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Abstract

:

The early diagnosis of Alzheimer’s disease (AD) remains a challenge for medical scientists worldwide, leading to a number of research efforts that focus on biosensor development for AD biomarkers. However, the application of these complicated biosensors is limited in medical diagnosis, due to the difficulties in robust sensing platform development, high costs, and the necessity for technical professionals. We successfully developed a robust straightforward manufacturing process for the fabrication of multi-chamber paper devices using the wax printing method and exploited it to detect amyloid beta 42 oligomers (AβO42, a significant biomarker of AD) using copper-enhanced gold nanoprobe colorimetric immunoblotting. Small hydrophilic reaction chambers could concentrate the target sample to the desired size to improve the sensing performance. The copper-enhanced gold nanoprobe immunoblot using the designed multi-chamber platform exhibited a highly sensitive performance with a limit of detection of 320 pg/mL by the naked eye and 23.7 pg/mL by a smartphone camera. This process from sensing manufacture to sensing conduction is simple to perform whenever medical technicians require time- and cost-savings, without complicated instruments or the need for technical professionals, making it feasible to serve as a diagnostic tool worldwide for the early monitoring of AD and scalable devices for the sensing application of various biomarkers in clinical settings.
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1. Introduction


The development of an accurate diagnostic tool for Alzheimer’s disease (AD), the most common cause of dementia worldwide, has attracted widespread scientific interest. Amyloid beta (Aβ) and tau protein with significant effects in AD pathogenesis are considered as core biomarkers of AD [1]. Among the various hypotheses for AD progression, the amyloid hypothesis has been a long-term adherent to the AD in the impairment of neuronal and cognitive functions, due to the formation of plaque in the brain by the accumulation of Aβ fragments and aggregates [2,3]. There are two main isoforms of the Aβ species (Aβ40 and Aβ42) that are the most abundant that appear in the brain [4]. Although Aβ40 is more abundant than Aβ42 in the brain [5,6], Aβ40 is present only in a subset of amyloid plaques, while Aβ42 is the main Aβ species in amyloid plaques, suggesting that the aggregation of Aβ42 may precede that of Aβ40 [4,7]. Although the structural difference between Aβ40 and Aβ42 is only two amino acid residues, Aβ42 exhibits a higher neurotoxicity than Aβ40 [8,9]. Aβ42 oligomers (AβO42) play a critical role in neuronal death and cognitive dysfunction, which inhibits neuronal viability more than 10-fold compared to fibrils and more than 40-fold compared to peptide, with induced inhibition significant at 10 nM [10,11,12,13]. Hence, due to the significant inhibitory effect of low concentrations of AβO42, the early detection of AβO42 is essential for the development of a highly sensitive biosensor, contributing to the efficient intervention of AD.



To develop sensitive biosensors, many potential optical and electrochemical sensors have been fabricated to monitor AβO [14]. Although these methods, such as magnetic resonance imaging, surface plasmon resonance, and surface-enhanced Raman scattering exhibit highly sensitive efficacy, they are not particularly applicable in commercial medical application, due to their requirements which include complicated instruments, and costly and time-consuming processes. To address these issues, a sensitive biosensor for AβO should be developed with advantages that include low-cost operation, portability, and ease-of-use. Paper-based analytical devices provide a leading alternative point-of-care test due to their portability, ease of fabrication, and equipment independence [15,16]. The wax printing method for the fabrication of paper-based devices requires only a commercial printer and a heating source, making it suitable for high throughput production in medical diagnostic applications [17]. Therefore, wax printing-supported paper-based devices could play an important role as alternative devices for the monitoring of AβO, exhibiting applicable potential as a medical diagnostic portable device.



In this study, we fabricated a multi-chamber paper-based platform using the wax printing method for the sensitive detection of AβO42 via copper-enhanced gold nanoparticles (AuNPs)-based immunoblotting (Figure 1). Multi-chambers on a nitrocellulose membrane (NCM) were designed in a square array of circular shapes of 2.5 mm diameter for each chamber, with a 2.5 mm distance between them. A hydrophilic reaction chamber was formed after the formation of hydrophobic patterns by heating wax printed NCM. The small size of each reaction chamber supported the concentration of the amount of AβO42 antigen in the hydrophilic region. The specific AβO42 antibody conjugated AuNPs were then treated on the multi-chamber platform, followed by the colorimetric signal amplification using copper-enhanced methods [18,19]. The complex between copper ion Cu2+ and polyethyleneimine was reduced by sodium ascorbate (SA) to grow on the surface of AuNPs, leading to signal amplification. The target AβO42 can be detected by the color intensity of each reaction chamber that corresponded to the concentration of AβO42 with a wide range of concentrations. The manufacturing of multi-chamber paper-based platforms exhibits promising potential for the monitoring of AβO42 even in developed and poor countries, due to their advantages that include simplicity, a low-cost operation, instrument independence, and a highly sensitive performance.




2. Materials and Methods


2.1. Materials


A nitrocellulose membrane (Nupore, Ghaziabad, India) was used to fabricate the multi-chamber paper devices. A wax printer (ColorQube 8570, Xerox, Seoul, Korea) was utilized to print hydrophobic patterns on the substrates of NCM. Tetrachloroauric(III) acid (HAuCl4·3H2O) (Sigma–Aldrich, Seoul, Korea) and sodium citrate dehydrate (C6H5Na3O7·2H2O) (OCI, Seoul, Korea) were used to synthesize gold nanoparticles. The copper-enhancing solution was freshly made from branched polyethylenimine (BPEI, average molecular weight 1800), copper chloride dihydrate (CuCl2·2H2O), and sodium ascorbate, purchased from Alfa Aesar, Seoul, Korea. Poly(ethylene glycol) (PEG, average molecular weight 200) was obtained from Sigma–Aldrich, Seoul, Korea. Lyophylized AggreSure™ β-amyloid (1-42) peptide (Anaspec, CA, USA) was used as target AβO42, in accordance with the literature [20,21] that confirmed the highly concentrated AβO42 in this product. Aβ42 monomer, phosphorylated tau protein (p-tau231), C-reactive protein (CRP), and tumor necrosis factor α (TNF-α) were obtained from Alfa Aesar, Seoul, Korea. Aligomer A11 polyclonal antibody (Invitrogen, Seoul, Korea) acted as a specific AβO42 antibody to recognize the AβO42 target. Deionized water at 18.2 MΩ cm was purified using a water purification system (Purescience, Porirua, New Zealand). All reagents from commercial sources were of analytical grade and were used directly, without further purification.




2.2. Synthesis of AuNP and Conjugation of A11 Antibody


Spherical AuNPs were successfully synthesized using a citrate reduction of HAuCl4 based on the Turkevich method [22]. Briefly, a HAuCl4 solution (100 mL, 1 mM) was freshly prepared under vigorous stirring. Sodium citrate was then quickly injected into gold aqueous solution, after which the solution was heated to 95 °C on a hotplate with constant stirring. The reduction reaction continuously occurred at a constant temperature until the solution color turned to dark red, indicating the successful formation of monodispersed AuNPs. The reaction solution was then cooled naturally to room temperature, and stored in the dark at 4 °C for further use.



For the conjugation of the antibody to the AuNPs, PEG200 was first added to the concentrated solution of AuNPs (1 mL, pH 8.5) to increase the stability of monodispersed AuNPs, followed by the injection of the specific anti-AβO42 antibody A11 (50 µL, 100 µg/mL). Afterwards, the solution was gently mixed and incubated at 4 °C for 2 h to accelerate the immobilization of the antibody onto the surface of the AuNPs by electrostatic attraction [23]. Purified AuNPs@A11 nanoprobe solution was obtained and resuspended in a 5 mL buffer (tris-buffered saline with 0.1% Tween 20), after washing by centrifugation (4 °C, 12,000 rpm, 30 min). The Au nanoprobes were then stored at 4 °C for further use. Au nanoprobes were inoculated into the copper-enhancing solution to grow into polygonal core–shell Au–Cu nanocomposites.



UV–visible spectra were recorded by Epoch2 Microplate Spectrophotometry (Biotek, Korea). TEM imagery of AuNPs was obtained by high-resolution transmission electron microscopy (FEI Tecnai, Oregon, USA) at a 300 kV voltage. SEM imagery of the polygonal core-shell Au–Cu nanocomposites was measured by scanning electron microscopy FE-SEM (Carl Zeiss, UK).




2.3. Fabrication of Multi-Chamber Paper-Based Platform Using Wax Printing Method


Figure 1a describes in detail the step-by-step fabrication of the multi-chamber using wax printing. The designed multiplex paper-based platform was made using Microsoft Powerpoint software (Microsoft office 365) with a square array of circular chamber sizes of 2.5 mm and a distance between the chambers of 2.5 mm. The hydrophobic pattern was printed on NCM using a wax printer with maximum resolution. The printed NCM was heated in an oven at 95 °C for 2 min to melt the wax toner and penetrate into NCM, then cut into the desired number of chambers, which were then ready to use, or were stored at an ambient condition for further use. Coomassie brilliant blue dye was used to confirm the successful hydrophobic pattern onto NCM after heating.




2.4. Copper-Enhanced Gold Immunoblotting for Quantitative Measurement of AβO42


Figure 1b clearly illustrates the copper-enhanced gold immunoblotting for the detection of the AβO42 target. Briefly, multiplex paper-based reaction chambers were pretreated with a TBST buffer for 5 min and dried at 37 °C. AβO42 (1 µL) at different concentrations of (0–1) µg/mL was dropped onto the reaction chambers, and dried at 37 °C for 10 min, repeating two times. A BSA solution (3% w/v) was then used to block the reaction chambers for 30 min, by preventing non-specific absorption on the chambers. After washing the multiplex paper-based platform with a TBST buffer 2 times, this device was then incubated with the A11 antibody conjugated AuNPs solution for 1 h under gentle shaking. The multiplex paper-based devices were immersed in fresh copper-enhancing solution (CuCl2 (1 mL, 0.1 M), BPEI1800 (1 mL, 0.5% w/v), SA (10 mL, 0.1 M)) for 10 min. A smartphone camera and a ChemiDoc MP Imaging System (Bio-Rad, Seoul, Korea) were used to photograph the multi-chamber devices, and the color intensity of each chamber was analyzed by ImageJ software with the quantification relative to the background of NCM, which corresponded to the concentration of AβO42.





3. Results


3.1. Formation Process of the Polygonal Core-Shell Au–Cu Nanocomposite


The successful formation of the polygonal core–shell Au–Cu nanocomposite after the inoculating antibody conjugated the AuNPs into a copper reduction solution could support the possibility of colorimetric signal amplification using copper-enhanced gold immunoblotting on the multi-chamber platform. The relatively monodispersed AuNPs were successfully synthesized with a hydrodynamic size of 20.4 ± 2.2 nm (inset of Figure 2b), slightly higher than the diameter from the TEM image (around 17 nm) due to the interference of the dispersant (Figure 2b). Figure 2a shows the deep red color of the AuNPs solution under daylight (inset of Figure 2a), and the absorption spectra of the step-by-step formation of the polygonal core–shell Au–Cu. The absorption peak shift from 520 nm of AuNPs to 526 nm of A11 antibody conjugated AuNPs (AuNP@A11) confirmed the successful immobilization of the antibody onto the surface of AuNP [24,25]. The conjugated AuNP@A11 was inoculated into the copper-enhancing solution for 10 min, resulting in the formation of the polygonal core–shell Au–Cu nanocomposites with an enlarged size and shape change (Figure 2c), leading to the possibility of this process supporting copper-enhanced gold immunoblotting on the multi-chamber platform.




3.2. Confirmation of the Successful Fabrication of Wax Printed Multi-Chamber Paper


The successful fabrication of the wax printed multi-reaction chambers on NCM was confirmed using blue dye under microscopic photography observation. Figure 3 shows the photographs of the as-prepared reaction chamber before and after heating. Blue dye was used to verify the ability of the chamber to concentrate the solution by the separating capacity of the hydrophobic patterns. Small wax toner particles were observed after printing wax onto NCM (Figure 3a), which were then melted, and all the wax penetrated inside the NCM under a heating effect to form the hydrophobic patterns (Figure 3b). Blue dye solution was dropped onto the hydrophilic reaction chamber, and did not spread toward the hydrophobic barriers, suggesting the effective centralization of the as-prepared multi chambers.




3.3. Feasibility of Using Copper-Enhanced Gold Immunoblotting to Measure AβO42


After preparing the multi-chamber platforms, they were utilized to monitor the concentration of the AβO42 target by a copper-enhanced gold immunoblot. After the immune process, a smartphone camera and the Chemidoc system were used to capture the color of the finalized platform (inset of Figure 4a), suggesting the ability of naked-eye visualization as low as 320 pg/mL, and were then used to calculate the color intensity of each chamber (Figure 4a). The normalized color intensities of the chambers were increased by increasing the concentration of AβO42 of (0–1) µg/mL), showing good linear relationships: R2 = 0.951 with a smartphone camera (Figure 4b) and R2 = 0.959 with the Chemidoc image system (Figure 4c). The limit of detection was calculated as 23.7 and 17.5 pg/mL for the smartphone camera and the Chemidoc system, respectively, indicating the feasibility of the copper-enhanced gold immunoblot using the as-prepared multi-chamber paper-based platform.



The specificity of this immunoblot technique was verified by applying the method mentioned above with different human biomarkers that included Aβ42 peptide, phosphorylated tau protein (p-tau231), C-reactive protein (CRP), tumor necrosis factor α (TNF-α), and insulin at a double concentration of AβO42 (Figure 5). These interferences did not display any significant color intensity, whereas the color intensity of the AβO42 reaction chamber was remarkably higher, indicating the high specificity toward AβO42 of this immunoblotting approach compared to several measured biomarkers.





4. Discussion


Alzheimer’s disease, a common disease in the elderly, has continued to progress in both developed and underdeveloped countries, leading to a huge economic and social burden worldwide. Therefore, it is essential to develop a simple and affordable platform for the accurate diagnosis of AD. With the combination of tau protein as a core biomarker for the diagnosis of AD, AβO42 is considered as a significant marker for the early monitoring of AD [26]. However, the conventional diagnostic tools or the as-developed biosensors for biosensing diagnostics face limits which include unavailability, difficulties in the sensor fabrication process, an inability to allow scalable and robust fabrication, cost- and time-consuming features, and the requirement for complex instruments and technical professionals. Hence, we have developed an applicable process from the straightforward manufacture of a sensing platform to the finalization of results.



Wax printing is considered a promising technique for the fabrication of a paper-based platform, due to its simplicity, cost-effectiveness, and suitability for mass production [17]. Gold nanoparticles are widely utilized as nanoprobes due to their unique optical properties, easy synthesis and modification, and long-term storability [27,28]. By utilizing the wax printing method and AuNP, this proposed process was successfully applied to detect the AβO42 biomarker for the early monitoring of AD worldwide. The as-designed reaction chamber was of a circular shape with a 2.5 mm diameter, which is a hydrophilic area separated by wax hydrophobic patterns, acting as a centralized area for the dropping of sample solution. The copper-enhanced method on AuNP was confirmed by not only increasing the size of AuNP, but by changing the shape from spherical to polygonal [18,19]. Therefore, multi-chamber wax printed NCM was used as a sensor platform for running copper-enhanced gold immunoblotting, exhibiting dual signal amplification by the centralization ability of the reaction chamber, and colorimetric enhancement of the copper polygonal core–shell nanocomposite. The detection limit of this approach is up to 23.7 pg/mL with a smartphone camera and up to 320 pg/mL with the naked eye, which is comparable to recently developed nanobiosensors [29,30,31,32]. Additionally, there is no significant difference in the sensing calculation between the smartphone camera and the Chemidoc image system, suggesting that this colorimetric immunoblot could allow qualitative analysis by naked eye visualization, and quantitative analysis by cheaper devices, such as a smartphone camera, without the use of expensive equipment. This approach addresses the issue of global exploitation, owing to its advantages which include simplicity and potential for mass production, affordability, high availability, and freedom from the need for instruments or technical professionals.




5. Conclusions


The process from the fabrication of the paper-based sensing platform to the sensing application for AβO42 was successfully developed using the wax printing method and copper-enhanced Au nanoprobe immunoblotting. It is not only straightforward to fabricate the multi-chamber paper-based sensing platform by using the wax printing method but also timesaving and suitable for mass production. These designed multi-chamber platforms could concentrate the target sample in the desired size, to improve the sensing sensitivity. The copper-enhancing Au nanoprobe immunoblot was successfully developed for the highly sensitive detection of AβO42. This colorimetric blotting method based on a multi-chamber platform exhibited a strong capacity from the qualitative analysis with the naked eye to the quantitative analysis with the smartphone camera, suggesting promising potential in the sensing application for various biomarkers with good sensitivity, cost effectiveness, high availability, and independence from technical professionals and instruments. This developed process could serve as an applicable medical diagnostic tool worldwide for the accurate monitoring of AD, even in the poorest countries.







Author Contributions


Conceptualization, L.-M.-T.P. and S.C.; methodology, L.-M.-T.P.; validation, L.-M.-T.P. and S.C.; formal analysis, L.-M.-T.P.; investigation, L.-M.-T.P.; writing—original draft preparation, L.-M.-T.P.; writing—review and editing, L.-M.-T.P. and S.C.; supervision, S.C.; project administration, S.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Foundation Research of Korea, grant number (NRF-2020M3A9E410438511, 2019R1A2C1088680, 2018M3A9F1023691).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The dataset generated and analyzed in this study is not publicly available, but may be obtained from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Kim, K.; Kim, M.-J.; Kim, S.Y.; Park, S.; Park, C.B. Clinically accurate diagnosis of Alzheimer’s disease via multiplexed sensing of core biomarkers in human plasma. Nat. Commun. 2020, 11, 1–9. [Google Scholar] [CrossRef]

	



Hardy, J.; Selkoe, D.J. The amyloid hypothesis of Alzheimer’s disease: Progress and problems on the road to therapeutics. Science 2002, 297, 353–356. [Google Scholar] [CrossRef]

	



Vijayan, D.; Chandra, R. Amyloid Beta Hypothesis in Alzheimer’s Disease: Major Culprits and Recent Therapeutic Strategies. Curr. Drug Targets 2020, 21, 148–166. [Google Scholar] [CrossRef]

	



Gu, L.; Guo, Z. Alzheimer’s Aβ42 and Aβ40 form mixed oligomers with direct molecular interactions. Biochem. Biophys. Res. Commun. 2021, 534, 292–296. [Google Scholar] [CrossRef]

	



Huang, Y.; Potter, R.; Sigurdson, W.; Santacruz, A.; Shih, S.; Ju, Y.-E.; Kasten, T.; Morris, J.C.; Mintun, M.; Duntley, S. Effects of age and amyloid deposition on Aβ dynamics in the human central nervous system. Arch. Neurol. 2012, 69, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Mehta, P.D.; Pirttilä, T.; Mehta, S.P.; Sersen, E.A.; Aisen, P.S.; Wisniewski, H.M. Plasma and cerebrospinal fluid levels of amyloid β proteins 1–40 and 1–42 in Alzheimer disease. Arch. Neurol. 2000, 57, 100–105. [Google Scholar] [CrossRef] [PubMed]

	



Gravina, S.A.; Ho, L.; Eckman, C.B.; Long, K.E.; Otvos, L., Jr.; Younkin, L.H.; Suzuki, N.; Younkin, S.G. Amyloid β protein (Aβ) in Alzheimeri’s disease brain: Biochemical and immunocytochemical analysis with antibodies specific for forms ending at Aβ40 or Aβ42 (43). J. Biol. Chem. 1995, 270, 7013–7016. [Google Scholar] [CrossRef] [PubMed]

	



Bernstein, S.L.; Dupuis, N.F.; Lazo, N.D.; Wyttenbach, T.; Condron, M.M.; Bitan, G.; Teplow, D.B.; Shea, J.-E.; Ruotolo, B.T.; Robinson, C.V. Amyloid-β protein oligomerization and the importance of tetramers and dodecamers in the aetiology of Alzheimer’s disease. Nat. Chem. 2009, 1, 326–331. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, T.; Liu, Q.; Chen, Y.X.; Zhao, Y.F.; Li, Y.M. Aβ42 and Aβ40: Similarities and differences. J. Pept. Sci. 2015, 21, 522–529. [Google Scholar] [CrossRef] [PubMed]

	



Obata, Y.; Murakami, K.; Kawase, T.; Hirose, K.; Izuo, N.; Shimizu, T.; Irie, K. Detection of Amyloid β Oligomers with RNA Aptamers in AppNL-GF/NL-GF Mice: A Model of Arctic Alzheimer’s Disease. ACS Omega 2020, 5, 21531–21537. [Google Scholar] [CrossRef]

	



Roychaudhuri, R.; Yang, M.; Hoshi, M.M.; Teplow, D.B. Amyloid β-protein assembly and Alzheimer disease. J. Biol. Chem. 2009, 284, 4749–4753. [Google Scholar] [CrossRef]

	



Ono, K.; Tsuji, M. Protofibrils of amyloid-β are important targets of a disease-modifying approach for Alzheimer’s disease. Int. J. Mol. Sci. 2020, 21, 952. [Google Scholar] [CrossRef]

	



Dahlgren, K.N.; Manelli, A.M.; Stine, W.B., Jr.; Baker, L.K.; Krafft, G.A.; LaDu, M.J. Oligomeric and fibrillar species of amyloid-β peptides differentially affect neuronal viability. J. Biol. Chem. 2002, 277, 32046–32053. [Google Scholar] [CrossRef]

	



Phan, L.M.T.; Hoang, T.X.; Vo, T.A.T.; Pham, H.L.; Le, H.T.N.; Chinnadayyala, S.R.; Kim, J.Y.; Lee, S.-M.; Cho, W.W.; Kim, Y.H. Nanomaterial-based Optical and Electrochemical Biosensors for Amyloid beta and Tau: Potential for early diagnosis of Alzheimer’s Disease. Expert Rev. Mol. Diagn. 2021, 21, 175–193. [Google Scholar] [CrossRef]

	



Akyazi, T.; Basabe-Desmonts, L.; Benito-Lopez, F. Review on microfluidic paper-based analytical devices towards commercialisation. Anal. Chim. Acta 2018, 1001, 1–17. [Google Scholar] [CrossRef]

	



Morbioli, G.G.; Mazzu-Nascimento, T.; Stockton, A.M.; Carrilho, E. Technical aspects and challenges of colorimetric detection with microfluidic paper-based analytical devices (μPADs)—A review. Anal. Chim. Acta 2017, 970, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Altundemir, S.; Uguz, A.; Ulgen, K. A review on wax printed microfluidic paper-based devices for international health. Biomicrofluidics 2017, 11, 041501. [Google Scholar] [CrossRef] [PubMed]

	



Phan, L.M.T.; Kim, E.B.; Cheon, S.A.; Shim, T.S.; Kim, H.-J.; Park, T.J. Reliable naked-eye detection of Mycobacterium tuberculosis antigen 85B using gold and copper nanoshell-enhanced immunoblotting techniques. Sens. Actuators B Chem. 2020, 317, 128220. [Google Scholar] [CrossRef]

	



Phan, L.M.T.; Rafique, R.; Baek, S.H.; Nguyen, T.P.; Park, K.Y.; Kim, E.B.; Kim, J.G.; Park, J.P.; Kailasa, S.K.; Kim, H.-J.; et al. Gold-copper nanoshell dot-blot immunoassay for naked-eye sensitive detection of tuberculosis specific CFP-10 antigen. Biosens. Bioelectron. 2018, 121, 111–117. [Google Scholar] [CrossRef] [PubMed]

	



An, S.S.A.; Lee, B.-S.; Yu, J.S.; Lim, K.; Kim, G.J.; Lee, R.; Kim, S.; Kang, S.; Park, Y.H.; Wang, M.J. Dynamic changes of oligomeric amyloid β levels in plasma induced by spiked synthetic Aβ 42. Alzheimers Res. Ther. 2017, 9, 1–10. [Google Scholar] [CrossRef]

	



Le, H.T.N.; Cho, S. Deciphering the Disaggregation Mechanism of Amyloid Beta Aggregate by 4-(2-Hydroxyethyl)-1-Piperazinepropanesulfonic Acid Using Electrochemical Impedance Spectroscopy. Sensors 2021, 21, 788. [Google Scholar] [CrossRef]

	



Dong, J.; Carpinone, P.L.; Pyrgiotakis, G.; Demokritou, P.; Moudgil, B.M. Synthesis of precision gold nanoparticles using Turkevich method. KONA Powder Part. J. 2020, 37, 224–232. [Google Scholar] [CrossRef]

	



Jazayeri, M.H.; Amani, H.; Pourfatollah, A.A.; Pazoki-Toroudi, H.; Sedighimoghaddam, B. Various methods of gold nanoparticles (GNPs) conjugation to antibodies. Sens. Bio Sens. Res. 2016, 9, 17–22. [Google Scholar] [CrossRef]

	



Oliveira, J.P.; Prado, A.R.; Keijok, W.J.; Antunes, P.W.P.; Yapuchura, E.R.; Guimarães, M.C.C. Impact of conjugation strategies for targeting of antibodies in gold nanoparticles for ultrasensitive detection of 17β-estradiol. Sci. Rep. 2019, 9, 13859. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Liu, M.; Li, B. Homogeneous fluorescence-based immunoassay via inner filter effect of gold nanoparticles on fluorescence of CdTe quantum dots. Analyst 2012, 137, 3293–3299. [Google Scholar] [CrossRef] [PubMed]

	



Mroczko, B.; Groblewska, M.; Litman-Zawadzka, A.; Kornhuber, J.; Lewczuk, P. Amyloid β oligomers (AβOs) in Alzheimer’s disease. J. Neural Transm. 2018, 125, 177–191. [Google Scholar] [CrossRef] [PubMed]

	



Amina, S.J.; Guo, B. A Review on the Synthesis and Functionalization of Gold Nanoparticles as a Drug Delivery Vehicle. Int. J. Nanomed. 2020, 15, 9823. [Google Scholar] [CrossRef] [PubMed]

	



Bansal, S.A.; Kumar, V.; Karimi, J.; Singh, A.P.; Kumar, S. Role of gold nanoparticles in advanced biomedical applications. Nanoscale Adv. 2020, 2, 3764–3787. [Google Scholar] [CrossRef]

	



Qin, J.; Park, J.S.; Jo, D.G.; Cho, M.; Lee, Y. Curcumin-based electrochemical sensor of amyloid-β oligomer for the early detection of Alzheimer’s disease. Sens. Actuators B Chem. 2018, 273, 1593–1599. [Google Scholar] [CrossRef]

	



Yi, X.; Feng, C.; Hu, S.; Li, H.; Wang, J. Surface plasmon resonance biosensors for simultaneous monitoring of amyloid-beta oligomers and fibrils and screening of select modulators. Analyst 2016, 141, 331–336. [Google Scholar] [CrossRef]

	



Sun, L.; Zhong, Y.; Gui, J.; Wang, X.; Zhuang, X.; Weng, J. A hydrogel biosensor for high selective and sensitive detection of amyloid-beta oligomers. Int. J. Nanomed. 2018, 13, 843. [Google Scholar] [CrossRef] [PubMed]

	



Rushworth, J.V.; Ahmed, A.; Griffiths, H.H.; Pollock, N.M.; Hooper, N.M.; Millner, P.A. A label-free electrical impedimetric biosensor for the specific detection of Alzheimer’s amyloid-beta oligomers. Biosens. Bioelectron. 2014, 56, 83–90. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 11 00948 g001 550] 





Figure 1. Schematic from the fabrication of the multi-chamber paper-based platform to the detection of AβO42. (a) Straightforward formation process of the multi-chamber platform using the wax printing method. After printing wax toner on NCM, wax penetrates the membrane to form a hydrophobic pattern by heating in a hot oven, forming the hydrophilic reaction chamber that concentrates the sample in the designed size. (b) Colorimetric monitoring of AβO42 concentration via copper-enhanced Au nanoprobe immunoblotting. 
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Figure 2. Illustration of the proposed progress from AuNP synthesis to the conjugation of the antibody onto AuNP and the modification of the conjugated AuNPs with copper; (a) Absorption spectra of AuNP, A11 conjugated AuNP, and copper-enhanced gold AuNPs@A11@Cu. The absorption peaks shifted from 520 nm for AuNP (inset is the photo of AuNPs solution) to 526 nm after antibody conjugation, then 604 nm after size enhancement by copper; (b) TEM image of monodispersed AuNPs, inset is the size distribution of AuNP by dynamic light scattering; (c) SEM image of polygonal core–shell Au–Cu nanocomposites. 
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Figure 3. Paper-based reaction chambers by wax printed on NCM under microscopic observation at different magnifications. Scale bars are (500, 200, and 100) µm, respectively. (a) Surface of wax printed chamber before heating that shows the presence of spherical toner particles; (b) Wax particles melt and penetrate into NCM to form hydrophobic patterns upon 90 °C heating for 2 min; (c) Hydrophilic reaction chamber is separated with hydrophobic patterns with confirmation from using Coomassie brilliant blue dye. 
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Figure 4. Quantitative monitoring of AβO42 by the copper-enhancing Au nanoprobe immunoblotting using the multi-chamber paper-based platform. (a) Normalized color intensity of the reaction chambers with different concentrations of AβO42 of (0–1) µg/mL). Inset is the photograph of the multi-chamber devices using a smartphone camera after conducting immunoblotting at increasing concentrations. (b) AβO42 calibration curve plotted on a logarithm scale using a smartphone camera. (c) AβO42 calibration curve plotted on a logarithm scale using the ChemiDoc Imaging System. 
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Figure 5. Specificity of the copper-enhanced god immunoblotting for AβO42 target compared to interferences that include Aβ42 monomer, p-tau231, CRP, TNF-α, and insulin. 
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