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Enzyme-Linked Immunosorbent Assay (ELISA) is a widely utilized method for quantifying amyloid beta (Aβ) levels in various biological samples, including brain homogenates. Aβ exist in multiple structural forms: monomers, soluble oligomers, protofibrils, and fibrils, each exhibiting distinct biochemical properties and degrees of neurotoxicity. Their toxic potential also varies by localization, whether intracellular, membrane-bound, or extracellular. Accurate detection and quantification of these diverse Aβ species and localizations are critical for understanding their roles in Alzheimer’s disease (AD) pathology. However, suboptimal ELISA configurations and misinterpretations of results can lead to misleading conclusions. This study highlights key considerations for optimizing ELISA protocols specifically for detecting distinct Aβ species and localizations, with a focus on applications in mouse brain tissue. We also provide guidance on antibody selection to improve selectivity and specificity of Aβ detection, ultimately enhancing the reliability and interpretability of ELISA-based Aβ measurements.
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1 Introduction

In Alzheimer’s disease, the aggregation of amyloid beta (Aβ) plays a central role in disease progression and memory impairment. Aβ is generated through the cleavage of the amyloid precursor protein (APP), producing peptides of varying lengths, with Aβ40 and Aβ42 being the most common. In addition to Aβ40 and Aβ42, several other Aβ peptide lengths exist, each with distinct aggregation propensities and biological effects. Among these, Aβ42 is particularly prone to aggregation, and is strongly associated with the formation of toxic oligomers and amyloid plaques. The ratio between Aβ42 and Aβ40 is a critical factor influencing the overall likelihood of aggregation. Several familial Alzheimer’s disease-linked mutations, such as the Swedish, Flemish, and Austrian, affect both the cleavage efficiency of the amyloid precursor protein (APP) and the preferred length of the resulting Aβ peptides. Truncations of the N-terminal, such as Aβ3-40/42, are also common and contribute significantly to disease progression (Sims et al., 2023). Generally, higher concentrations of Aβ increase the risk of aggregation. Several factors can impede the clearance or degradation of Aβ, with age being one of the most prominent. Mutations such as the Arctic, Italian, and Dutch mutations (E22G, K and Q) make Aβ more prone to aggregation (Fawzi et al., 2008; Grant et al., 2007; Lord et al., 2009; Yang et al., 2023). Murine Aβ is less prone to aggregation compared to human Aβ, which is why mouse models of Aβ pathology express human APP or a humanized Aβ domain.

The aggregation cascade of Aβ begins when a single monomer misfolds, adopting a beta-hairpin structure that acts as a seed for the misfolding of additional monomers, which leads to the formation of oligomers. There are multiple definitions of Aβ oligomers used in the literature; throughout this manuscript, we define an Aβ oligomer as a small, soluble aggregate that contains the beta-hairpin structure (Larini and Shea, 2012; Ruttenberg and Nowick, 2024). Soluble Aβ oligomers are considered highly neurotoxic due to their ability to disrupt synaptic function, impair long-term potentiation, and induce neuronal dysfunction (Bode et al., 2019; Gallego Villarejo et al., 2022; Huang and Liu, 2020; Kayed and Lasagna-Reeve, 2013; Nguyen et al., 2022; Sengupta et al., 2016). Several clinical trials targeting insoluble Aβ aggregates (e.g., Aducanumab, Gantenerumab) have shown plaque clearance but limited or no cognitive benefit, suggesting that toxic effects arise earlier in the aggregation pathway and may be driven by soluble oligomers (Bateman et al., 2023; Sevigny et al., 2016; Tolar et al., 2021).

These oligomers vary in size and can remain soluble before assembling into larger structures known as protofibrils. Protofibrils are intermediates between oligomers and fibrils and are also associated with neurotoxicity, as they may represent a critical transition stage in Aβ aggregation. Certain therapeutic antibodies, such as lecanemab preferentially bind to soluble protofibrils and have demonstrated moderate slowing of cognitive und functional decline in clinical trials compared to placebo (Lannfelt et al., 2014; Ono and Tsuji, 2020; van Dyck et al., 2023). However, it remains unclear whether protofibrils maintain the beta-hairpin structure or undergo further conformational changes as they mature into fibrils.

As oligomers and protofibrils continue to grow, they gradually adopt more ordered beta-sheet conformation, marking structural transition from beta-hairpins to parallel beta-sheets (Sarroukh et al., 2010; Xu et al., 2005). This conformational shift results in the formation of fibrils, larger aggregates characterized by extensive beta-sheet content. While smaller fibrils can remain soluble, continued aggregation leads to the formation of insoluble fibrils that precipitate as extracellular plaques, one of the pathological hallmarks of Alzheimer’s disease.

Despite their abundance, plaques are generally considered less acutely toxic than earlier Aβ species such as oligomers or protofibrils. All antibodies that have shown clinical benefit, such as Aducanumab (targeting aggregated Aβ), Lecanemab (preferentially binding soluble protofibrils), and Donanemab (binding Aβ plaques via the pyroglutamate-modified N-terminus of Aβ42), also reduce plaque burden and a correlation between plaque clearance and cognitive benefit has been observed (Sevigny et al., 2016; Sims et al., 2023; van Dyck et al., 2023). However, these clinical benefits have been modest to moderate, typically reflecting a slowing of cognitive decline by approximately 20 – 30% compared to placebo. This highlights both the potential and the current limitations of targeting Aβ aggregates. Nevertheless, the precise contribution of individual Aβ species to disease progression has yet to be fully defined, underscoring the need for methods capable of distinguishing between monomers, oligomers, protofibrils, and fibrils in both basic and translational research.

A schematic diagram of this aggregation cascade, showing the stepwise transition from monomers to plaques, can be found in Figure 1.
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FIGURE 1
Different types of monomers and the Aβ aggregation cascade. (A) Sequence alignment of human and mouse/rat Aβ highlighting differences at amino acid (AA) position 5, 10 and 13. From AA 14 to 42, human and mouse Aβ are identical. The Arctic mutation, is for instance located at AA 22. The first 10–11 N-terminal AAs are unstructured, making it difficult to determine their structure in crystallization experiments, so they can only be studied in structures determined by NMR (see Figure 2). (B) There are different types of Aβ monomers, each with varying tendencies to aggregate. These monomers can differ in length (e.g., Aβ1-40, Aβ3-40 and Aβ1-42) and can contain mutations, such as the Arctic mutation, which enhances the aggregation properties. (C) Schematic overview of the Aβ aggregation cascade. Unstructured monomers misfold and begin to aggregate, initially forming small aggregates that adopt a beta-hairpin structure. As these aggregates grow larger, they twist into more ordered conformations, ultimately forming beta-sheets. Various aggregate folds have been identified (as seen in Figure 2), however, in most structures, the N-terminus remains more accessible for antibody binding, unless the N-terminus is truncated. In smaller aggregates, the C-terminus may also be available for binding. Created with Biorender.com.


The oligomeric form of Aβ is widely considered to be the most toxic, potentially due to the hairpin structure and increased mobility, as highlighted in many studies (Celej et al., 2012; Lorenzen et al., 2014; Mrdenovic et al., 2022; Sandberg et al., 2010; Sengupta et al., 2016; Tolar et al., 2021). Understanding and quantifying various types of Aβ aggregates is crucial for improving our knowledge of different transgenic models, accurately characterizing disease types, and assessing the effects of various treatment strategies. Enzyme-Linked Immunosorbent Assay (ELISA) and other antibody-based methods are commonly used to quantify Aβ aggregates. However, designing an ELISA that accurately detects specific forms of Aβ is challenging. This is primarily due to the structural complexity of Aβ aggregates, where portions of the peptide (including the N- and C-terminal regions) may be hidden within the aggregate (Figure 2). Additionally, truncations at the N- and C-termini can alter the accessibility of epitopes, creating potential biases in detection. This structural heterogeneity can lead to misinterpretation of the results, as aggregates of different sizes and conformations may not be equally detected depending on the epitopes that are exposed.
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FIGURE 2
(A) Structures of Aβ fibrils with different origins. This panel displays the structures of Aβ fibrils derived from different origins, as indicated on the figure. The following PDB structures are shown: Human brain Aβ40 (6SHS), Human brain Aβ42 (8AZT), Aβ40 grown with seeds from human brain (2M4J), Aβ42 grown with seeds from human brain (6W0O), arctic Aβ40 from human brain (8BG0), recombinant Aβ40 with Osaka deletion (2MVX), arctic Aβ40 S8 phosphorylated (6OC9), arctic Aβ42 from human brain (8BFZ), Aβ40 from APPNL–G–F mice (8BG9), Aβ42 from tg-ArcSwe mice (8OL7), recombinant Aβ40 (2LMQ and 2LMO), recombinant Aβ42 (5OQV and 2NAO) and mix of Aβ40 and Aβ42 (6Ti6). The N-terminal amino acids “VHH” are colored in green, and the C-terminal amino acids “GVV” are colored pink, as detailed in Figure 1A. (B) The structure of a stabilized Aβ oligomer containing a beta-hairpin conformation (PDB: 6cg5 visualized using PyMOL). The formation of such oligomers is an early step in the Aβ aggregation cascade. The beta-hairpin motif reflects a misfolded conformation that may serve as a seed for further aggregation. These oligomeric species play a critical role in the progression of Alzheimer’s disease, as they exhibit highly neurotoxicity and can significantly disrupt in cellular function (Xiao et al., 2015).


To mitigate these challenges, it is essential to carefully select antibodies that target accessible epitopes specific to the aggregation state of interest. In some cases, using a combination of antibodies that recognize different regions of Aβ (e.g., N-terminal, C-terminal, or mid-region) may enhance the sensitivity and specificity of detection.

Equally important is the preparation of brain homogenates in a manner that enables the effective separation of soluble, membrane-bound, and insoluble Aβ species as the location of the aggregates also affects their toxicity (Gallego Villarejo et al., 2022). It is likely that the initial aggregation occurs inside the cells (Gao et al., 2021; Yu et al., 2018) and the aggregates associated with the cellular membrane are the most toxic (Mrdenovic et al., 2022; Peters et al., 2016). This allows for more accurate quantification of distinct Aβ species.

While ELISA remains a valuable tool, the inherent complexity of Aβ aggregation necessitates further optimization of assay setups to ensure more accurate detection of specific aggregate forms. Incorporating complementary techniques, such as mass spectrometry or FRET (fluorescence resonance energy transfer), could complement the read-outs from the ELISAs.

In this paper, we will outline effective methods for preparing tissue homogenate samples from Alzheimer’s disease mouse models for ELISA. We will focus on the composition and structure of various types of Aβ aggregates, with an emphasis on selecting the most appropriate antibodies for both coating and detection in an Aβ ELISA. Additionally, we will provide useful tips and tricks for optimizing ELISA setups to improve specificity in detecting different Aβ aggregate forms and cellular locations.



2 Materials and equipment


2.1 Key considerations for analyzing Aβ in homogenates using ELISA


2.1.1 Homogenization and dilution


2.1.1.1 Buffer additives

Although any tissue can be analyzed, the brain is the most relevant organ in Alzheimer’s disease studies due to its primary involvement in the disease. When homogenizing tissue, the choice of buffer is crucial. A buffer without detergent will fail to dissolve membranes, meaning that the supernatant after centrifugation will mainly contain soluble Aβ, excluding membrane-associated Aβ or Aβ within organelles, as the membranes are likely left intact during homogenization. The homogenization process may also disrupt some cells and break larger fibrils, potentially resulting in the detection of cytosolic proteins and fragments of fibrils in this fraction.

A buffer containing detergent, such as Triton-X100, will dissolve membranes and smaller organelles, allowing for the detection of Aβ bound to membranes, membrane proteins, and contents from inside the organelles. However, insoluble Aβ fibrils, like those found in plaques, will not be effectively solubilized by Triton-X100 (McDonald et al., 2012). While less stable protein interactions may be disrupted, these fibrils remain intact. To analyze insoluble Aβ fibrils, a stronger acid, such as formic acid (FA) or Guanidinium hydrochloride (GuHCl), is required to dissolve these aggregates into individual monomers, which can then be detected by ELISA (after neutralization).

If ELISAs cannot be performed immediately after the in vivo experiment, it is advisable to delay tissue homogenization until the analysis can be conducted. This helps to minimize the release of proteases from the tissues. To further reduce protein degradation, protease inhibitors should be added to the homogenization buffer. It is recommended to perform homogenization of the samples at the same time to minimize variation between samples within the same experiments. After homogenization, samples should be stored at −80 °C, preferably in aliquots, if ELISAs are performed at different time points. To analyze Aβ from different locations (membrane-bound, non-membrane-bound, soluble, and insoluble), different buffers can be used sequentially. A schematic overview of the sample preparation process is shown in Figure 3 in the next section.
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FIGURE 3
Schematic overview of a recommended homogenization and centrifugation procedure for preparing samples for analysis using TBS (Tris-buffered saline), TBST (TBS with addition of 1% Tritron-X100), and FA (formic acid) or GU-HCl (guanidine hydrochloride).




2.1.1.2 Centrifugation speed

In addition to the choice of buffer, the speed of centrifugation also plays a crucial role in the separation profile. The homogenization process can impact insoluble aggregates and fibrils loosely associated with plaques, potentially causing them to partially solubilize. These aggregates require high centrifugation speeds to be fully pelleted. Most protocols use a centrifugation speed of 16,000 × g, which is achievable with most table top centrifuges. At this speed, some larger insoluble Aβ aggregates are pelleted, but many remain in the supernatant unless a higher speed is applied (Stern et al., 2023). Speeds of 100,000 × g or even 475,000 × g are needed to remove most of the larger aggregates, leaving primarily soluble aggregates or monomers in the supernatant (Stern et al., 2023). Aggregates detectable by Lecanemab, a monoclonal antibody specific for Aβ protofibrils and aggregated forms of Aβ (Johannesson et al., 2024), are only pelleted at speeds exceeding 100,000 × g. However, these aggregates can still be detected even after centrifugation at this speed. Lecanemab binds to both soluble and insoluble aggregates, but the efficiency of detection may vary depending on the size and solubility of the Aβ species in the sample. For example, larger aggregates may require higher centrifugation speeds for pelleting, whereas smaller soluble aggregates may remain in the supernatant.

Higher speeds (e.g., 100,000 × g or beyond) are necessary to separate larger aggregates, leaving behind predominantly soluble Aβ species in the supernatant. For a more comprehensive analysis, different fractions can be analyzed separately. Figure 3 provides a schematic overview of the homogenization and centrifugation process used to separate different pools of Aβ. This approach maximizes the information obtained from the sample, enabling researchers to study distinct forms of Aβ, such as monomers, oligomers, protofibrils, and plaques, providing a deeper understanding of the sample’s aggregation profile.



2.1.1.3 Dilution

The quantity of aggregates in the analyzed sample is influenced by factors such as animal model, transgenic line, brain region, and disease progression. In genetically modified mice with Aβ pathology, aggregate levels generally increase with age. However, this trend may not apply to all types of aggregates, as some may be more abundant in younger mice. Prior to determining the appropriate dilution, it is useful to estimate the expected amounts of aggregates in the sample to select an appropriate dilution factor. After the homogenization and before analysis, it is crucial to dilute the homogenate accordingly. The ideal dilution should be chosen on a case-to-case basis. For assays with a broader detection range, such as those using Mesoscale Technology, the dilution factor becomes less critical. In general, rapid handling and maintaining samples at low temperatures will minimize the risk of both degradation and aggregation.




2.1.2 General ELISA set up

An ELISA can be performed in several ways, including direct ELISA, sandwich ELISA, competitive ELISA, and inhibition ELISA. Of these, the sandwich ELISA is the most suitable for analysing protein levels in homogenate or serum and can be conducted in either a direct or indirect format (see Figure 4). In a direct sandwich ELISA, the detection antibody is directly labeled with detectable tag. In contrast, an indirect sandwich ELISA requires an enzyme-labeled secondary antibody (signal antibody) that binds to the detection antibody. This paper will focus on these two types of ELISA. It is crucial to ensure that the signal antibody does not cross-react with the capture antibody, so careful antibody selection is essential to minimize this risk, along with appropriate control experiments.
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FIGURE 4
Schematic illustration of direct and indirect sandwich ELISA. In the direct sandwich ELISA the detection antibody is directly conjugated to an enzyme or a tag such as biotin, enabling the development of a detectable signal. In the indirect sandwich ELISA, an unlabeled detection antibody is used, followed by an enzyme-labeled secondary antibody that binds to the detection antibody, resulting in signal amplification.




2.1.3 General considerations about antibodies


2.1.3.1 Sensitivity

Numerous methods have been developed to enhance the sensitivity of ELISA, enabling the detection of very low amounts of target proteins. Traditional ELISAs have served as the foundation for several advanced, automated, and ultrasensitive immunoassay technologies. Notable examples include the single-molecule array (SiMoA) by Quanterix (Rissin et al., 2010), Lumipulse by Fujirebio (Gili et al., 2021) ELISA-based Meso Scale Discovery (MSD) electrochemiluminescence assays by Meso Scale Diagnostics, LLC, and the Gyrolab platform by Gyros Protein Technologies. However, these approaches, while highly useful for detecting low signals and enabling standardized assays, are not discussed in detail within the scope of this paper.

Simple strategies to slightly enhance the signal in an ELISA could be using a polyclonal antibody as the detection antibody. However, a polyclonal antibody can only bind to a few sites on an Aβ molecule due to its small size, resulting only in a slight signal amplification (Figure 5). However, if the polyclonal antibody binds to a small epitope of Aβ, amplification may not occur. None of the polyclonal antibodies listed in Table 1 are designed to bind large regions of Aβ, but they are effective in targeting specific small epitopes. A greater amplification is possible using a polyclonal antibody as a signal antibody in indirect sandwich ELISAs.
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FIGURE 5
Monomer ELISA. To detect Aβ monomers in tissue homogenates, a monomer-specific antibody should be used as the capture antibody to minimize signal interference from aggregates. For optimal specificity, the capture and detection antibodies should target different epitopes on Aβ. While polyclonal antibodies may be suitable for detection, identifying a truly monomer-specific polyclonal antibody for capture is unlikely.



TABLE 1 List of well-characterized antibodies frequently used in our lab. While other antibodies targeting the same regions are available, those listed below have been carefully tested and characterized in our ELISA setups. If these alternative antibodies are specific to their targets, they would likely yield similar results in ELISAs.


	Antibody abbreviation
	Which types of Aβ does it bind to
	Alternative name
	Mono/
 Poly-clonal
	Is the antibody sequence available
	Antigen
	Binding region
	Detects Aβ from these species
	Produced by/sold by/reference





	82E1-
 N terminal Aβ
	Monomers and aggregates. Soluble and fibrillar Aβ. Aβ 1-X. Does not bind Aβ 2-X or APP
	
	Monoclonal
	Yes
	Human Aβ (Bateman et al., 2023; Bateman et al., 2023; Bode et al., 2019; Fawzi et al., 2008; Gallego Villarejo et al., 2022; Grant et al., 2007; Huang and Liu, 2020; Kayed and Lasagna-Reeve, 2013; Larini and Shea, 2012; Lord et al., 2009; Nguyen et al., 2022; Ruttenberg and Nowick, 2024; Sengupta et al., 2016; Sevigny et al., 2016; Sims et al., 2023; Yang et al., 2023)
	N-terminal (first amino acids)
	Human, does not cross react with mouse or rat (Alzforum)
	Is commercially available. (Horikoshi et al., 2004)



	3D6-
 N terminal Aβ
	Monomers and aggregates. Soluble and fibrillar Aβ. Aβ 1 -X. Does not bind Aβ 2-X or APP
	Bapineuzumab is the humanized version
	Monoclonal
	Yes
	
	N-terminal, AA1-5 of Aβ.

	Human and mouse
	Ours is in house produced, but is commercially available.
 (Johnson-Wood et al., 1997)



	6E10
 Close to N-terminal Aβ
	Monomers and aggregates. Soluble and fibrillar Aβ Binds Aβ X-40/42. Binds APP
	
	Monoclonal
	
	
	AA5-10
	Human (less well to murine)
	Is commercially available. (Sloane et al., 1997)



	Donanemab
 N-terminally truncated with pyroglutamate Aβ
	Aβ(p3-X)
	LY3002813
	Monoclonal
	Yes
	
	
	
	Is commercially available.
 (Demattos et al., 2012)



	4G8
 Mid Aβ
	Monomers and aggregates. Soluble and fibrillar Aβ. Binds N-terminally truncated. Binds APP
	
	Monoclonal
	
	Aβ juxta membrane EC domain AA 17-24
	epitope lies between aa 18-22, but does not bind to for instance the arctic mutation
	Dog, Human, Mouse/Rat
 others not tested
	Is commercially available.
 (O’Connor et al., 2008)



	M266
 Monomeric Aβ
	Monomers, soluble. Unable to bind fibrillar (Sumner et al., 2018)
	Solanezumab is the humanized version
	Monoclonal
	Yes
	
	Human AA 13-28
 Or perhaps AA 16-24 LVFFAEDCG
	Human. Likely also binds Mouse/Rat Do not know about other.
	Ours is in house produced. Is commercially available.
 (DeMattos et al., 2001)



	1A10-
 C terminal Aβ 40
	Aβ X-40 specific, does not bind Aβ X-42
	
	Monoclonal
	
	
	AA35-40
	Human, mouse, Rat
	Is commercially available. (Horikoshi et al., 2004)



	H31L21-
 C-terminal Aβ 42
	Aβ X-42 specific, does not bind Aβ X-40, AβX-43
	
	Monoclonal
	
	AA707-713 = Antigen AA 36-42 VGGVVIA
	Binds to C-terminal of Aβ.
	Human and mouse
	ThermoFisher Cat #700254



	A11-
 Aβ and other oligomers with hairpin
	Oligomers with hairpin. Also binds other types of oligomers with hairpin (like alpha synuclein). Does not bind monomers or mature fibrils.
	
	Polyclonal
	Not possible
	
	
	
	Is commercially available. (Kayed et al., 2003)



	mAb158-
 Aβ protofibrils
	Detects protofibrils or larger. Binds weaker to insoluble aggregates. Binds with avidity, i.e., does not bind strongly to monomers and small oligomers.
	Lecanemab is the humanised version
	Monoclonal
	Yes
	
	Binds to AA 3-8
	
	Ours is in house produced.
 (Englund et al., 2007)



	Clone M3.2-
 Mouse and rat Aβ (close to N-terminal)
	Is specific for murine/rat Aβ. Also detects murine/rat APP. Does not detect human Aβ.
	
	Monoclonal
	
	
	Binds to the 16 first AA (the only region that differs between mouse and human)
	Rat and mouse. Does not bind to human
	Nordic biosite, 805701



	mAb27-
 Arctic Aβ
	Binds specifically to Aβ with the Arctic mutation (APPE22G)
	
	Monoclonal
	
	
	Arctic Aβ
	
	(Lord et al., 2009)








2.1.3.2 Antibodies with selectivity based on the C-terminus of Aβ

In the ELISAs described in this paper, distinguishing between Aβ38, Aβ40 and Aβ42 is crucial. These proteins are highly similar, with Aβ42 differing from Aβ40 is also in the Aβ42 only by two additional amino acids at the C-terminus. As a result, developing an antibody specific to Aβ40 and Aβ38 is more challenging than one for Aβ42, as the latter provides more distinct binding sites. The same is of course true also for other C- and N-terminal truncations. When the difference between the antigens is minimal, well-characterized monoclonal antibodies are preferred. For polyclonal antibodies, a rigorous selection process is required.

The choice of sample, such as tissue homogenates, is just as important as the antibody used in the analysis. Detecting Aβ42 in a homogenate that predominantly contains Aβ40 is more challenging, as the higher concentration of Aβ40 can contribute to non-specific signals. In contrast, detecting Aβ42 is easier in samples where it is the dominant species. For example, in aged tg-ArcSwe brain, Aβ40 predominates, while in aged APPNL–G–F Aβ42 may be present at levels up to 100 times higher than Aβ40, and there is also a lot of Aβ38. This is due to the Iberian mutation, which shifts the production toward Aβ42.



2.1.3.3 Antibodies with selectivity between different types of aggregates

Considerable effort has been dedicated to developing antibodies that selectively recognize aggregated forms of proteins. Among the most well-known are Lecanemab and Aducanumab, both of which bind avidity-driven interactions, exhibiting stronger binding to aggregated Aβ species compared to monomers, which they cannot bind with avidity (Lannfelt et al., 2014; Sevigny et al., 2016). Although they retain some affinity for oligomeric forms, this binding is considerably weaker, indicating they are not truly aggregate-specific. Rofo et al., it is reported that Lecanemab binds with avidity to aggregates composed of 50-mers and larger, supporting the idea that its selectivity is primarily driven by multivalent interactions with large aggregates (Rofo et al., 2021).



2.1.3.4 Selecting the right antibodies for accurate Aβ detection

When purchasing an antibody specific to a particular type of Aβ, it is important not to rely solely on the information provided by the supplier. Typically, the data given by the company refers to the antigen used to generate the antibody. For example, if Aβ40 monomer is used as the antigen, the resulting polyclonal antibodies will bind to Aβ40 as well as Aβ42 and other Aβ variants, since they all share similar regions. To ensure true specificity for Aβ40, the antibody’s purification and validation process must be thoroughly assessed. Were steps taken to remove antibodies that cross-react with Aβ42? Has it been confirmed that the antibody does not bind to Aβ42? For homogenate analysis, the antibody should have been tested in techniques like western blotting, using homogenates or cell lysates, and should show only a single band of the expected size. However, it is important to note that SDS-PAGE gels typically cannot differentiate Aβ40 from Aβ42. Often, antibodies will show multiple bands in western blot experiments, and using purified proteins for validation will not reveal how the antibody behaves with endogenous proteins in homogenates. Additionally, western blotting uses denatured proteins, so antibodies may interact differently with denatured versus non-denatured proteins. Therefore, selecting the right antibodies for Aβ ELISAs requires careful consideration and validation to ensure accurate and specific detection.



2.1.3.5 Biotinylation of antibodies

One challenge when setting up ELISAs is if the capture and detection antibody originate from the same species. If they do, the secondary antibody used for signal detection may bind to both antibodies, leading to non-specific signals. When antibodies from different species are not available, a practical solution is to biotinylate the detection antibody.

Usually, antibodies are biotinylated by incubation with a 20-fold molar excess of 10 mM biotin solution (cat. no. 119616-38-5, Thermo Scientific) at room temperature for 30 min. To remove unbound biotin, buffer exchange to 1xPBS is performed by using Zeba spin desalting columns (7K, cat. no. 89883, Thermo Fisher). The protein concentration of the biotinylated antibody can be determined by using a NanoDrop spectrophotometer (Nanodrop 200C, Thermo Scientific). The quality and efficiency of biotinylation can be assessed by ELISA and Western blot, using avidin-HRP (cat. no. 18-4100-51, Thermo Scientific) as a detection reagent.



2.1.3.6 Antibodies commonly utilized in our research

There is a wide range of antibodies available for Aβ detection in ELISAs, and it is impossible to compile an exhaustive list. However, after testing many options, we have identified several antibodies that work well in our ELISA setups. The antibodies we most frequently use for Aβ detection are listed in Table 1, along with a brief characterization of each. This list is by no means comprehensive but reflects the antibodies that have consistently performed well in our experiments. To improve clarity, we would like to explain the terminology used in this manuscript: We use “X” to indicate that the peptide length is not fixed at that terminus. For example, Aβ X-40 refers to peptides that end at amino acid position 40, but may start at any N-terminal position. Conversely, Aβ 1-X indicates peptides that start at position 1, with variable C-terminal lengths. When referring to Aβ40, we mean peptides that terminate at position 40, regardless of their N-terminal start site and is often used as a simplified notation.






3 Methods


3.1 Optimizing ELISA setups for selective detection of different Aβ Species

Designing an ELISA to selectively detect specific forms of Aβ peptides necessitates careful consideration of the structural characteristics and epitope accessibility of these aggregates. Monomeric Aβ peptides typically present a single accessible binding site for monoclonal antibodies, whereas dimers and larger aggregates offer multiple binding sites. When Aβ transitions from monomers to oligomers and fibrils, the conformation of the peptide changes, leading to the exposure of different epitopes. For instance, the N-terminal region (amino acids 1–19) of Aβ1–42 oligomers have been identified as an immunodominant region (Dalgediene et al., 2013). However, in aggregated forms, certain regions of Aβ may become conformationally altered or sterically hindered, potentially masking epitopes and impeding antibody binding.

When setting up an ELISA, it is crucial to define which forms of Aβ the assay is intended to detect. Monomers have only one accessible binding site for a monoclonal antibody, whereas dimers and larger aggregates present multiple binding sites, enabling different assay configurations. Below is a guide on how to configure ELISAs to selectively detect specific Aβ species, along with key considerations to ensure accurate and reproducible results.


3.1.1 Monomers (all Aβ, AβX-40 and AβX-42)

To detect monomers in an ELISA, the same monoclonal antibody cannot be used for both capture and detection, as a monomer only has one accessible binding site (Figure 5). For detecting monomers of different isoforms, a monomer-selective capture antibody (e.g., m266, Table 1) should be paired with a C-terminal specific antibody (e.g., H31L21 or 1A10) targeting the desired Aβ isoform. This combination ensures specific detection of monomers while avoiding cross-reactivity with aggregates. If the sample contains both aggregates and monomers, using a non-selective capture antibody that binds to both forms may result in preferential binding to aggregates, which could block monomer detection and lead to underestimation of monomer levels.



3.1.2 Aβ dimers and larger aggregates, excluding monomers

To selectively detect Aβ aggregates starting from dimers while excluding monomers, the same monoclonal antibody should be used for both capture and detection. Monomers cannot bind the same monoclonal antibody twice, allowing for selective detection of aggregates (Figure 6). Because the N-terminus is typically accessible in most Aβ aggregates, an antibody targeting the N-terminal region is recommended for this setup to maximize aggregate detection across a broad range of species.


[image: Diagram comparing two ELISA methods using antibodies for protein aggregates. On the left, the same monoclonal antibody is used for capture and detection, preventing signal from monomers. On the right, C-terminal antibodies bind better to smaller aggregates, with a note explaining this is due to the C-terminal being hidden in larger fibrils.]
FIGURE 6
Dimer and larger Aβ aggregates ELISA. To effectively capture a broad range of Aβ aggregates, it is advisable to avoid using antibodies that target the C-terminal or mid regions of Aβ, as these epitopes are often buried within the aggregated structures and may not be accessible for binding.




3.1.3 Detection of different Aβ isoforms in aggregates with ELISAs

Detecting specific Aβ isoforms within aggregates using ELISAs presents several challenges. It is often difficult to determine whether the detected aggregates are primarily composed of Aβ40, Aβ42, or a mixture of both. Two key factors contribute to this difficulty: First, the C-terminal region of Aβ is often hidden within aggregates (Roher et al., 2000; Stenh et al., 2005). Second, aggregates often contain of a heterogenous mix of Aβ40, Aβ42, and other Aβ isoforms. Even when using an antibody specific to Aβ42 as a capture antibody, it may still bind aggregates that are primarily composed of Aβ40, due to the close proximity of epitopes in the aggregated form.

Using C-terminal-specific antibodies for both capture and detection could introduce bias, as only certain aggregates may be efficiently detected, potentially leading to misleading conclusions. A possible workaround is to first separate the aggregated Aβ species, for example using size-exclusion chromatography or immunoprecipitation with an aggregate-specific antibody, and then dissociate the aggregates into monomers using a denaturing method such as formic acid treatment. This allows subsequent analysis of the isoform composition at the monomeric level.



3.1.4 Challenges in detection of oligomeric Aβ in ELISA

Setting up an ELISA to specifically detect oligomeric Aβ is challenging due to the structural heterogeneity and transient nature of these species. Oligomers are typically unstable and short-lived, making it difficult to generate antibodies that selectively recognize unique epitopes. One approach to overcome this challenge is the use of stabilized oligomers. For example, a disulfide-linked trimer has been engineered, and an antibody has been developed that specifically binds to this stabilized form (Sandberg et al., 2010). Another well-characterized antibody, A11, binds to a beta-hairpin motif commonly found in early oligomers (Kayed et al., 2003). However, this structural motif is not unique to Aβ and is also present in aggregates of other proteins, such as alpha-synuclein, making the A11 antibody cross-reactive.

In ELISAs aimed at detecting oligomers, it is essential to use an oligomer-specific antibody as the capture antibody. This is because oligomers are typically present in lower quantities compared to larger aggregates, and using other antibodies as the capture antibody could result in epitope masking or signal suppression due to preferential binding of more abundant species (Figure 7).


[image: Diagram comparing two antibody capture scenarios. Left: Oligomer-specific antibody captures oligomers, with other aggregates blocked. Right: N-terminal antibody captures fewer oligomers, reducing the signal. Descriptions are written below each diagram.]
FIGURE 7
To specifically detect oligomers, an oligomer-selective antibody should be used as the capture antibody to avoid binding larger aggregates that could dilute the signal. Since the C-terminal region is generally more exposed in smaller aggregates and oligomers, using a C-terminal antibody for both capture and detection can enhance selectivity for these forms. Additionally, high-speed centrifugation can enrich for soluble oligomers by pelleting larger aggregates.


Another potential setup involves using the same monomeric antibody for both capture and detection, targeting epitopes at the C-terminus of Aβ aggregates. Since the C-terminus is often buried within larger aggregates, this configuration would predominantly detect smaller aggregates (Roher et al., 2000; Stenh et al., 2005). Moreover, when samples are ultracentrifuged at speeds greater than 100,000 x g, larger aggregates are pelleted, enriching the supernatant for smaller, soluble aggregates. As a result, an ELISA designed to detect aggregates in such supernatants would primarily capture these smaller, soluble aggregates.



3.1.5 Detection of Aβ with the N- and C-terminal available

To detect all forms of Aβ with accessible N- and C-termini, using a C-terminal antibody as the capture antibody is recommended. This avoids a scenario where the capture antibody is predominantly bound by the N-terminus of Aβ in aggregates, which could sterically hinder detection and thus reduce signal strength. Aβ oligomers often differ from monomers structurally, with the C-terminal region buried in a hydrophobic core, reducing accessibility. As larger aggregates tend to hide the C-terminus even further, this strategy improves detection sensitivity across aggregation states of Aβ (Roher et al., 2000; Stenh et al., 2005).



3.1.6 Detection of N-terminal truncations in Aβ aggregates

The significance of N-terminal truncations has been underscored by the success of the antibody Donanemab in recent clinical trials. This antibody targets N-terminally truncated pyroglutamate-modified Aβ (pE3Aβ) (Sims et al., 2023). N-terminal truncations are commonly found in plaques of Alzheimer’s patients, although their presence in smaller aggregates and oligomers remains less understood. To selectively capture these truncations, Donanemab should be used as the capture antibody. Additionally, Donanemab can also serve as the detection antibody if the aggregates contain multiple pE3Aβ molecules. Otherwise, an antibody binding close to the N-terminal, but excluding AA1-2, should be chosen.

It is important to note that N-terminally truncated Aβ will not be detected by antibodies such as 3D6 and 82E1, which bind to the very N-terminal of Aβ. As a result, these truncated forms will not contribute to the results in many of the ELISAs described above and below.



3.1.7 Human versus murine Aβ

Aβ analysis is commonly performed in genetically modified mice, which often feature altered APP expression. While wild-type mice can be used, transgenic models, such as those overexpressing APP, are more frequently employed. These models typically have one or more copies of the APP gene inserted into the genome. Since murine Aβ is less prone to aggregation, and many of these models are used with the aim to develop therapeutics for human diseases, human APP is used instead.

Two transgenic models that we commonly use, tg-ArcSwe and tg-Swe, express human Aβ under the brain-specific Thy1 promoter (Yokoyama et al., 2022). As a result, these models contain both murine and human Aβ in the brain, although human Aβ predominates, while only murine Aβ is found in the rest of the body. In these models, if the overexpression of APP is restricted to the brain, murine Aβ typically dominates in the blood, while human Aβ is more prevalent in the brain.

More recently, knock-in mouse models, such as AppNL–F and AppNL–G–F (Saito et al., 2014), have been developed. These mice, when bred homozygous, express only human Aβ, providing a more direct model for studying human-specific Aβ pathology.



3.1.8 Fibrils made of Arctic mutation

Several genetic variants of Alzheimer’s disease (AD) involve mutations within the Aβ peptide. One such mutation is the Arctic mutation, which accelerates the rate of Aβ aggregation. Others are the Dutch and the Iowa mutation. Other mutations, like the Swedish mutation, occur outside the Aβ peptide. Arctic Aβ has been shown to fold differently in various brains but has in tg-ArcSwe mice been shown to fold the same way as in sporadic Alzheimer’s disease (Yang et al., 2023; Zielinski et al., 2023). The different folding suggests that it might be detected using different combinations of antibodies compared to other Aβ variants.

To specifically capture aggregates carrying the Arctic or other mutations in heterozygous mice, a mutation-specific antibody should be used as the capture antibody. In homozygous mice, where all Aβ aggregates contain the mutation, this approach ensures that only aggregates composed of the mutant form are captured, thereby increasing specificity and reducing background from wild-type Aβ.

Step by step ELISA protocol


	1.Coat plates with 1 μg/mL of the capture antibody, either overnight at 4°C or 1 h at room temperature (RT).

	2.Block wells by incubating for 2 h at RT with 1% (w/v) BSA in PBS

	3.Wash wells 3 x times with ELISA washing buffer (1 x PBS with 0.05% Tween-20).

	4.Prepare suitable standard curves in ELISA incubation buffer (EIB, 0.05% Tween-20, 1% BSA in PBS), keep on ice und use within 20 min.

	5.Apply samples in duplicates to the ELISA plate and incubate at RT for 2 h (longer or shorter incubation times may be used dependent on optimization).

	6.Wash wells 3 x times with ELISA washing buffer.

	7.Dilute the detection antibody in EIB to a suitable concentration based on binding affinity. Incubate for 2 h at RT.

	8.Wash wells 3 x times with ELISA washing buffer.

	9.Add signal antibody diluted in EIB (e.g., streptavidin-HRP or IgG HRP-conjugated antibody, depending on detection setup).

	10.Wash wells 3 x times with ELISA washing buffer.

	11.Develop signal with K-blue® aqueous TMB substrate and stop the reaction with 1 M H2SO4 in a 1:1 (v/v) ratio.

	12.Measure absorbance at 450 nm using a multimode microplate reader.







3.2 Standard curves

Generating an ideal standard curve for an ELISA is challenging, and in many cases, it is not possible to create a standard curve that accurately reflects the concentration of a specific Aβ aggregate type. A tissue homogenate typically contains a mixture of various forms of Aβ, including Aβ1-38, Aβ1-40, Aβ1-42, Aβ1-43, N-terminally truncated Aβ (of the aforementioned isoforms), as well as both human and murine Aβ. Additionally, the sample will contain Aβ protofibrils, Aβ fibrils, monomeric Aβ, oligomeric Aβ, and larger aggregated Aβ.

Since standard curves usually represent only one specific isoform, they might consist of varying proportions of monomers and different aggregate types, which can complicate the interpretation of results.

Possible standard materials include monomeric Aβ1-40, monomeric Aβ1-42, aggregated Aβ, sonicated fibrils, or engineered Aβ forms that can generate stable oligomers. Aβ oligomers can also be used as a standard, but generating reproducible Aβ oligomers for use in standard curves is challenging. However, the selection of the most appropriate standard depends on the specific Aβ form being analyzed.

A freshly prepared standard curve of human Aβ1-40 monomers is less prone to aggregation and will predominantly consist of monomers. However, Aβ1-40 will begin to aggregate over time, so it is essential to prepare it fresh or check for aggregates before use.

In contrast, Aβ1-42, aggregates rapidly, so even a freshly prepared standard curve will likely contain some degree of aggregates. One option is to purify aggregated Aβ42 via size exclusion chromatography (SEC) to remove the monomeric fraction, though aggregation may resume afterward. Keeping peptide concentrations as low as possible will also help minimize aggregation.

When preparing standard curves for Aβ variants with mutations, such as the Arctic mutation, which aggregate even faster, it is crucial to ensure aggregation has not already occured prior to analysis. Achieving a standard curve without any aggregates might be impossible in such cases.

Aβ fibrils are generally too large to be used effectively in standard curves due to sedimentation. However, sonicated fibrils (PF-42) may be used as a more stable alternative.


3.2.1 When detecting monomeric Aβ

In an ELISA where a monomer-specific capture antibody is used, only monomers will bind, and the corresponding monomeric standard curve (such as for Aβ1-40 or Aβ1-42 monomers) can be applied depending on the detection antibody. However, when using capture antibodies that bind both monomers and aggregates, or antibodies with different affinities for monomers and aggregates, the monomeric standard curve should be used with caution.

It is important to remember that antibodies can bind with avidity—stronger binding when the antibody binds with both its arms of the target. This phenomenon does not apply to monomers, as they can only bind one antibody molecule, but it is seen in aggregates, where antibodies can bind multiple sites on the same target, resulting in stronger binding (an example of this is Lecanemab).



3.2.2 When detecting aggregates excluding monomers

When using the same monoclonal antibody for both capture and detection, the ELISA will only detect aggregates. However, in most cases, these antibodies will also bind monomers. If the homogenate being analyzed contains high amounts of monomers, a significant portion of the capture antibody will bind to the monomers, which will reduce the potential signal from the aggregates. This can result in an underestimated signal.

To avoid this reduction in signal, a standard curve that excludes monomers should be used. Using a monomer-free standard curve ensures that the measurement is not affected by the presence of monomers in the sample. However, if the homogenates contain varying amounts of monomers, this can introduce variability, potentially impacting the accuracy of comparisons between different samples.



3.2.3 Preparation of a pre-aggregated Aβ42 and Aβ42 protofibrils

Pre-aggregated Aβ 42:


	1.Incubation of 100 nM Aβ42 peptide (e.g., cat. no. SP-BA42-1, Innovagen) was performed at + 37°C approximately 3 h prior to ELISA analysis. Immediately before preparation of the standard curve, the sample was briefly centrifuged at 16,000 × g to remove insoluble aggregates.




Aβ 42 protofibrils:


	1.Aβ42 peptide (e.g., cat. no. SP-BA42-1, Innovagen) was incubated at + 37°C for 3 h.

	2.Following incubation, the sample was centrifuged at 16,000 × g for 10 min to remove insoluble aggregates.

	3.The resulting supernatant was carefully collected, and Tween-20 was added to a final concentration of 0.6% (v/v).

	4.The supernatant was then subjected to a size-exclusion chromatography using a Superdex 200 increase 10/300 GL column (cat. no. GE28-0009-44, Cytiva), pre-equilibrated with 0.6% (v/v) Tween-20 in 1xPBS (cat. no. 14190250, Thermo Fisher).

	5.Elution was performed at a flow rate of 0.5 mL/min. Fractions were collected and analyzed by SDS-PAGE (4 – 12% Bis-Tris protein gel, cat. no. NW04125BOX, Invitrogen).

	6.The molecular size of the eluted peaks was assessed by comparison to a calibration standard consisting of Thyroglobulin 669 kDa, Ferritin 440 kDa, Aldolase 158 kDa, Conalbumin 75 kDa, Ovalbulmin 43 kDa, Carbonic anhydrase 29 kDa, previously run on the column.

	7.The concentration of Aβ42 protofibrils in the eluted fractions was determined using specific ELISAs (EAβdopf1-X – 3D6 - 3D6biot, EAβpf1-X – RmAb158-3D6biot).







3.3 Examples of ELISAs

In Table 2, which outlines the ELISA setups we frequently use, a suggested standard curve is also provided for each setup.


TABLE 2 Well-characterized ELISA setups for detecting distinct Aβ species and aggregates.


	ELISA name/abbreviation
 E = ELISA
 m = monomer
 d = dimer
 o = oligomer
 p = protofibril
 f = fibril
	Detection
	Excludes
	Not known
	Antibodies used (capture-detection)
	Suitable standard curve/positive control
	Can total amount of the tested Aβ variant be determined in the sample?
	Important to consider





	EAβm1-X
	Aβ monomers
 1-X

	aggregates,
 N-terminally truncated
	
	m266 – 3D6
	Aβ1-X
 (X > 24 AA)
	Yes
	



	EAβmX-40
	Aβ40 monomer (human, mouse)
 X-40
	aggregates, Aβ42
	arctic and other mutants
	m266 – 1A10
	AβX-40 monomer
	Yes
	In the formic acid (FA) fraction, which predominantly contains Aβ monomers, it is advisable to use the 1A10 antibody as the capture antibody to not dilute the signal caused by Aβ42 binding to m266.



	EAβmX-42
	Aβ42 monomer
 (human, mouse)
 X-42
	aggregates, Aβ40
	
	m266 – H31L21
	AβX-42 monomer
	Yes
	In the FA fraction, which mainly contains Aβ monomers, the H31L21 antibody should be used as the capture antibody to avoid signal dilution by Aβ40 binding to m266.
 Aβ42 monomers are prone to aggregation.



	EAβdopf1-X
	Aβ 1-X dimers and larger aggregates
	monomers, N-terminally truncated
	
	3D6 – 3D6
 82E1 – 3D6
 82E1 – 82E1
	PF-42 (in the standard curve, none of the capture antibodies are blocked by monomers)
	maybe
	A sample with high concentration of Aβ monomers some capture antibody may become occupied by these species.



	EAβdopf1-X
	Aβ X-X dimers and larger aggregates
	monomers
	
	4G8 – 4G8
	As above
	maybe
	As above



	EAβdopf (p3)-X
	Aβ dimers and larger aggregates, with N-terminal truncations and pyroglutamate
	Monomers, Not truncated Aβ
	
	Donanemab – Donanemab

	
	
	



	EAβmdopf1-40
	Aβ40 monomers, aggregates
 (mouse)
	N-terminally truncated, Aβ42
	
	82E1 – 1A10
 3D6 – 1A10
	Aβ1-40 monomer
	no
	Capture antibodies may also bind Aβ42 and other species not detected by the 1A10 antibody, reducing the signal relative to the standard curve equivalent to Aβ40 concentrations. This can lead to underestimation of total Aβ levels in mixed samples.



	EAβmdopf1-42
	Aβ42 monomers and aggregates with N- and C-terminal free
	N-terminally truncated, Aβ40
	
	82E1 – H31L21
 3D6 – H31L21
	Aβ1-42
	no
	Capture antibodies will also bind Aβ40 and other species not detected by H31L21, resulting in a lower signal than expected from the standard curve at equal Aβ42 concentration.



	EAβpf1-X
	Aβ aggregates, protofibrils and larger
	Aβ monomers, small oligomers, N-terminally truncated
	
	RmAb158 – 3D6
 RmAb158 – 82E1
	PF-42
	no
	If the homogenate contains high levels of Aβ monomers, they can saturate the capture antibodies, potentially leading to underestimation of Aβ levels compared to the standard curve.



	EAβo1-X
	oligomers with a beta hair pin
	monomers and larger aggregates which have gone through the switch from beta hairpin to beta sheets,
 N-terminally truncated
	
	A11 – 3D6
 A11 – 82E1
	Aβ oligomers
	no
	Generating Aβ oligomers for in use in standard curves is challenging, and the A11 antibody, which detects generic hairpin structures, may also bind to non- Aβ peptides. This can compete with Aβ binding at the capture antibody, reducing the true signal.



	EAβmdopfArc1-X
	Arctic Aβ40 and 42 monomers and aggregates
	Aβ without Arctic mutation,
 N-terminally truncated
	
	mAb27
 – 82E1
 mAb27
 – 3D6
	AβArc40
	no
	









4 Results

Selected ELISA setups from Table 2 were evaluated for their selectivity in detecting specific Aβ forms, using data generated by standard curves made from Aβ1-40 monomers, Aβ1-42 monomers, Aβ42 protofibrils (PF-42), and pre-aggregated Aβ42 as described in “see Section 3.2 Standard curves” (Figure 8).
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FIGURE 8
Well-characterized ELISA setups for detecting distinct Aβ species and aggregates. (A–H) Selected ELISA setups from Table 2 were evaluated for their ability to detect various Aβ species. Standard curves were generated using synthetic preparations of Aβ40 monomers, Aβ42 monomers, Aβ42 protofibrils (PF-42), and pre-aggregated Aβ42 (only in Figure 8H), but the results indicates that at the Aβ42 monomer standard curve does not stay monomeric. The abbreviations of the ELISA setups and the corresponding capture and detection antibodies are indicated in each graph. Data represent the mean with standard deviation of duplicates.


It is evident in for instance the ELISA setup EAβdopf1-X (Figure 8D), where the monoclonal 3D6 antibody is used as both the capture and detection antibody, that the standard curve generated using Aβ42 monomers also contains an aggregated fraction. The Aβ42 standard curve exhibits a clear signal, suggesting that at least dimers are formed during the incubation process. This interpretation is further supported by the data presented in Figure 8A, which shows results from the ELISA setup EAβm1-X. In this assay, monomer-specific detection is achieved using the m266 antibody for coating and the 3D6 antibody for detection. Only monomers of Aβ40 and Aβ42 are detected under these conditions.

Notably, there is a difference in signal intensity between Aβ40 and Aβ42, indicating that Aβ42 is more prone to aggregation, which reduces its detectable monomeric form (Figure 8A). The aggregates formed by Aβ42 appear to be different from PF-42, as they are not detected in the ELISA setup EAβpf1-X, where RmAb158 is used for coating and 3D6 for detection (Figure 8G). This particular assay is designed to selectively detect Aβ fibrils, protofibrils, and larger assemblies, while excluding Aβ monomers, small Aβ oligomers, and N-terminally truncated Aβ variants.

In contrast, Figure 8H shows the results from the EAβo1-X ELISA, in which the conformation-specific A11 antibody is used for coating and 3D6 for detection. Here, pre-aggregated Aβ42 was included as a standard, and a detectable signal was observed, albeit weaker than that for the PF-42 standard. This suggests that Aβ42 monomers undergo aggregation during the ELISA incubation process, but the extent of aggregation may be limited. The weaker signal implies that longer incubation times may be necessary to allow the formation of larger aggregates or protofibrils comparable to PF-42. For further reference, in our recent publication (Metzendorf et al., 2025), we used the same homogenization procedure and a similar set of ELISA setups to characterize which Abeta variants were affected by the treatment.



5 Discussion

Enzyme-Linked Immunosorbent Assay (ELISA) is often perceived as a straightforward and accessible technique; however, achieving accurate and reliable results require careful attention to detail throughout the experimental setup. The success of an ELISA depends not only on the quality of the antibodies used but also on the choice of capture and detection reagents, sample preparation, and the specific characteristics of the analyte being studied. Some assays may be affected by incubation times and temperature, while others may not be sensitive to these conditions. Maintaining strict control over incubation parameters (including temperature) is therefore critical, as even small variations can impact assay performance.

Commercial Aβ ELISA kits are widely used but often lack transparency regarding antibody specificity, epitope recognition, and sensitivity to different Aβ species. This can lead to misinterpretation, particularly when attempting to distinguish between monomeric, oligomeric, and fibrillar forms. Many kits recommend solubilizing samples directly in strong denaturants such as guanidine hydrochloride (GuHCl), which prevents the separation of soluble, membrane-associated, and insoluble Aβ fractions, thereby masking biological relevant distinctions.

Kits that claim to detect specific Aβ lengths often rely on C-terminal antibodies, which may fail to bind larger aggregates in samples prepared with TBS and TBST, leading to preferential detection of smaller species. In addition, commonly used N-terminal capture antibodies often favor the most abundant Aβ form, increasing the risk of underestimating less prevalent or structurally hidden species. These limitations highlight the importance of critically evaluating antibody configurations and sample preparation methods when interpreting Aβ ELISA results, particularly in translational or mechanistic studies.

Differences in Aβ sequence or structural conformation across species may also influence antibody binding and detection efficiency. As a result, quantification of Aβ species in non-human models may not always directly reflect their abundance or forms in human samples. These potential differences should be taken into account when interpreting cross-species data, especially in studies aiming to translate findings from experimental models to human disease contexts.

By tailoring ELISA setups to differentiate between various forms of Aβ, such as monomers, oligomers, aggregates, and different Aβ forms, more detailed and meaningful data can be extracted from the samples. The strategies and protocols outlined above offer enhanced sensitivity and specificity compared to standard ELISA methodologies, providing a more comprehensive approach to studying Aβ and its role in Alzheimer’s disease and other neurodegenerative conditions. These improved setups ensure that data can be interpreted with greater confidence, advancing our understanding of protein aggregation and its pathological consequences.

In addition to their utility in mechanistic studies, these protocols have potential applications in therapeutic development. Specifically, they can be integrated into drug screening pipelines to evaluate the selectivity and efficacy of candidate therapeutics targeting specific Aβ species. Since the method allows for detection of key aggregation intermediates such as oligomers and protofibrils, it can be used to monitor drug-induced shifts in Aβ aggregation states. Furthermore, its compatibility with soluble and insoluble fractions makes it suitable for use in in vitro and in vivo models. These features support the method’s applicability in preclinical drug screening workflows aimed at identifying compounds that modulate Aβ pathology in species-specific and aggregation state-specific manner.
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