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ABSTRACT 

Alzheimer's disease (AD) poses a global 

challenge due to its rising prevalence and lack of 

preventive measures, effective therapies, or 

early diagnostic tests. Soluble amyloid-β42 

(Aβ42) oligomers are considered as the primary 

agents behind neurotoxicity in AD pathogenesis. 

Single-domain antibodies (sdAbs) hold promise 

for precise diagnosis as well as therapeutic 

intervention. In this work, we characterised Aβ42 

aggregation, assessing morphology and 

cytotoxicity on neuronal cells using thioflavin T, 

dot blot, and STED microscopy. Moreover, we 

evaluated the effectiveness of a sdAb, named 

DesAb-O, in neutralising oligomer-induced cell 

dysfunction and oxidative stress, and in 

selectively binding to oligomers, through MTT 

assays, confocal microscopy, dot blot and ELISA 

assays. Our results revealed well-resolved Aβ42 

aggregates, including oligomers and fibrils, with 

varying cytotoxic properties. Notably, DesAb-O 

demonstrated the ability to mitigate Aβ42-

induced mitochondrial dysfunction and 

oxidative stress through selective binding to the 

oligomers with respect to monomers and fibrils.  

Overall, our study reveals the ability of DesAb-

O to specifically target toxic Aβ42 oligomers, 

indicating sdAbs as promising tools for AD 

diagnostics and therapeutics, thus contributing 

to advancements in early AD diagnosis and 

treatment to mitigate its impact worldwide. 

    

  

 

INTRODUCTION 

As the most prominent form of dementia, 

Alzheimer's disease (AD) poses a significant 

challenge in the field of neurological disease, 

creating a substantial burden on affected 

individuals. Nowadays, ca. 60-70% of 55 million 

people worldwide suffer from AD (Alzheimer’s 

association, 2023). Furthermore, researchers from 

the Institute for Health Metrics and Evaluation at 

the University of Washington School of Medicine, 

as reported at AAIC 2021, anticipate a rise in 

dementia cases, estimating that the number of 

affected people will nearly triple to exceed 152 

million by 2050 (1, 2). Given the sharp increase of 

AD cases, the demand for precise and early 

diagnostic tools has become increasingly urgent. 

This urgency is underscored by the progressive 

nature of AD, where interventions in the early 

stages hold significant promise for improved 

outcomes (3). Unlike the normal brain, the AD 

brain generally shows neural cell death induced by 

the accumulation of extracellular amyloid-beta 

(Aβ) plaques and intracellular tau neurofibrillary 

tangles in neurons, leading to synapse loss and 

cognitive decline (4-5). Aβ plaques, formed 

through a complex aggregation process involving 

species with different structural and biological 

properties, consist primarily of aggregated forms of 

the Aβ peptide. In the last decades, accumulating 

evidences strongly implicate small, soluble 

oligomers of the 42-residue form of Aβ (Aβ42), 

formed early during the aggregation process or 

released from mature fibrils, as the primary agents 
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responsible for neurotoxicity in AD pathogenesis 

(6-9). Numerous methods have been investigated to 

elucidate the structural determinants contributing to 

the neurotoxicity of oligomers (10). Among these 

determinants, both size and hydrophobic exposure 

play crucial roles in the activation of various 

cytotoxic pathways. These cellular processes 

include membrane disruption and permeabilization, 

oxidative stress, alteration of mitochondrial 

functionality, synaptic dysregulation and activation 

of proinflammatory response, ultimately resulting 

in neuronal death (6-9, 11).  

Elevated oligomer levels have been detected in 

AD patients and are known to correlate stronger 

with the severity of cognitive decline and with the 

loss of synaptic markers compared to mature fibrils 

(12, 13). Furthermore, soluble Aβ oligomers have 

been recently indicated to be elevated within the 

cerebrospinal fluid (CSF) of AD  patients compared 

to age-matched controls (14, 15). However, the 

transient and heterogeneity properties of these 

neurotoxic aggregates have determined the lack of 

suitable sensitive methods for their detection, 

quantification and isolation from biological fluids. 

In the last few years, the advancement in 

developing conformation-specific Abs against the 

more toxic Aβ42 oligomers has paved the way for a 

more precise form of diagnosis (15-16). Several 

monoclonal antibodies (mAbs), targeting specific 

forms of Aβ42, have been developed to bind and 

remove Aβ (17). Unfortunately, they were found 

only to slow down AD decline without inhibiting it 

completely or reverting it (18-20). 

The challenging detection of small soluble 

protein aggregates to reduce their toxicity could be 

an important strategy against AD. In this context, 

nanobodies or single-domain Abs (sdAbs) could 

represent a real step forward for the early diagnosis 

of AD, but also for therapy (21). Described as 

recombinant, antigen-specific variable fragments 

derived from camelid heavy chain-only Abs, sdAbs 

make great candidates for diagnostic and 

therapeutic applications due to their small size, 

solubility and low immunogenicity (22, 23). In 

particular, previously published works (24, 25) 

demonstrated that targeting the region 29 to 36 of 

Aβ42 with rationally designed Abs, called DesAbs, 

can interfere with Aβ aggregation process (26, 27). 

Among these DesAbs, DesAb-O was found to 

preferentially bind to Aβ oligomers rather than its 

monomeric and fibrillar forms, as this region is 

likely to be solvent-exposed when the peptide is 

oligomeric, before becoming buried in amyloid 

fibrils (25). Furthermore, DesAb-O is able to 

selectively detect synthetic Aβ42 oligomers both in 

vitro and in cultured cells, and to neutralise their 

associated neuronal dysfunction (21). DesAb-O can 

also identify Aβ42 oligomers present in the CSFs of 

AD patients with respect to healthy individuals 

(21). 

In this study, we first characterised the reactive 

properties and the morphology of diverse and 

heterogeneous Aβ42 aggregates obtained from 

Thioflavin T (ThT) aggregation assays and we 

monitored their cytotoxic effects. We took 

advantage of an array of well-established 

biochemical and cell biological methods, such as 

dot blot assays, stimulated emission-depletion 

super resolution (STED) microscopy and MTT 

reduction assays on human SH-SY5Y 

neuroblastoma cells. Furthermore, we investigated 

whether DesAb-O was able to counteract the 

neurotoxicity induced by Aβ42 species in SH-SY5Y 

cells, by performing MTT reduction tests and the 

analysis of oxidative stress by confocal 

microscopy, in the absence or in the presence of 

DesAb-O. Finally, by using dot-blot assays and 

sandwich-ELISA immunoassays, we monitored the 

ability of DesAb-O to specifically identify 

Aβ42 oligomers rather than monomers and fibrils. 

We have been able to obtain well-resolved 

Aβ42 aggregated species during the ThT 

aggregation assays, including oligomers and fibrils, 

with different reactive properties, morphology and 

cytotoxic effects. Moreover, we found that DesAb-

O can significantly prevent mitochondrial 

dysfunction and the production of reactive oxygen 

species (ROS) induced by Aβ42 oligomers, rather 

than monomers and fibrils. Finally, we 

demonstrated that DesAb-O can discriminate 

oligomers from monomers and fibrils, especially at 

lower concentration.  

These evidences strongly suggest that the use 

of DesAb-O holds great promise for improving the 

early diagnosis of AD and for a possible future 

therapeutic application due to its protective 

capabilities (21). 

 

EXPERIMENTAL PROCEDURES 

ThT aggregation assay (6) – The Aβ42 

aggregation process was monitored by performing 

a ThT aggregation assay, as previously reported 
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(24). Briefly, the lyophilised peptide (Bachem) was 

dissolved in 100% hexafluoro-2-isopropanol 

(HFIP) to obtain a monomeric form, followed by 

evaporation under nitrogen flux. Subsequently, the 

peptide was resuspended in PBS, resulting in a final 

concentration of 10 µM. For visualisation of the 

emerging β-sheets in Aβ42, samples were added 

with a final concentration of 25 µM ThT, gently 

vortexed and pipetted into no binding surface black 

96-well plates (Grenier Bio-One, Frickenhausen, 

Austria) in quadruplets. The plate was read in a 

BioTek SynergyTM H1 Hybrid Multi-mode reader 

(Agilent, Santa Clara, United States) at 37 °C. The 

excitation and emission wavelengths were set to 

440 and 485 nm, respectively. Buffer-only values 

were not subtracted from the sample readings but 

shown in the final graph. Readings were taken 

every 2 min. The data were plotted using GraphPad 

Prism version 9.3.1 for Windows (GraphPad 

Software, San Diego, CA, United States). In order 

to characterise the different type of aggregates 

formed during the Aβ42 aggregation process, we 

collected Aβ42 samples at various timepoints (0, 2, 

4, 8, and 24 h, corresponding to T0, T1, T2, T3 and 

T4) to conduct further experiments (see details 

below). 
 

Preparation of amyloid β-derived diffusible 

ligands (ADDLs) – To obtain amyloid β-derived 

diffusible ligands (ADDLs) the lyophilized peptide 

was resuspended in anhydrous dimethyl sulfoxide 

(DMSO) to 5 mM and then diluting in ice-cold F-

12 medium to a final concentration of 100 μM. This 

solution was incubated at 4 °C for 1 day and then 

centrifuged at 14,000 × g for 10 min (28). 
 

Dot-blot analysis – To characterise the 

different types of Aβ42 aggregates formed during 

the Aβ aggregation process, 2.0 µl (equivalent to 

0.1 µg) of the samples at five different timepoints 

(0, 2, 4, 8, and 24 h, corresponding to T0, T1, T2, 

T3 and T4, as described above) were spotted onto a 

nitrocellulose membrane. Following a 45-min 

blocking step (1.0% bovine serum albumin, BSA, 

in TBS/TWEEN 0.1%), the membrane was 

incubated with 1:15.000 diluted human monoclonal 

anti-ADDLs (19.3) Ab (Creative Biolabs), 1:1000 

diluted rabbit polyclonal anti-amyloid fibrils (OC) 

Ab (Sigma-Aldrich) and 1:800 diluted mouse 

monoclonal anti-Aβ (6E10) Ab (Biolegend Way) 

for 1 h and 30 mins. Subsequently, the membrane 

was washed three times in TBS-TWEEN 0,1% for 

10 mins each and incubated with 1:3000 diluted 

goat anti-6X His tag (Abcam), goat anti-human 

(Sigma-Aldrich), or goat anti-rabbit (Abcam) or 

rabbit anti-mouse (Abcam), all conjugated with 

horseradish peroxidase (HRP) for 1 h. After three 

additional washes in TBS-TWEEN 0,1%, the 

immunolabelled dots were detected using a Super-

SignalWest Dura (Pierce) ImageQuant™ TL 

software (GE Healthcare UK Limited version 8.2) 

as previously reported (21). 

In a set of experiments, sandwich dot-blot 

analysis of Aβ42 oligomers collected after 8 h of 

incubation was performed. The capture Abs, 6E10 

and DesAb-O, were spotted onto nitrocellulose 

membranes (2 µl corresponding to 0.01 mg/ml) for 

6E10 and 20 µM, 10 µM, 5 µM, 1 µM for DesAb-

O, respectively. The membranes were incubated 

with solutions containing 1 µM Aβ42 oligomers and 

ADDLs. Finally, the membranes were probed with 

the detection Ab 6E10 and the proper secondary 

Ab, as described above. 

 
STED microscopy – Aβ42 aggregates collected 

at different timepoints (0, 2, 4, 8, and 24 h, 

corresponding to T0, T1, T2, T3 and T4, as 

described above) were spotted on a glass coverslip 

for 30 min. Then, the samples were blocked with 1x 

casein for 30 min, washed with PBS, and incubated 

with 1:500 diluted 19.3, 1:800 diluted 6E10 or 

1:800 diluted OC primary Abs for 1 h and 30 min. 

After washing with PBS, the samples were 

incubated with 1:500 diluted Alexa Fluor 488-

conjugated anti-human, 514-conjugated anti-mouse 

and 514-conjugated anti-rabbit secondary Abs. 

Fluoromount-G™ (Fisher Scientific) was used as 

mounting medium. STED xyz images (i.e., z-stacks 

were acquired as previously reported (21) at 0.1 μm 

intervals along 3 directions: x, y, and z axes) in 

bidirectional mode with a Leica SP8 STED 3X 

confocal microscope system equipped with a Leica 

HC PL APO CS2 100x/1.40 oil STED White 

objective. Alexa Fluor 514 was excited with a 510 

nm-tuned WLL and emission collected from 532 to 

551 nm. Frame sequential acquisition was applied 

to avoid fluorescence overlap. A gating between 0.3 

to 6 ns to avoid collection of reflection and 

autofluorescence was applied. 650 nm pulsed 

depletion laser was used for Alexa Fluor 514 

excitation. Collected images were de-convolved 

with Huygens Professional software version 18.04 
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(Scientific Volume Imaging B.V., Hilversum, The 

Netherlands) and analysed with Leica Application 

Suite X (LAS X) software (Leica). 

 

Cell culture – Authenticated human SH-SY5Y 

neuroblastoma cells were purchased from A.T.C.C. 

and cultured as previously reported (21) in 

Dulbecco’s modified Eagle’s medium (DMEM), F-

12 Ham with HCO3 (1:1) supplemented with 10% 

foetal bovine serum (FBS), 1.0% L-glutamine and 

1.0% penicillin and streptomycin solution (Sigma-

Aldrich). Cells were maintained in a 5.0% CO2 

humidified atmosphere at 37 °C and tested to ensure 

that they were free form mycoplasma 

contamination. 

 

MTT reduction assay – To assess the 

cytotoxicity of Aβ aggregates formed during the Aβ 

aggregation process, a 3-(4,5-dimethyltohiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) 

reduction assay was conducted. Briefly Aβ42 

species collected at different timepoints (0, 2, 4, 8 

and 24 h, corresponding to T0, T1, T2, T3 and T4, 

as described above) were added for 24 h to culture 

medium of SH-SY5Y cells at a concentration of 0.5 

µM (monomer equivalents). In another set of 

experiments, we performed an MTT test with 

decreasing concentrations (1 µM, 0.5 µM, 0.25 µM, 

1 nM, 0.5 nM, 0.25 nM and 1 pM) of Aβ aggregates 

obtained after 8 h of incubation (T3). In another set 

of experiments, Aβ oligomers obtained after 8 h of 

incubation (T3) were pre-incubated for 1 h at 37 °C 

under gentle shaking at a concentration of 0.5 µM 

with increasing concentrations (0.5, 1 and 1.5 µM) 

of DesAb-O, corresponding to 1:1, 1:2 and 1:3 

molar ratio between oligomers and DesAb-O. In all 

experiments, the cells were also treated with 

ADDLs at 1 µM concentration (monomer 

equivalents), as positive control. The solutions were 

then added to the extracellular medium of SH-

SY5Y cells. After treatment, the cell culture 

medium was removed, cells were washed in PBS 

and the MTT solution was added to the cells for 4 

h. The formazan product was solubilised with cell 

lysis buffer (20% sodium dodecyl sulphate (SDS), 

50% N, N-dimethylformamide, pH 4.7) for 1 h. The 

absorbance values of blue formazan were 

determined at 595 nm. MTT tests were achieved 

using Microplate Manager® Software (Biorad, CA, 

USA). Cell viability was expressed as the 

percentage of MTT reduction in treated cells as 

compared to those untreated (taken as 100%), or to 

those treated with Aβ42 species in the absence of 

Abs, as previously reported (21). 

 

Measurements of intracellular ROS 

production – Aβ42 oligomers obtained after 8 h of 

incubation (T3) were pre-incubated for 1 h at 37 °C 

at 0.5 µM (monomer equivalents) in the absence or 

presence of DesAb-O at an equimolar ratio between 

oligomers and Ab. Then, the solutions were added 

to the extracellular medium of SH-SY5Y cells 

seeded on glass coverslips for 1 h. The 2′,7′-

dichlorodihydrofluorescein diacetate 

(CMH2DCFDA, Thermo Fisher Scientific) probe 

was used to detect and quantify intracellular levels 

of hydrogen peroxide as a ROS marker. Briefly, the 

cells were loaded with 5 μM CM-H2DCFDA in the 

last 15 min of treatment. H2O2 (800 µM) was used 

as a positive control. The emitted fluorescence was 

detected at 488 nm excitation line by TCS SP8 

scanning confocal microscopy system (Leica 

Microsystems, Mannheim, Germany), equipped 

with an argon laser source. A series of 1-μm-thick 

optical sections (1024 × 1024 pixels) was taken 

through the cell depth for each sample using a Leica 

Plan Apo 63× oil immersion objective, and all 

sections were projected as a single composite image 

by superimposition. The confocal microscope was 

set at optimal acquisition conditions, e.g. pinhole 

diameters, detector gain and laser powers. Settings 

were maintained constant for each analysis. Images 

were then analysed using the ImageJ (NIH, 

Bethesda, MD, USA) software (Rasband 1997–

2018). The fluorescence intensities were expressed 

as the percentage of that measured in untreated cells 

(taken as 100%) as previously reported (21).  

 

Sandwich-ELISA assay – For the sandwich- 

ELISA assay, 1 µM of DesAb-O was loaded onto a 

96-well Maxisorp ELISA plate under quiescent 

conditions for 1 h at room temperature (RT). 

Following three washes in PBS, the plate was 

blocked by overnight incubation with 5% BSA IgG 

free at 4 °C. The next day, after six washes with 

PBS, Aβ42 species collected at 0, 8 h and ADDLs 

oligomers were added at decreasing concentrations 

(1 µM, 10 nM, 5 nM, 1 nM, 0.1 nM, 10 pM, 5 pM) 

and kept overnight at 4 °C. ADDLs were used as a 

positive control. The following day after six washes 

with PBS, the plate was incubated with 1:4000 

6E10 Ab for 2 h at RT. After six washes with PBS-
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Tween-20 0.2%, the plate was incubated with 

1:5000 anti-mouse secondary Ab for 1 h. Finally, 

the plate was washed six times with PBS-Tween-20 

0.2% and the amount of 6E10 Ab bound to the Aβ42 

species was quantified using 1-Step Ultra TMB-

ELISA Substrate Solution (Termo Fisher 

Scientifc), according to the manufacturer’s 

instructions. The reaction was stopped by adding 

40 μl of H2SO4 and the absorbance was measured at 

450 nm using a CLARIOstar plate reader (BMG 

Labtech), as previously reported (21). 

 

Statistical analysis – All data were expressed 

as means ± standard error of mean (S.E.M). 

Comparisons between the different groups were 

performed by ANOVA followed by Bonferroni’s 

post comparison test. A P-value less than 0.05 was 

considered to be statistically significant. 

 

RESULTS 

Characterisation of Aβ42 aggregates with 

ThT assay, dot blot assay and STED microscopy – 

In order to follow the Aβ42 aggregation process 

overtime, we performed a Thioflavin T (ThT) 

assay, monitoring the fluorescent emission of the 

ThT, a widely recognised dye known for its binding 

to assembling amyloid aggregates (29-31).  In this 

experiment, sample of Aβ42 monomers at 10 µM 

was mixed with 25µM ThT, incubated at 37 °C and 

ThT fluorescence was monitored at 482 nm over a 

span of 24 h. The progressive increase of the ThT 

fluorescent signal provides insight into β-sheets 

formation. Concomitantly, we collected aliquots of 

the reaction solution at different timepoints (0, 2, 4, 

8 and 24 h, corresponding to T0, T1, T2, T3 and T4) 

in order to characterise the reactive properties and 

the morphology of the species formed during the 

aggregation process. We took advantage of dot blot 

assay and super resolution STED microscopy 

coupled with conformation-sensitives Abs able to 

distinguish specific Aβ42 aggregate conformations. 

In particular, we used the anti-ADDLs 19.3 Ab (32) 

and the anti-amyloid fibrils OC Ab (33).  As 

controls, we used the 6E10 Ab, which binds to the 

N-terminus of Aβ42 peptides without distinguishing 

between different conformations. 

At T0 (0 h) we found a higher ThT signal 

compared to the control (sample with ThT in the 

absence of Aβ42) (Figure 1A), with only a minimal 

positivity for 19.3 Ab and none for OC Ab in the 

dot blot assay and STED images (Figure 1B and 

C). After 2 h of incubation (T1), we observed an 

increase in ThT fluorescence, indicating the 

formation of aggregated species (Figure 1A), that 

appeared positive for 19.3 Ab and to a lesser extent 

for OC Ab (Figure 1B and C). At T2 (4 h), the ThT 

fluorescent signal further increased (Figure 1A), as 

well as the positivity for 19.3 Ab and only a minor 

signal for OC Ab (Figure 1B and C). After 8 h 

(T3), we found the exponential phase of the 

sigmoidal curve and a sharp increase in ThT 

fluorescent signal (Figure 1A). Concurrently, 

strong positivity with 19.3 Ab and the presence of 

numerous small, globular species in STED images 

(Figure 1B and C) indicated the highest 

concentration of oligomers. We also noticed a 

positivity for OC Ab (Figure 1B and C), indicating 

the formation of few fibrillary species. At the end 

of the aggregation process, (24 h, T4), the ThT 

curve reached a plateau (Figure 1A), suggesting the 

presence of amyloid fibrils and the end of new 

aggregate formation. Dot blot assays and STED 

images showed positivity for OC Ab together with 

the presence of fibrillary elongated species and only 

a minor presence of oligomers (Figure 1B and C). 

As control, 6E10 Ab exhibited positivity for each 

type of species, indicating the proper loading and 

the progressive maturation of Aβ42 fibrils. 

 

Aβ42 oligomeric species obtained after 8 

hours of incubation exhibit high toxicity – Then, 

we investigated the toxicity of the various Aβ42 

aggregates generated during the aggregation 

process, taking advantage of the MTT reduction  

test, a widely used method to evaluate cell viability 

by analysing their mitochondrial status. Indeed, 

viable cells with active metabolism convert MTT 

into a purple coloured formazan product (Figure 

2A) with an absorbance maximum near 570 nm. 

When cells die, they lose the ability to convert MTT 

into formazan, making colour formation a practical 

and convenient marker exclusive to viable cells. In 

this experiment, Aβ42 species collected at different 

timepoints (T0-T4) were added to the extracellular 

medium of SH-SY5 cells for 24 h. Our findings 

reveal that Aβ42 species formed at T0, mostly 

composed of the monomeric form, did not 

significantly reduce cell mitochondrial activity (16 

± 6%) as compared to untreated cells, taken as 

100% (Figure 2B). In contrast, from T1 (2 h) we 

observed a progressive reduction of cell viability 

(34 ± 4%) which became significant at T2 (4 h) (50 
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Figure 1: Characterisation of Aβ42 aggregates with ThT assay, dot blot and STED microscopy. A) Monomeric 

Aβ42 was incubated in PBS at 10 µM with 25 μM thioflavin T (ThT) dye. The plate was read in a BioTek SynergyTM 

H1 Hybrid Multi-mode reader (Agilent, Santa Clara, United States) at 37 °C. The excitation and emission 

wavelengths were set to 440 and 485 nm, respectively. Buffer-only values were not subtracted from the sample 

readings but shown in the final graph. Readings were taken every 2 min. Data were plotted using GraphPad Prism 

version 5.00 for Windows (GraphPad Software, San Diego, CA, United States). Time points were collected at 0, 2, 

4, 8 and 24 h (corresponding to T0, T1, T2, T3 and T4) to perform a characterization of Aβ42 aggregates. B-C) Dot 

blot analysis and quantification of Aβ42 samples collected at different timepoints. Samples of different Aβ42 species 

were deposited (2 μl/spot) onto a nitrocellulose membrane and detected with the indicated antibodies (Abs). 

Membranes were incubated with 6E10 (B), 19.3 (C) and OC (D) primary Abs. The dot blot incubated with the 19.3 

Ab showed the presence of oligomeric species since the early stage of the aggregation (2 h and 4 h) with the 

maximum amount reached at 8 h, consistent with the ThT assay showing the exponential phase at 8 h. From the 

dot blot obtained with the OC Ab, we can see an increase of the dots intensity at 24 h, in line with the aggregation 

assay showing the reaching of the plateau due to the fibrils formation. Experimental errors are S.E.M. (n = 2). 

Samples were analysed by One-way ANOVA test followed by Bonferroni’s multiple-comparison test relative to 

their respective time 0 h  (*P < 0,05,  **P < 0.01, and ***P < 0.001). E) STED microscopy images and visualisation 

of Aβ42 samples collected at different timepoints. Samples of different Aβ42 species were immunolabeled with 

6E10, 19.3 and OC Abs. The STED microscopy images are perfectly in line with the dot blot assay results, showing 

the presence of oligomers since the initial stage of the aggregation Aβ42 process as represented in T0 (0 h), T1 (2 

h) and T2 (4 h) of 19.3 Abs images. At T4 (24 h), the presence of fibrils is proved by the OC Abs signal being 

perfectly in line with aggregation assay and dot blot assay results. 

 

± 2%) and reached its peak at T3 (8 h) (58 ± 3%), 

in which the solution mostly consists of oligomeric 

species. Finally, at T4 (24 h), we observed minor 

toxicity with respect to T3 and T2, even if fibrils 

generated a significant reduction of cell viability 

(41 ± 4%) (Figure 2B). These findings suggest that 

after 8 h of incubation (T3), the Aβ42 oligomers are 

the most toxic species and thus are most relevant to 

investigate. Therefore, to delve more into their 

ability to induce toxicity, we conducted a dose-

dependent MTT assay.  Different concentrations 

(ranging from 1 µM to 1 pM) of the aggregates 

formed at T3 were added to the extracellular 

medium of SH-SY5Y cells for 24 h. Figure 2C 

illustrates that oligomers caused significant 

mitochondrial dysfunction at 0.5 and 1 µM 

(reduction of 33 ± 3% and 51 ± 2%, respectively). 

With the aim to neutralise cell dysfunction, we 

assessed whether a sdAb, named DesAb-O, could 

mitigate the neurotoxic effects induced by Aβ42 

oligomers. To this purpose, oligomeric species 

generated after 8 h of incubation (T3) were pre-

incubated at 0.5 µM (monomer equivalents) with 

increasing concentration (0.5 µM, 1 µM, 1.5 µM) 

of DesAb-O, corresponding to 1:1, 1:2 and 1:3 

molar ratio between oligomers and Ab for 1 h at 

37 °C under gentle shaking. The solutions were 

then added to the extracellular medium of SH-

SY5Y cells for 24 h.  Our results showed that 

DesAb-O can significantly inhibit oligomer-

induced mitochondrial dysfunction only at 1:3 

molar ratio, showing no adverse effect on neuronal 

viability when administered alone (increase of 

MTT reduction of 12%± 1% with respect to the 

oligomers alone; Figure 3A).  

To further study the protective effect of 

DesAb-O, we evaluated its ability to prevent 

oxidative stress induced by Aβ42 oligomers in SH-

SY5Y cells, taking advantage of confocal 

microscopy and the CMH2DCFDA fluorescent 

probe, a common and useful indicator for ROS in 

cells. This indicator passively diffuses into cells, 

where its acetate groups are cleaved by intracellular 

esterases. Subsequent oxidation yields a fluorescent 

adduct that is trapped inside the cell, thus 

facilitating long term studies (Figure 3B). Briefly,   

Aβ42 oligomers (T3) were pre-incubated at 0.5 µM 

(monomer equivalents) with DesAb-O at 1:1 molar 

ratio between oligomers and DesAb-O for 1 h at 37 

°C under gentle shaking. The solutions were then 

added to the extracellular medium of SHSY-5Y 

cells for 1 h. Our findings revealed that Aβ42 

oligomers are able to induce a sharp increase in 

ROS production (278 ± 7%, compared to the 

untreated cells taken as 100%; Figure 3C). As a 

positive control, we also treated the cells with 800 

µM H2O2. Notably, DesAb-O showed a strong 

ability to reduce the oxidative stress induced by the 

oligomers, leading to a significant reduction of the 

ROS production (151 ± 9% with respect to the 

oligomers; Figure 3C).  
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Figure 2: Aβ42 oligomeric species obtained after 8 hours of incubation exhibit high toxicity. A) Graphic 

representation of MTT reaction obtained with Biorender. B) MTT reduction in SH-SY5Y cells treated for 24 h with 

various Aβ42 aggregates (1 µM) obtained at different timepoints, denoted as T0 (0 h), T1 (2 h), T2 (4 h), T3 (8 h) and 

T4 (24 h). ADDLs were used as a positive control. The plot with lines evidences the decrease of vitality and the direct 

correlation with aggregation time, with a recover of the cells viability at T4 (24 h) linked to the decreased number of 

oligomers. C) MTT reduction in SH-SY5Y cells treated for 24 h with Aβ42 aggregates obtained after 8 h of incubation 

(T3) in a dose-dependent manner. Experimental errors are S.E.M. (n = 3). Samples were analysed by One-way 

ANOVA followed by Bonferroni’s multiple-comparison test relative to untreated cells (**P<0.01,***P<0.001). 
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DesAb-O binds with high selectivity to 

oligomeric form of Aβ42 rather than monomeric 

and fibrillar form – To examine the binding of 

DesAb-O to oligomers, we performed a sandwich 

dot blot assay. Briefly, decreasing concentrations of 

DesAb-O (varying from 20 to 1 µM) were spotted 

onto a nitrocellulose membrane (2.0 µl), that was  

then incubated with 1 µM oligomers (T3) or 

ADDLs. As a positive control, 0.01 mg/ml of 6E10 

Ab was also used. Figure 4A reveals that both 

membranes showed a sufficient 6E10 intensity, 

indicating a proper loading of species. Furthermore, 

membranes treated with T3 oligomers reveal that 

DesAb-O is able to bind to these species up to a 

concentration of 5 µM, which is also the case for 

ADDLs.  

To further elucidate this specific binding to 

oligomers with a more sensitive test, we conducted 

a sandwich-ELISA assay. After treating the plate 

with 1 µM of DesAb-O for 24 h, various Aβ42 

species obtained at different timepoints (T0-T4) 

were added to the plate. The next day, the plate was 

first incubated with  1:4000 diluted 6E10 Ab and 

later with 1:5000 respective secondary Ab. Our 

results demonstrated that DesAb-O binds with 

highest affinity to the oligomers (T3), while also 

binding to monomers (T0; Figure 4B). To delve 

further into the sensitivity and specificity, we 

investigated the binding of DesAb-O to oligomers 

as well as monomers in a dose-dependent manner. 

After treating the ELISA-plate with different 

concentrations of Aβ42 species (ranging from 10 nM 

to 5 pM), our findings demonstrate a high 

sensitivity and specificity of DesAb-O (Figure 4C). 

In particulat DesAb-O was found to detect the 

oligomers at low concentrations (10 and 5 pM) with 

respect to monomers (Figure 4C). 

 

 

DISCUSSION 

Alzheimer's disease (AD) is a 

neurodegenerative disorder affecting 55 million 

people worldwide, highlighting the urgent need for 

advancement in early detection methods and 

therapeutic interventions (2). In the past, Aβ42 

fibrils were considered the primary cause of 

neuronal damage and AD pathogenesis. However, 

multiple experimental evidences conducted in 

different and independent laboratories revealed that 

the soluble oligomeric species of the Aβ42 are the 

most toxic agents leading to synapse loss and 

neurodegeneration, which makes them an attractive 

therapeutical target (34-36). 

Conformation-specific Abs developed by 

various research groups against differently 

generated Aβ42 oligomers have detected these 

aggregates in AD brains unlike age-matched 

healthy individuals (36, 37). Notably, these toxic 

oligomers are detected in the CSF of AD patients, 

further underscoring their potential as biomarkers 

for disease progression (14, 38). Furthermore, 

single domain antibodies (sdAbs) have been 

recently identified as promising tools due to their 

low immunogenicity as well as their high 

specificity and penetrance in tissues (39). In 

particular, a rational-designed method to develop 

sdAbs by Aprile et al. paved the way for precise 

targeting of neurotoxic soluble oligomers 

associated with AD pathology (24) 

In this work we characterised various species of 

Aβ42 by monitoring their aggregation over a time 

course of 24 h, by using the well-known ThT assay. 

We revealed the presence of soluble oligomers 

during the exponential phase of the sigmoidal 

curve, with fibril formation occurring at the plateau. 

In line with this, in the 1980s it was already 

demonstrated that oligomers and fibrils emerged 

during the exponential and plateau phases, 

respectively. Consistent with this, recent research 

by Aprile et al. confirmed this result, as they also 

observed oligomers and fibrils at the respective 

phases by performing a ThT assay with differently 

generated Aβ42 (24, 40). Other researchers 

conducted asymmetrical flow field-flow 

fractionation with multi-angle light scattering 

detection to monitor Aβ42 aggregation (41). 

Consistent with our findings, they found the 

presence of oligomers  already at early stages of the 

aggregation process (41). By performing dot blot 

assay and super resolution STED microscopy with 

19.3 Ab, which is directed against oligomers, we 

observed small, globular and round species, 

especially at T3, during the exponential phase. 

Moreover, by using OC Ab, that is directed against 

fibrils, the aggregates obtained in very late stage of 

the Aβ42 aggregation process exhibited a fibrillar 

phenotype. Several methods utilised by others to 

characterise Aβ42 species confirm these 

morphologies.  For instance, characterisation 

conducted by total internal reflection fluorescence 

microscopy (TIRFM), atomic force microscopy 

(AFM) and direct stochastic optical reconstruction  
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Figure 3: DesAb-O mitigates the neurotoxic effects and oxidative stress induced by Aβ42 oligomers. A) MTT 

reduction assay in SH-SY5Y cells treated for 24 h with Aβ42 aggregates, obtained after 8 h of incubation (T3), at a 

concentration of 0.5 μM (monomer equivalents) following a 1 h pre-incubation in the absence or presence of DesAb-

O (at 1:1, 1:2, 1:3 molar ratio between oligomers and DesAb-O). DesAb-O alone was also tested as a control. 

Experimental errors are S.E.M. (n = 4). Samples were analysed by One-way ANOVA followed by Bonferroni’s 

multiple-comparison test relative to untreated cells (***P < 0.001), or to cells treated with the same Aβ42 species 

without sdAbs (°°P < 0.01). B) Graphic representation of ROS assay C) Cytosolic superoxide can be measured using 

the CM-H2DCFDA fluorescent probe. Cells were treated for 1 h with oligomers 0.5 µM, 800 µM H2O2 as positive 

control, and with a 1:1 ratio of oligomers:DesAb-O. SdAbs alone were also tested as a control. In the last 15 mins of 

the treatment, cells were incubated at 37 °C with 5 µM CM-H2DCFDA probe. Experimental errors are S.E.M. (n = 3). 

Samples were analysed by One-way ANOVA followed by Bonferroni’s multiple-comparison test relative to cells 

treated with oligomers 0,5 µM (°°°P < 0.001), or to untreated cells (***P < 0.001). 

microscopy (dSTORM) demonstrated globular and 

fibrillar morphologies at exponential and plateau 

phase, respectively (24, 42, 43). 

We further evaluated the cytotoxic properties 

of the various species formed at different 

timepoints. We found that, after 8 h of incubation at 

37 °C, Aβ42 oligomers are the most toxic species, 

with respect to the monomers and fibrils. This 

confirms the results obtained in other research 

groups (34, 35). In particular, we observed a dose-

dependent increase of toxicity. 

 With the aim to prevent oligomer-induced cell 

dysfunction, we examined the protective role of a 

sdAb, named DesAb-O, which targets a 

conformational epitope formed by residues 29-36 

of Aβ42. In particular, we evaluated its ability to 

prevent mitochondrial dysfunction and ROS 

production induced by the oligomers. Our findings 

demonstrated that the pre-incubation of oligomers 

with DesAb-O strongly prevents their induced 

mitochondrial dysfunction at 1:3 molar ratio and 

ROS production at an equimolar concentration, 

confirming previous findings (21).   

Other sdAbs have also been reported to target 

pathologically relevant Aβ42 oligomers. For 

instance, the development of novel camelid single-

chain binding domains (VHHs), named V31-1, 

which recognises low molecular-weight oligomers 

specifically. This VHH was able to detect 

intraneuronal Aβ42 oligomers in human brain slices 

and prevent Aβ42-incuded neurotoxicity and even 

more so, inhibit fibril formation (44). Furthermore, 

the generation of E1 Ab recognises small oligomers 

and directs its assembly towards a stable nontoxic 

conformation, thereby preventing Aβ42-induced 

toxicity in vitro (45). Finally, PrioAD13 developed 

against Aβ42 was able to detect oligomers in the 

blood as well as in the retina of APP/PS1 mice 

compared to age-matched wild type controls (46). 

Of note, 24B3, which is a monoclonal Ab with 

conformational specificity for a toxic conformer of 

Aβ42, detected a higher ratio of toxic conformer to 

total Aβ42 in AD and MCI patients with respect to 

age-matched controls. In contrast, the difference in 

total Aβ42 was not significant. These findings 

suggest the diagnostic relevancy of the proportion 

of toxic Aβ42-conformers, rather than the total 

amount (16).  

In order to gain insight into the specificity of 

DesAb-O, we assessed its ability to bind oligomers 

with respect to monomers and fibrils by using a 

sandwich-ELISA assay. We found that DesAb-O 

targets Aβ42 oligomers (T3) with high affinity, even 

at lower concentrations, showing only minor 

binding to the monomers. This is in good agreement 

with previous findings, since DesAb-O is designed 

to bind to the epitope 29 to 36 of Aβ42  (21, 24).   

Our study adds to the growing body of 

evidence supporting the utilisation of sdAbs for 

targeting toxic oligomers as a promising strategy 

for AD diagnosis and therapy. However additional 

research is required to get more insight into the 

efficacy, specificity and safety for improving early 

detection and treatment outcomes in AD patients. 

 

 

CONCLUSION 

In our study, we reveal the promising potential 

of a single-domain antibody (sdAb), called DesAb-

O, underscoring its efficiency in both early 

detection as well as therapeutic intervention. 

Employing a wide range of biochemical and cell 

biological techniques, including ThT assay, dot 

blot, MTT assays, ELISA, STED microscopy and 

confocal microscopy, we demonstrate the great 

potential of DesAb-O to identify and neutralise 

neurotoxic Aβ42 oligomers. Our findings 

collectively underscore the powerful ability of 
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Figure 4: DesAb-O binds with high selectivity to oligomeric form of Aβ42 rather than monomers and fibrils. A) 

Representative sandwich dot-blot analysis of Aβ42 oligomers collected after 8 h of incubation. The capture Abs, 6E10 and 

DesAb-O, were spotted onto nitrocellulose membranes (2 µl corresponding to 0.01 mg/ml for 6E10 and 20 µM, 10 µM, 

5 µM, 1 µM for DesAb-O, respectively). The membranes were incubated with solutions containing Aβ42 oligomers and 

ADDLs. Finally, the membranes were probed with the detection Ab 6E10. B) For sandwich-ELISA assay, 1 µM DesAb-O 

was immobilised on a 96-well Maxisorp ELISA plate under quiescent conditions for 1 h at RT. The day after different 

Aβ42 species collected at different timepoints (0, 2, 4, 8, 24 h) were loaded into the plate overnight at 4 °C under constant 

shaking. Experimental errors are S.E.M (n = 3). Samples were analysed by One-way ANOVA followed by Bonferroni’s 

multiple-comparison test relative to 0 µM (**P < 0.01, ***P < 0.001). C) Sandwich-ELISA assay with decreasing 

concentrations (1 µM, 10 nM, 5 nM, 1 nM, 0.1 nM, 10 pM, 5 pM) of Aβ42 species (at 0 h and 8 h, corresponding to the 

monomers and oligomers, respectively). Samples were adsorbed and quantified by using DesAb-O at 1 µM. ADDLs were 

used as a positive control. Experimental errors are S.E.M (n = 3). Samples were analysed by Two-way ANOVA (*P < 0,05 

with respect to the monomer for each concentration). 
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sdAbs as new promising tools for the improvement 

of both diagnostic and therapeutic strategies against 

AD. 
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