Sedeño, P.; Pingarrón, J.M. A disposable electrochemical immunosensor for the determination of leptin in serum and breast milk. Analyst 2013, 138, 4284–4291. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Brahmendra, A.; Veloso, A.J.; Prashar, A.; Cheng, X.R.; Hung, V.W.S.; Kerman, K. Disposable immunochips for the detection of Legionella pneumophila using electrochemical impedance spectroscopy. Anal. Chem. 2012, 84, 3485–3488. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Chow, A.M.; Ganesh, H.V.S.; Brown, I.R.; Kerman, K. Quantum dot based fluorometric detection of cancer TF-antigen. Anal. Chem. 2013, 85, 9699–9704. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, M.; González, V.M.; Rincón, E.; Domingo, A.; Domínguez, E. Aptasensor based on the selective electrodeposition of protein-linked gold nanoparticles on screen-printed electrodes. Analyst 2011, 136, 1810–1815. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Macia, L.; Morrin, A.; Smyth, M.R.; Killard, A.J. Advanced printing and deposition methodologies for the fabrication of biosensors and biodevices. Analyst 2010, 135, 845–867. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Li, N.; Le Tissier, P.; Grattan, D.R.; Kerman, K. Miniaturized electrochemical immunosensor for label-free detection of growth hormone. Electroanalysis 2012, 24, 1272–1276. [Google Scholar] [CrossRef]

	



Sadik, O.A.; Wanekaya, A.K.; Andreescu, S. Advances in analytical technologies for environmental protection and public safety. J. Environ. Monit. 2004, 6, 513–522. [Google Scholar] [CrossRef] [PubMed]

	



Pejcic, B.; Marco, R.E.; Parkinson, G. The role of biosensors in the detection of emerging infectious diseases. Analyst 2006, 131, 1079–1090. [Google Scholar] [CrossRef] [PubMed]

	



Dounin, V.; Veloso, A.J.; Schulze, H.; Bachmann, T.T.; Kerman, K. Disposable electrochemical printed gold chips for the analysis of acetylcholinesterase inhibition. Anal. Chim. Acta 2010, 669, 63–67. [Google Scholar] [CrossRef] [PubMed]

	



Katz, E.; Willner, I. Probing biomolecular interactions at conductive and semiconductive surfaces by impedance spectroscopy: routes to impedimetric immunosensors, DNA-sensors, and enzyme biosensors. Electroanalysis 2003, 15, 913–947. [Google Scholar] [CrossRef]

	



Kaatz, M.; Schulze, H.; Ciani, I.; Lisdat, F.; Mount, A.R.; Bachmann, T.T. Alkaline phosphatase enzymatic signal amplification for fast, sensitive impedimetric DNA detection. Analyst 2012, 137, 59–63. [Google Scholar] [CrossRef] [PubMed]

	



Witte, C.; Lisdat, F. Alkaline phosphatase enzymatic signal amplification for fast, sensitive impedimetric DNA detection. Electroanalysis 2011, 23, 339–346. [Google Scholar] [CrossRef]

	



Lucarelli, F.; Marrazza, G.; Mascini, M. Enzyme-based impedimetric detection of PCR products using oligonucleotide-modified screen-printed gold electrodes. Biosens. Bioelectron. 2005, 20, 2001–2009. [Google Scholar] [CrossRef] [PubMed]

	



Ravalli, A.; Lozzi, L.; Marrazza, G. Micro-flow immunosensor based on thin-film interdigitated gold array microelectrodes for cancer biomarker detection. Curr. Drug Deliv. 2016, 13, 400–408. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.Z.; Liu, J.Q.; Davis, T.P.; Gooding, J.J. Electrochemical impedance immunosensor based on gold nanoparticles and aryl diazonium salt functionalized gold electrodes for the detection of antibody. Biosens. Bioelectron. 2011, 26, 3660–3665. [Google Scholar] [CrossRef] [PubMed]

	



Tolba, M.; Ahmed, M.U.; Tlili, C.; Eichenseher, F.; Loessner, M.J.; Zourob, M. A bacteriophage endolysin-based electrochemical impedance biosensor for the rapid detection of Listeria cells. Analyst 2012, 137, 5749–5756. [Google Scholar] [CrossRef] [PubMed]

	



Luo, X.; Davis, J.J. Electrical biosensors and the label free detection of protein disease biomarkers. Chem. Soc. Rev. 2013, 42, 5944–5962. [Google Scholar] [CrossRef] [PubMed]

	



Voccia, D.; Bettazzi, F.; Baydemir, G.; Palchetti, I. Alkaline-phosphatase-based nanostructure assemblies for electrochemical detection of microRNAs. J. Nanosci. Nanotechnol. 2015, 15, 3378–3384. [Google Scholar] [CrossRef] [PubMed]

	



Voccia, D.; Bettazzi, F.; Fratini, E.; Berti, D.; Palchetti, I. Improving impedimetric nucleic acid detection by using enzyme0decorated liposomes and nanostructured screen-printed electrodes. Anal. Bioanal. Chem. 2016, 408, 7271–7281. [Google Scholar] [CrossRef] [PubMed]

	



Selvolini, G.; Marrazza, G. MIP-based sensors: Promising new tools for cancer biomarker determination. Sensors 2017, 17, 718. [Google Scholar] [CrossRef] [PubMed]

	



Miodek, A.; Regan, E.M.; Bhalla, N.; Hopkins, N.A.; Goodchild, S.A.; Estrela, P. Optimisation and characterisation of anti-fouling ternary SAM layers for impedance-based aptasensors. Sensors 2015, 15, 25015–25032. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Das, J.; O’Kelley, S. Tuning the bacterial detection sensitivity of nanostructured microelectrodes. Anal. Chem. 2013, 85, 7333–7338. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Guzmá, M.; Ojeda, I.; Villalonga, R.; González-Cortés, A.; Yáñez-Sedeño, P.; Pingarrón, J.M. Ultrasensitive detection of adrenocorticotropin hormone (ACTH) using disposable phenylboronic-modified electrochemical immunosensors. Biosens. Bioelectron. 2012, 35, 82–86. [Google Scholar] [CrossRef] [PubMed]

	



Talbot, J.A.; Kane, J.W.; White, A. Analytical and clinical aspects of adrenocorticotrophin determination. Ann. Clin. Biochem. 2003, 40, 453–471. [Google Scholar] [CrossRef] [PubMed]

	



Gooding, J.J.; Mearns, F.; Yang, W.; Liu, J. Self-assembled monolayers into the 21st century: Recent advances and applications. Electroanalysis 2003, 15, 81–96. [Google Scholar] [CrossRef]

	



Steel, A.B.; Levicky, R.I.; Herne, T.M.; Tarlov, M.J. Immobilization of nucleic acids at solid surfaces: Effect of oligonucleotide length on layer assembly. Biophys. J. 2000, 79, 975–981. [Google Scholar] [CrossRef]








[image: Sensors 17 02836 g001 550] 





Figure 1. Illustration for the SPGE-based detection of ACTH. (a) Self-assembled film of 3,3′-dithiobis[sulfosuccinimidylpropionate] (DTSSP) was formed on nanostructured gold surface. (b) NHS-moieties of DTSSP enabled the covalent immobilization of antibodies on the surface. (c) The biotinylated adrenocorticotropic hormone (biotin-ACTH) was captured by immobilized antibodies. (d) Streptavidin-conjugated alkaline phosphatase (Streptavidin-ALP) was then coupled to biotin-ACTH. (e) Amplification reaction was initiated by adding the water-soluble substrate mixture, 5-bromo-4-chloro-3-indolyl phosphate (BCIP), which produced insoluble indigo dimer (see inset for dimerization reaction). (f) Electrode interface was monitored using electrochemical impedance spectroscopy (EIS) after each surface modification step. 
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Figure 2. (a) Plot for the Rct of various biotin-ACTH concentrations after fitting the raw data to equivalent circuit model using CNLS regression. (b) Plot for the Rct ratio of various non-labelled ACTH concentrations after fitting the raw data to equivalent circuit model using CNLS regression Error bars indicate the standard deviation of six replicate measurements (n = 6). Other conditions were as described in the Section 2. 
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Figure 3. (a) Nyquist plots for the detection of ACTH, hGH, and FSH at 100 fg/mL in PBS fitted with the Randles equivalent circuit. (b) Plot for the Rct ratios calculated for ACTH, hGH, and FSH after fitting the raw data to equivalent circuit model using CNLS regression. Error bars indicate the standard deviation of six replicate measurements (n = 6). Other conditions were as described in Section 2. 
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Figure 4. (a) Representative Nyquist plots for the detection of ACTH, hGH, and FSH in undiluted plasma as fitted with the Randles equivalent circuit. (b) Plot for the Rct ratios calculated for ACTH, hGH, and FSH in whole blood (red) and plasma (blue) samples after fitting the raw data to equivalent circuit model using CNLS regression. Error bars indicate the standard deviation of six replicate measurements (n = 6). Other conditions were as described in Section 2. 
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