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Abstract 

 

A wash-free graphene oxide (GO)-based aptasensor with acridinium ester chemiluminescence 

detection was developed for the rapid quantification of amyloid-β1–42 (Aβ42). An amine-modified 

Aβ42 aptamer was conjugated with acridinium ester–NHS and temporarily immobilized on a GO 

film-coated well through noncovalent interactions. Aβ42 binding induced a conformational change in 

the aptamer that weakened its interaction with GO and released the Aβ42–aptamer–AE complex into 

solution. The released complex was directly transferred for chemiluminescence detection without a 

washing step during sample analysis. Under the optimized conditions, the aptasensor quantified Aβ42 

over 78.5–5,000 pg/mL, with a limit of detection of 27 pg/mL and a lower limit of quantification of 

78.5 pg/mL. The total analytical reaction and detection time was approximately 31 minutes. Recovery 

from artificial cerebrospinal fluid ranged from 92.3% to 112.7%, with a mean recovery of 104.6%. 

The coefficients of variation ranged from 4.2% to 6.9% for triplicate measurements, demonstrating 

acceptable preliminary accuracy and precision. Aβ40 (100 ng/mL) and total tau (2,500 pg/mL), tested 

at concentrations exceeding their typical CSF ranges, and human serum albumin (0.2 mg/mL) 

produced signals comparable to the buffer blank, whereas Aβ42 generated an approximately 2.4-fold 

higher response. These findings support the analytical selectivity and feasibility of the wash-free 

GO-based aptasensor for sensitive Aβ42 quantification. Further validation using human cerebrospinal 

fluid and direct comparison with automated clinical systems are required to establish its clinical utility 

as a potential tool for the diagnosis of Alzheimer’s disease. 
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1. Introduction 

 

Over the past decade, the number of Americans living with Alzheimer’s disease (AD) has 

continued to increase, largely because of population aging, although some studies have suggested a 

modest decline in age-specific dementia incidence.[1-2] Approximately 7.4 million Americans aged ≥65 

years are living with Alzheimer’s dementia in 2026.[3] At the same time, diagnosis is shifting from 

primarily symptom-based assessment toward earlier, biomarker-supported approaches using 

cerebrospinal fluid (CSF), positron emission tomography (PET), and, increasingly, blood-based 

biomarkers such as phosphorylated tau and amyloid-β (Aβ).[4-5] 

 

Among the major biomarkers associated with AD, amyloid-β1–42 (Aβ42) plays a central role 

because a reduced concentration of Aβ42 in CSF is associated with its aggregation and deposition as 

amyloid plaques in the brain, one of the earliest pathological changes in AD.[6-7] Measurement of 

Aβ42, particularly together with Aβ40 and tau-related biomarkers, can therefore support the detection, 

classification, and monitoring of AD-related pathology before substantial cognitive decline occurs.[7-8] 

 

Current analytical methods for Aβ42 rely predominantly on antibody-based immunoassays, 

particularly for CSF analysis.[9-10] Widely used automated platforms include electrochemiluminescence 

immunoassays, such as the Roche Elecsys β-Amyloid (1–42) CSF II assay, and chemiluminescent 

enzyme immunoassays, such as the Fujirebio LUMIPULSE system. These automated methods can 

provide results within tens of minutes and offer improved reproducibility and standardized 

operation.[11] Conventional ELISA and highly sensitive analytical methods such as mass spectrometry 

are also used, but they generally require longer processing times, more extensive sample handling, or 

specialized instrumentation.[12] In clinical applications, Aβ42 is increasingly interpreted together with 

Aβ40 as the Aβ42/Aβ40 ratio because normalization to Aβ40 can improve assessment of cerebral 

amyloid pathology compared with Aβ42 alone.[13] 

 

Commercial ELISA kits remain widely used for quantitative determination of Aβ42 in 

research-use-only applications because of their established antibody-based specificity and standardized 

assay formats. However, conventional ELISA typically requires multiple incubation and washing 

steps, enzyme–substrate reactions, and repeated liquid-handling procedures, resulting in relatively long 

assay times. Consequently, aptasensors have been increasingly investigated as alternative platforms for 

Aβ42 detection.[14-17] Synthetic DNA or RNA aptamers offer several advantages, including chemical 

stability, reproducible synthesis, facile modification, relatively low production cost, and compatibility 

with diverse nanomaterials and signal-transduction technologies.[18-19] 
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Graphene oxide (GO) exhibits strong affinity for single-stranded DNA (ssDNA) and RNA 

through multiple noncovalent interactions, particularly π–π stacking between exposed nucleobases and 

the sp²-hybridized aromatic domains of GO, together with hydrophobic interactions, hydrogen 

bonding, and electrostatic interactions.[20] Because the nucleobases of flexible single-stranded aptamers 

are readily accessible, ssDNA or RNA aptamers can adsorb efficiently onto the GO surface. In 

contrast, target-induced conformational changes and formation of aptamer–target complexes can 

reduce their affinity for GO and promote desorption.[20] These reversible interactions allow GO to 

function not only as a sensing interface but also as a temporary reservoir for aptamers, retaining and 

concentrating unbound aptamers on the surface until target binding promotes their release. Such a 

reservoir function can reduce the concentration of free signaling aptamers in solution, thereby 

lowering background signal and facilitating the development of simple wash-free or wash-minimized 

sensing formats. 

 

Based on the reversible adsorption of ssDNA aptamers onto GO, the high sensitivity of 

acridinium ester chemiluminescence (AE-CL), and the practical and economic advantages of synthetic 

aptamers, we hypothesized that GO could serve as a temporary reservoir for Aβ42 aptamer–AE 

conjugates, retaining unbound conjugates while allowing Aβ42-bound conjugates to be released into 

solution for chemiluminescence detection. Accordingly, the objective of this study was to develop a 

rapid, wash-free Aβ42 aptasensor by integrating GO-mediated aptamer immobilization and 

target-induced release with direct AE-CL detection. The analytical performance of the developed 

aptasensor was evaluated in terms of calibration characteristics, precision, recovery, specificity, and 

applicability to Aβ42 quantification, and its performance was compared with previously reported 

Aβ42 sensing methods. 

 

2. Experimental 

 

2.1 Chemicals and materials 

 

The amine-conjugated Aβ42 aptamer (NH2-C6-5′-GCCTGTGTTGGGGCGGGTGCG-3′), 

which has been widely used in the development of aptasensors,[21-23] was synthesized and supplied by 

Eurofins Genomics (Louisville, KY, USA). Acridinium NHS ester was purchased from AAT 

(Pleasanton, CA , USA). Aβ42, Aβ40, total tau antigens were purchased from BioLegend (San Diego, 

CA, USA). 3 and 30 % H2O2, 10 × PBS, 1N NaOH, and 1N HNO3 were purchased from VWR 

(Radnor, PA, USA). Human serum albumin (HSA) and cetyltrimethylammonium chloride (CTAC) 

were obtained from Millipore Sigma (Rockville, MD, USA).  Artificial cerebrospinal fluid (ACSF) A 

and B were purchased from Thomas Scientific (Swedesboro, NJ, USA). Bare wells coated with a 

graphene oxide (GO) film were provided by Luminescent MD (Hagerstown, MD, USA). 

5 



 

2.2 Conjugation of acridinium ester to Aβ42 aptamer 

 

Scheme 1. Conjugation mechanism between acridinium NHS ester and the amine-modified Aβ42 

aptamer. 

 

The amine-conjugated Aβ42 aptamer was reacted with acridinium NHS ester at a 10-fold 

molar excess in 1× PBS (pH 7.4) containing 5% DMSO. The mixture was incubated at room 

temperature for 1hour protected from light. Free acridinium ester was subsequently removed using a 

3-kDa molecular-weight-cutoff centrifugal filter. Scheme 1 illustrates the conjugation mechanism 

between acridinium NHS ester and the amine-modified Aβ42 aptamer. 

 

2.3 Temporary immobilization of the Aβ42 aptamer on the surface of graphene oxide (GO) film 

coated well 

 

50-µL aliquot of the Aβ42 aptamer–acridinium ester (AE) conjugate in PBS was added to a 

GO film-coated well to allow temporary immobilization through physical interactions between the 

aptamer and GO. After incubation for 30 minutes, unbound conjugate was removed by washing the 

well twice with PBS. The remaining unoccupied GO surface was blocked with 0.1% PVP for 2 

minutes. The well was then washed twice with PBS, dried, and stored under ambient conditions until 

used to develop the Aβ42 aptasensor with acridinium ester chemiluminescence detection. 
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2.4 Quantification of Aβ42 

 

Figure 1. Aptasensor workflow for the quantification of Aβ42 using acridinium ester 

chemiluminescence detection. 

 

As shown in Figure 1, 100 µL of an Aβ42 standard or sample was added to the aptasensor 

well containing temporarily immobilized Aβ42 aptamer–AE conjugates. The mixture was incubated 

for 30 minutes at room temperature (21 ± 2 °C) to allow Aβ42 to bind to the conjugates. After 

incubation, 40 µL of the solution containing the released Aβ42–aptamer–AE complexes was 

transferred to a borosilicate test tube. The tube was placed in an LB 9507 luminometer equipped with 

two syringe pumps (Berthold Technologies, Germany). The first pump injected 100 µL of acidic 

reagent containing 0.1 N HNO₃ and 0.5% H2O2. After incubation for 40 s, the second pump injected 

100 µL of basic reagent containing 0.25 N NaOH and 7 mM CTAC, generating flash-type blue 

chemiluminescence. The relative chemiluminescence intensity was measured for 2 seconds. 

 

2.5 Statistical analysis and determination of the LOD, LLOQ, accuracy, precision, and recovery 

of the aptasensor 

 

Blank samples, Aβ42 standards, and spiked samples were analyzed in replication. Calibration 

curves were constructed by plotting relative chemiluminescence intensity against Aβ42 concentration 

and analyzed by regression. The limit of detection (LOD = B + 3S) was calculated as the mean blank 

signal (B) plus three standard deviations (S), whereas the preliminary limit of quantification (LLOQ = 

B + 10S) was calculated as the mean blank signal plus ten standard deviations and confirmed as the 

lowest concentration meeting the predefined accuracy and precision criteria. Accuracy was expressed 

as percent bias relative to the nominal concentration, precision as the coefficient of variation (CV), and 

recovery as the percentage of added Aβ42 recovered from spiked samples (N = 3). 
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3. Results and Discussion 

 

3.1 CL emission of Aβ42 aptamer-AE conjugate in AE chemiluminescence reaction 

 

Under alkaline conditions, hydrogen peroxide is converted to the hydroperoxide anion, which 

reacts with the acridinium ester label to form a high-energy dioxetanone intermediate. Rapid 

decomposition of this unstable intermediate produces electronically excited N-methylacridone. As the 

excited product returns to its ground state, blue chemiluminescence is emitted. CTAC enhances and 

stabilizes the light output, thereby improving detection sensitivity. 

 

 

Figure 2. Acridinium ester chemiluminescence reaction mechanism and 

concentration-dependent relative CL intensity of the Aβ42 Aptamer–AE conjugate. 

 

The relative chemiluminescence intensity increased linearly with the concentration of the 

Aβ42 aptamer–AE conjugate over the tested range. Linear regression produced the equation 

y= 102376x - 4247.8, with R2 = 0.997, demonstrating a strong concentration-dependent response as 

shown in Figure 2. These results confirm successful AE conjugation and show that the conjugate 

generates a predictable chemiluminescence signal suitable for quantitative aptasensor development. 
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3.2 Temporary immobilization of the Aβ42 Aptamer–AE conjugate on a GO film for Aptasensor 

development 

 

Figure 3. Mechanism of temporary Aβ42 Aptamer–AE conjugate immobilization on and 

Aβ42–Aptamer–AE complex release from the GO Film, with experimental verification of 

conjugate immobilization. 

 

As shown in Figure 3, the Aβ42 aptamer–AE conjugate was temporarily immobilized on the 

GO film through noncovalent interactions. The exposed nucleobases of the aptamer interacted with the 

sp2-carbon domains of GO through π–π stacking and hydrophobic/van der Waals interactions. 

Hydrogen bonding also occurred between the aptamer and the oxygen-containing functional groups on 

the GO surface. Upon binding to Aβ42, the aptamer underwent a conformational change that reduced 

its interaction with GO, resulting in the release of the Aβ42–aptamer–AE complex into solution. The 

AE label in the released complex subsequently generated a measurable chemiluminescence signal.  

 

The graph shown in Figure 3 indicates that the normalized CL intensity of the conjugate 

remaining in solution decreased progressively with incubation time, from 100% initially to 

approximately 25% after 120 minutes. This decrease indicates time-dependent adsorption of the Aβ42 

aptamer–AE conjugate onto the GO film. After washing, the residual CL signal attributable to 

unbound conjugates was only 0.47%, indicating that nearly all unbound conjugates were effectively 

removed. These results support the successful temporary immobilization of the Aβ42 aptamer–AE 

conjugate on the GO surface and its subsequent release following specific binding to Aβ42. 

 

 

 

 

 

9 



 

3.3 Optimization of experimental variables for the development of a sensitive Aβ42 Aptasensor 

 

As shown in Figure 4A, increasing the volume of artificial CSF containing the Aβ42 

aptamer–AE conjugate produced a progressive increase in relative CL intensity. The signal increased 

from approximately 5.0×104 at 10 µL to approximately 5.6×105 at 100 µL. This response was expected 

because a larger volume contained a greater amount of the AE-labeled conjugate available for 

chemiluminescence generation. 

 

In contrast, the blank signal obtained using artificial CSF without the conjugate remained 

relatively constant, ranging from approximately 600 to 750 relative CL units over the tested volume 

range (Figure 4B). Thus, increasing the artificial CSF volume did not substantially increase the 

nonspecific background. Because the conjugate-associated signal increased while the blank remained 

stable, the S/B ratio increased markedly with volume, from approximately 70 at 10 µL to 

approximately 800 at 100 µL (Figure 4C). Based on these results, 100 µL was selected as the optimal 

sample volume because it generated the highest analytical signal, an S/B ratio. 

 

 

Figure 4. Optimization of experimental variables: (A) effect of the volume of artificial CSF 

containing the Aβ42 aptamer–AE conjugate; (B) effect of blank artificial CSF volume; (C) 

signal-to-background (S/B) ratio as a function of the volume of artificial CSF containing the 

Aβ42 aptamer–AE conjugate; (D) effect of equal volumes of the acidic and basic reagents; and 

(E) optimization of the incubation time after mixing the artificial CSF with the acidic reagent 

and before adding the basic reagent. 
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Figure 4D shows the effect of injecting equal volumes of the acidic and basic reagents. The 

CL intensity increased when the volume of each reagent was increased from 25 to 50 µL, reaching a 

maximum of approximately 1.7×106 relative CL units at 50 µL. Further increases in reagent volume 

gradually reduced the CL intensity. The lower signal at 25 µL may have resulted from insufficient 

reagent volume for efficient AE activation, whereas the decrease at larger volumes may have been 

caused by dilution of the AE-labeled conjugate or changes in the final reaction conditions. Therefore, 

50 µL of each reagent produced the strongest CL response under the tested conditions. 

 

The incubation time between the addition of the acidic reagent and the subsequent addition of 

the basic reagent was evaluated from 0 to 60 seconds (Figure 4E). The CL intensity remained 

relatively stable throughout this interval, ranging from approximately 5.5×105 to 6.0×105 relative CL 

units. The highest average signal was observed after approximately 20 seconds, although the 

differences among the tested incubation times were relatively small. An incubation time of 40 seconds 

was selected to provide sufficient time for the artificial CSF and acidic reagent containing H2O2 to 

equilibrate before the basic reagent was added to initiate flash-type chemiluminescence. 

 

3.4 Optimization and Analytical Performance of the wash-free Aβ42 Aptasensor 

 

Figure 5. Optimization and analytical performance of the Aβ42 aptasensor: (A) effect of the 

Aβ42 aptamer–AE conjugate concentration used for temporary immobilization on the GO 

film-coated well; (B) signal-to-background (S/B) ratio as a function of the concentration of 

temporarily immobilized Aβ42 aptamer–AE conjugate; (C) effect of incubation time on the 

formation and release of the Aβ42–aptamer–AE complex; (D) calibration curve for Aβ42 
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concentrations ranging from 78.5 to 5,000 pg/mL; (E) calibration curve plotted against the 

logarithm of the Aβ42 concentration; and (F) selectivity of the Aβ42 aptasensor for Aβ42 

compared with Aβ40, total tau, and human serum albumin (HSA). 

 

The concentration of the Aβ42 aptamer–AE conjugate used for temporary immobilization on 

the GO film was first optimized. The CL intensity measured after immobilization and washing 

increased progressively as the conjugate concentration increased from 62.5 to 1,000 nM, indicating 

that greater amounts of the conjugate were retained on the GO surface (Figure A). However, the S/B 

ratio reached its maximum value of approximately 2.6 at 125 nM and subsequently decreased at higher 

concentrations (Figure B). The reduction in the S/B ratio at higher conjugate concentrations was likely 

caused by an increase in residual or nonspecific background relative to the target-dependent signal. 

Therefore, 125 nM was selected as the optimal conjugate concentration. 

 

The normalized CL intensity increased with the Aβ42-binding incubation time, reaching 

approximately 0.43, 0.77, 1.00, and 1.15 after 10, 20, 30, and 60 minutes, respectively (Figure C). 

These results indicate that longer incubation allowed more Aβ42–aptamer–AE complexes to form and 

be released from the GO film. Although the signal continued to increase slightly up to 60 minutes, 30 

minutes was selected as an appropriate compromise between assay sensitivity and analysis time. 

Under the optimized conditions, the relative CL intensity increased in a concentration-dependent 

manner over the Aβ42 range of 78.5–5,000 pg/mL (Figure D). The response increased rapidly at lower 

concentrations and more gradually at higher concentrations when plotted on a linear concentration 

scale. Plotting Aβ42 concentration on a logarithmic scale provided a useful calibration relationship 

across the entire tested range (Figure E). Based on the logarithmic calibration curve, the LOD and 

LLOQ were determined to be 27 and 78.5 pg/mL, respectively. The LLOQ corresponded to the lowest 

concentration quantitatively measured within the established calibration range. 

 

The selectivity of the aptasensor was evaluated using Aβ42 and potentially interfering 

proteins, including Aβ40, total tau, and HSA (Figure F). Aβ42 produced a normalized CL intensity of 

approximately 2.45, whereas the buffer blank and interfering proteins generated normalized signals 

close to 1.0. Thus, the Aβ42 response was approximately 2.4-fold higher than the responses obtained 

from the blank and tested interfering proteins, demonstrating the preferential recognition of Aβ42 by 

the aptamer–AE conjugate. Selectivity was evaluated under stringent interference conditions using 

Aβ40 at 100 ng/mL, total tau at 2,500 pg/mL, and HSA at 0.2 mg/mL. The concentrations of Aβ40 

and total tau exceeded their typical CSF ranges. Despite these high concentrations, all three potential 

interferents produced signals comparable to the buffer blank, whereas Aβ42 generated an 

approximately 2.4-fold higher response, supporting the high selectivity of the aptasensor. 
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The total analytical reaction and detection time was approximately 31 minutes, consisting of a 

30-min antigen-binding step, a 40-s incubation with the acidic reagent, and a 2-s CL measurement. For 

comparison, the automated Roche Elecsys β-Amyloid (1–42) CSF assay requires approximately 18 

minutes and has a reported LOD of 100–120 pg/mL and an LoQ of 150–200 pg/mL, depending on the 

cobas analyzer.[24] The aptasensor therefore exhibited an approximately 3.7–4.4-fold lower LOD and a 

1.9–2.5-fold lower LLOQ than the Roche assay, although its analysis time was approximately 13 

minutes longer. The Fujirebio Lumipulse G β-Amyloid 1–42 assay requires approximately 30 minutes, 

which is comparable to the aptasensor analysis time.[25] The FDA review reports an LOD of 11.6 

pg/mL and an LoQ of 38 pg/mL for the Lumipulse assay.[26] Accordingly, the aptasensor’s LOD and 

LLOQ were approximately 2.3- and 2.1-fold higher, respectively, than those of the Lumipulse assay. 

 

Overall, the aptasensor provided greater analytical sensitivity than the Roche Elecsys assay 

and an analysis time comparable to that of the Lumipulse system. However, this comparison remains 

preliminary because the aptasensor was evaluated using artificial CSF, whereas the automated systems 

were extensively validated using human CSF under standardized clinical laboratory conditions. Direct 

analysis of identical human CSF samples will be necessary to establish comparative clinical 

performance. 

 

Table 1. Recovery, accuracy, and precision of the Aβ42 Aptasensor in artificial CSF at three Aβ42 

spike concentrations ( ). 𝑛 = 3

 

Recovery was evaluated at three Aβ42 concentrations using triplicate measurements (n=3). As 

shown in Table 1, The measured concentrations were 184.5±12.7, 870.9±36.5, and 

1,690.5±84.1pg/mL for samples spiked with 200, 800, and 1,500 pg/mL Aβ42, respectively. The 

corresponding recoveries ranged from 92.3% to 112.7%, with a mean recovery of 104.6%, 

demonstrating acceptable accuracy across the tested concentration range. The coefficients of variation 

were 6.9%, 4.2%, and 5.0%, respectively, indicating good precision, with all CV values below 7%. A 

slight positive bias was observed at the two higher concentrations, particularly at 1,500 pg/mL, 

suggesting that further matrix-matched validation with additional replicates may be beneficial. 
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Spiked sample Spiked Aβ42 (pg/ml) Measured Aβ42 (pg/ml) Recovery (%) 

1 200 184.5 ± 12.7 92.3 

2 800 870.9 ± 36.5 108.9 

3 1,500 1,690.5 ± 84.1  112.7 



 

4. Conclusions 

 

The GO-based Aβ42 aptasensor provided a concentration-dependent response over 78.5–5,000 

pg/mL, with an LOD of 27 pg/mL and an LLOQ of 78.5 pg/mL within approximately 31 minutes. 

Recoveries of 92.3–112.7% and CVs below 7% demonstrated acceptable preliminary accuracy and 

precision. The substantially higher response to Aβ42 than to Aβ40, total tau, and HSA also supported 

the selectivity of the aptamer–AE conjugate. 

 

Further studies should validate the assay using pooled and individual human CSF samples, 

larger sample numbers, additional interfering proteins, and multiple reagent lots and testing days. 

Optimization should also focus on shortening the 30-min binding step, improving recovery at higher 

concentrations, evaluating storage stability, and directly comparing the aptasensor with automated 

clinical systems using identical CSF samples. Development of a complementary Aβ40 assay could 

additionally enable determination of the clinically valuable Aβ42/Aβ40 ratio. 
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