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Abstract 

Background Amyloid-β42 (Aβ42) aggregation consists of a complex chain of nucleation events producing soluble 
oligomeric intermediates, which are considered the major neurotoxic agents in Alzheimer’s disease (AD). Cerebral 
lesions in the brain of AD patients start to develop 20 years before symptom onset; however, no preventive strate-
gies, effective treatments, or specific and sensitive diagnostic tests to identify people with early-stage AD are cur-
rently available. In addition, the isolation and characterisation of neurotoxic Aβ42 oligomers are particularly difficult 
because of their transient and heterogeneous nature. To overcome this challenge, a rationally designed method 
generated a single-domain antibody (sdAb), named DesAb-O, targeting Aβ42 oligomers.

Methods We investigated the ability of DesAb-O to selectively detect preformed Aβ42 oligomers both in vitro 
and in cultured neuronal cells, by using dot-blot, ELISA immunoassay and super-resolution STED microscopy, 
and to counteract the toxicity induced by the oligomers, monitoring their interaction with neuronal membrane 
and the resulting mitochondrial impairment. We then applied this approach to CSF samples (CSFs) from AD patients 
as compared to age-matched control subjects.

Results DesAb-O was found to selectively detect synthetic Aβ42 oligomers both in vitro and in cultured cells, 
and to neutralise their associated neuronal dysfunction. DesAb-O can also identify Aβ42 oligomers present in the CSFs 
of AD patients with respect to healthy individuals, and completely prevent cell dysfunction induced by the adminis-
tration of CSFs to neuronal cells.

Conclusions Taken together, our data indicate a promising method for the improvement of an early diagnosis of AD 
and for the generation of novel therapeutic approaches based on sdAbs for the treatment of AD and other devastat-
ing neurodegenerative conditions.
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Background
Alzheimer’s disease (AD) is the most prevalent neuro-
degenerative disorder affecting ca. 60–70% of 55 mil-
lion people worldwide suffering with some form of 
dementia (Alzheimer’s association, 2023). It is charac-
terised by the presence of extracellular amyloid-β (Aβ) 
plaques and intracellular tau neurofibrillary tangles in 
specific vulnerable populations of neurons, thus leading 
to their death [1–3]. In the last decades, small oligom-
ers of the 42-residue form of Aβ (Aβ42), formed early 
during the aggregation process or released from mature 
fibrils, have acquired increasing importance as pri-
mary toxic species in AD pathogenesis [4–7]. Indeed, 
elevated oligomer levels in the brain are associated 
with pathology [8] and correlate better with the degree 
of dementia as compared to mature fibrils [9]. Moreo-
ver, in some transgenic mouse models  overexpress-
ing  mutant amyloid precursor protein (APP), synaptic 
alteration and cognitive impairment precede amyloid 
plaque formation, but occur after Aβ levels start to rise 
steadily [10, 11].

In the past few years, considerable effort has been 
made to identify the structural determinants of oligomer 
neurotoxicity, including oligomer size and hydrophobic 
exposure [12, 13], that are responsible for their ability 
to trigger several toxic pathways, ultimately leading to 
neuronal death [5, 13, 14]. Notably, soluble Aβ oligom-
ers have been recently identified within the cerebrospi-
nal fluid (CSF) of mild cognitive impaired (MCI) and AD 
[15–17] patients. In particular, conformation-sensitive 
antibodies (Abs) directed against well-defined forms of 
Aβ42 oligomers, have detected oligomers in AD brains 
that were absent in age-matched healthy individuals 
[18–21]. The aggregate distribution varies in terms of 
structure, size and shape but also toxicity along AD pro-
gression [17], so that an efficient method to distinguish 
and quantify these species could serve diagnostic and 
therapeutic purposes. Indeed, the lack of specific and 
sensitive diagnostic tests to identify people with early-
stage AD to be included in clinical trials is among the 
main reasons for many notable trial failures, consider-
ing that cerebral lesions occur 20 years before symptom 
onset [22–25].

Over the past 25  years, several monoclonal Abs 
(mAbs) have been engineered to bind and eliminate 
Aβ [26] from the brain of AD patients and are cur-
rently under investigation in clinical trials. Although 
some Abs, such as Aducanumab (Aduhelm™), initially 
appeared to be able to eliminate parenchymal amyloid 
[27], they have so far failed to change cognition in sub-
jects with MCI and AD [9]. More recently, in 2023, the 
FDA approved another mAb, Lecanemab (Leqembi™), 
which slows down cognitive decline in AD [28]. Both 

mAbs are recommended for the early stages of AD but, 
unfortunately, they can only slow down AD decline 
without stopping it completely or reverting it [28–30].

The capture of small soluble protein aggregates to 
reduce their toxicity could be an important thera-
peutic strategy for AD. In this context, nanobodies 
or single-domain Abs (sdAbs) could constitute a real 
breakthrough for the treatment of AD [31], but also for 
early diagnosis of AD. sdAbs, firstly discovered in 1993, 
are recombinant, antigen-specific, variable fragments 
of camelid heavy chain-only Abs (VHH) [32]. As clas-
sical Abs, they retain high target specificity and affinity, 
but their small size makes them highly stable, soluble, 
able to access clefts and hidden epitopes and to be 
functionally expressed as intrabodies [33]. Moreover, 
their low immunogenic potential and inherent toxicity 
make them great tools for basic research and potential 
candidates for both diagnostic and therapeutic applica-
tions [31, 33].

Previously published works [34, 35] demonstrated 
that targeting the region 29 to 36 of Aβ42 with rationally 
designed Abs, also called DesAbs [36, 37], can inhibit 
the peptide’s secondary nucleation. Among these 
DesAbs, DesAb-O was found to preferentially bind to 
Aβ42 oligomers rather than its monomeric and fibril-
lar forms, as this region is likely to be solvent-exposed 
when the peptide is oligomeric, before becoming bur-
ied in amyloid fibrils [35].

In this  study, we investigated the ability of DesAb-O 
to selectively detect preformed Aβ42 oligomers both 
in  vitro and in cultured cells and to counteract their 
neurotoxicity, taking advantage of commercially avail-
able conformation-sensitive Abs, as controls. By using 
dot-blot, ELISA immunoassay and stimulated emis-
sion depletion (STED) microscopy, we demonstrated 
the high ability of DesAb-O to identify Aβ42 oligomers 
rather than monomers and fibrils. Moreover, DesAb-O 
was found to significantly inhibit oligomer binding to 
neuronal membranes, restoring mitochondrial func-
tionality. We then applied this approach to CSF samples 
(CSFs) from AD patients as compared to healthy indi-
viduals. We demonstrated the presence of well-resolved 
Aβ42 oligomeric species in the CSF of AD patients, 
clearly detected by DesAb-O. Moreover, the adminis-
tration of AD CSFs to cultured neuronal cells caused 
detrimental effects that were completely abolished by 
the pre-incubation with DesAb-O.

These findings strongly suggest that the use of sdAbs to 
detect soluble toxic species in biofluids offers a promising 
way for the improvement of an early diagnosis of AD. Our 
study also reveals a powerful ability of DesAb-O to pre-
vent Aβ42 neurotoxicity, contributing to the generation of 
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novel therapeutic approaches based on sdAbs for AD and 
other neurodegenerative diseases.

Methods
Preparation of Aβ42 aggregates
Aβ42 conformers were prepared as previously reported 
[38–40]. Briefly, the lyophilised peptide (Bachem) was 
dissolved in 100% hexafluoro-2-isopropanol (HFIP) to 
1 mM and the solvent was then evaporated under nitro-
gen. To obtain Aβ42 oligomers, the peptide was resus-
pended in 50 mM NaOH at 1 mg/ml and diluted in PBS 
to a final concentration of 25 μM. Then, the sample was 
centrifuged at 22,000  g for 30  min, the pellet discarded 
and the supernatant incubated at 25  °C without agita-
tion for 1  day to obtain A + oligomers or for 4  days to 
obtain A − oligomers [40]. F1 were obtained, with the 
same procedure, at a final concentration of 50 μM after 
1  day of incubation [40]. Amyloid β-derived diffusible 
ligands (ADDLs) were obtained by dissolving an aliquot 
of the peptide 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 incu-
bated at 4 °C for 1 day and then centrifuged at 14,000 × g 
for 10  min [38]. Finally, F2 were prepared by dissolv-
ing the peptide in DMSO to 5 mM and then diluting it 
in 10  mM HCl to a final concentration of 100  μM. The 
sample was incubated at 37 °C without agitation for 1 day 
[39].

CSF samples
CSF samples (CSFs) from human aged controls (n = 4) 
or AD patients (n = 9) were obtained from BioIVT. 
Each CSF was received in 0.5–1  ml aliquot and stored 
at − 80 °C. Samples were centrifuged at 4000 g for 10 min 
at 4  °C, obtaining a pale pellet that was separated from 
the supernatant. The supernatant was then analysed; pro-
tein concentration in these samples was determined by 
the Bradford colorimetric method [41].

DesAb‑O and DesAb18–24 purification
DesAb-O and DesAb18–24 were purified as previ-
ously described [34]. Briefly, DesAb-O and DesAb18–24 
were expressed in E.Coli Origami™ (DE3) pLysS cells 
(Merck Millipore), and grown for at least 15  h at 30  °C 
in Overnight Express Instant TB Medium (Merck Mil-
lipore) supplemented with 100  μg/ml ampicillin. Cells 
were collected by centrifugation, resuspended in PBS 
(8 mM  Na2HPO4, 15 mM  KH2PO4, 137 mM NaCL, and 
3  mM KCl, pH 7.3) with an EDTA-Free Complete Pro-
tease Inhibitor Cocktail tablet (Roche). Cells were lysed 
by sonication and cellular debris was removed by cen-
trifugation. The supernatant was applied to a HisTrap 
HP 5 ml column (Cytiva) that has been pre-equilibrated 

with PBS supplemented with 15 mM imidazole. The col-
umn was then washed with several column volumes of 
PBS supplemented with 15  mM imidazole after which 
the Ab was eluted in PBS with 300  mM imidazole. The 
sample was then dialysed against PBS overnight at 4 °C to 
remove imidazole, after which it was applied to a HiLoad 
Superdex 75 16/600 pg (Cytiva) column for size exclusion 
chromatography. Protein concentration was determined 
by measuring the absorbance at 280  nm and using the 
molecular coefficient of DesAb-O or DesAb18–24.

Dot‑blot analysis
Dot-blot analysis was performed by spotting 2.0 μl (cor-
responding to 0.1  μg) of each Aβ42 conformer onto a 
nitrocellulose membrane. After 30  min blocking (1.0% 
bovine serum albumin, BSA, in TBS/TWEEN 0.1%), 
Aβ42 species were probed with 2  μM DesAb-O or with 
1:15.000 diluted  human monoclonal anti-ADDLs (19.3) 
Ab (Creative Biolabs), or with 1:1000 diluted  rabbit 
polyclonal anti-oligomer (A11) Ab (Thermo Fisher Sci-
entific), or with 1:1000 diluted  rabbit polyclonal anti-
amyloid fibrils (OC) Ab (Sigma-Aldrich), or with 1:1000 
diluted  mouse monoclonal anti-Aβ (6E10) Ab (Bioleg-
end Way) and then with 1:2000 diluted goat anti-6X His 
tag (Abcam), or goat anti-human (Sigma-Aldrich), or 
goat anti-rabbit (Abcam) or rabbit anti-mouse (Abcam) 
horseradish peroxidase  (HRP)  conjugated secondary 
Abs. In another set of experiments, decreasing quantities 
(0.1, 0.05, 0.0025, 0.001 and 0.005 μg) of Aβ42 aggregates 
were spotted onto the nitrocellulose membrane, and then 
probed with DesAb-O and 19.3 Abs, as described above. 
The immunolabelled dots were detected using a Super-
SignalWest Dura (Pierce) ImageQuant™ TL software (GE 
Healthcare UK Limited version 8.2).

In a set of experiments, sandwich dot-blot was per-
formed. Briefly, 2 µl of 6E10 and DesAb-O Abs (0.01 mg/
ml and 10 µM, respectively) were spotted onto nitrocellu-
lose membranes. After 20 min, the blots were blocked in 
TBS-Tween-20 0.2% and 2.5% BSA IgG free for 40 min. 
The membranes were incubated with different Aβ42 spe-
cies at 0.01 mg/ml (monomeric Aβ42, A + oligomers, F1) 
or with  the CSFs of AD patients and control subjects 
at 0.1  mg/ml. Then, the membranes were probed with 
1:1000 diluted 6E10 Ab overnight at 4 °C under constant 
shaking. The following day, the membranes were washed 
three times in TBS-Tween-20 0.2% and incubated with 
1:3000  diluted rabbit anti-mouse HRP-conjugated sec-
ondary Ab for 1  h. After three additional washes, the 
immunolabelled dots were detected as reported above.

ELISA assay
For indirect ELISA assay, increasing concentrations (0, 
1, 5, and 10  µM, monomer equivalents) of each Aβ42 
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conformer, prepared as reported above, were immobi-
lised on a 96-well Maxisorp ELISA plate (Nunc) under 
quiescent conditions for 1  h at room temperature (RT). 
The plate was then washed three times with 20 mM Tris, 
pH 7.4, and 100  mM NaCl and incubated in 20  mM 
Tris, pH 7.4, 100  mM NaCl, and 5% BSA under con-
stant shaking overnight at 4  °C. The day after the plate 
was washed six times with 20  mM Tris, pH 7.4, and 
100 mM NaCl and then incubated with 40 μL solutions 
of 2.0  μM DesAb-O, or with 1:20,000  diluted 19.3 Ab, 
or with 1:8000 diluted 6E10 Ab, under constant shaking 
for 1 h at RT. The plate was then washed six times with 
20  mM Tris, pH 7.4, and 100  mM NaCl and incubated 
with 1:2000 diluted goat anti-6X His tag, 1:5000 diluted 
goat anti-human and 1:4000 rabbit anti-mouse HRP-con-
jugated secondary Abs, in 20 mM Tris, pH 7.4, 100 mM 
NaCl, and 5% BSA under shaking for 1 h at RT. Finally, 
the plate was washed three times with 20 mM Tris, pH 
7.4, and 100  mM NaCl, then twice with 20  mM Tris, 
pH 7.4, 100  mM NaCl, and 0.02% Tween-20, and again 
three times with 20  mM Tris, pH 7.4, and 100  mM 
NaCl. Finally, the amount of bound Abs was quantified 
by using 1-Step Ultra TMB-ELISA Substrate Solution 
(Thermo Fisher Scientific), according to the manufactur-
er’s instructions, and the reaction was stopped by adding 
40  μl of  H2SO4. Then, the absorbance was measured at 
450  nm by means of a CLARIOstar plate reader (BMG 
Labtech).

For sandwich ELISA assay, 1 µM DesAb-O or 0.5 µM 
DesAb18–24 Abs were immobilised on a 96-well Max-
isorp ELISA plate under quiescent conditions  for 1  h 
at RT. After three washes in PBS, the plate was blocked 
with 5% BSA IgG free overnight at 4  °C under constant 
shaking. The day after, the plate was washed six times in 
PBS and different Aβ42 species (M, A + oligomers, F1 at 
decreasing concentrations (4500, 2250, 450, 45, 4.5 and 
2.25  pg/ml for DesAb-O and 4500∙103  pg/ml, 4500  pg/
ml and 4.5 pg/ml for DesAb18–24) and the CSFs of AD 
patients (n = 9) and control subjects (n = 4) at 0.25 mg/ml 
were loaded into the plate overnight at 4  °C under con-
stant shaking. In the DesAb-O plate, we loaded 4500 pg/
ml of monomeric αSynuclein (αSyn) as negative control. 
The following day after six additional washes in PBS, 
the plate was incubated with 1:4000 6E10 Ab for 2 h at 
RT with no shaking, while αSyn was incubated with 
1:4000  diluted mouse monoclonal anti-αSyn (211) Ab 
(Santa Cruz Biotechnology). The plate was washed six 
times in PBS-Tween-20 0.2% and incubated with 1:5000 
rabbit anti-mouse HRP- conjugated secondary Ab for 
1 h at RT. The plate was then washed six additional times 
in PBS-Tween-20 0.2% and the amount of Aβ42 species 
bound was quantified as reported above.

Cell cultures
Authenticated human SH-SY5Y neuroblastoma cells 
were purchased from A.T.C.C. and cultured in Dulbec-
co’s modified Eagle’s medium (DMEM), F-12 Ham with 
25  mM 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic 
acid (HEPES) and  NaHCO3 (1:1) supplemented with 10% 
foetal bovine serum (FBS), 1.0  mM glutamine and 1.0% 
penicillin and streptomycin solution (Sigma-Aldrich). 
Cells were maintained in a 5.0%  CO2 humidified atmos-
phere at 37° C and grown until 80% confluence for a max-
imum of 20 passages, and tested to ensure that they were 
free form mycoplasma contamination [42]. Primary rat 
cortical neurons (Thermo Fisher Scientific) were plated in 
12-well plate containing glass coverslips and maintained 
in neuronal basal plus medium (Thermo Fisher Scientific) 
supplemented with GlutaMAX (Gibco, Thermo Fisher 
Scientific) at the concentration of 0.5  mM and 2% (v/v) 
B-27 serum-free complement (Gibco, Thermo Fisher 
Scientific), in a 5%  CO2 humidified atmosphere at 37 °C. 
Every 2  days the medium was partially replaced with 
fresh one. The experiments were performed 14 days after 
plating [43].

STED microscopy
Aβ42 assemblies were added to the culture medium of 
SH-SY5Y cells seeded on glass coverslips for 1 h at 3 μM 
(monomer equivalents). After incubation, the cells were 
washed with PBS, the plasma membranes were coun-
terstained with 0.01  mg/ml tetramethylrhodamine-con-
jugated  wheat germ agglutinin (WGA;Thermo Fisher 
Scientific) [44] for 15  min at 37  °C and cells were then 
fixed with 2.0% (w/v) paraformaldehyde for 10  min at 
RT. After washing with PBS, the plasma membranes 
were permeabilised with a 3.0% (v/v) glycerol solution for 
10 min at RT. Aβ42 species were then detected with 4 μM 
DesAb-O and 1:800 diluted FITC anti-6X tag secondary 
Abs (Abcam), or with 1:250 diluted human monoclonal 
(19.3) anti-oligomer Ab and 1:1000 diluted  Alexa Fluor 
488-conjugated anti-human secondary Ab  (Thermo 
Fisher Scientific), or with 1:400 diluted A11 Ab, or with 
1:800 diluted OC Ab, or with 1:400 diluted 6E10 Ab and 
1:500  diluted Alexa Fluor 514-conjugated anti-rabbit 
or anti-mouse secondary Abs (Thermo Fisher Scien-
tific). STED xyz images (i.e., z-stacks acquired along 3 
directions: x, y, and z axes) were acquired as previously 
reported [44]. In a set of experiments, SH-SY5Y cells 
seeded on glass coverslips were experienced for 24 h with 
ADDLs at 3.0 μM (monomer equivalents) or CSFs from 
AD patients or controls (n = 4 for both AD and control 
CSFs) diluted 1:1 with cellular medium. In another set of 
experiments, primary rat cortical neurons were treated 
with CSFs from AD patients or controls (n = 4 for both 
AD and control CSFs) diluted 1:1 with cellular medium. 
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After the incubation, the cells were counterstained and 
analysed by STED microscopy as reported above. In 
another set of experiments, A + oligomers, F1 and a mix-
ture containing both Aβ42 species (1:1 molar ratio) were 
incubated on a glass coverslip at 25 µM in PBS without 
cells while the CSFs (n = 9 and n = 4 for AD and controls, 
respectively) were spotted at a concentration of 0.5 mg/
ml. After 30 min of incubation, the samples were blocked 
in Casein 1X with TBS-Tween-20 0.2% for 30 min. Once 
washed with TBS-Tween-20 0.2%, Aβ42 species and the 
CSFs were detected with 1:800 diluted  6E10, 2.0  μM 
DesAb-O or 4 µM DesAb18–24 Ab for 1 h and then with 
1:500  diluted Alexa Fluor 514-conjugated anti-mouse 
secondary Abs or with 1:500 FITC anti-6X tag secondary 
Abs. The acquisition was performed as reported above.

Confocal microscopy analysis of Aβ42 aggregates bound 
to neuronal membranes
SH-SY5Y cells were seeded on glass coverslips and then 
treated for 15  min with A + oligomers or ADDLs at a 
concentration of 3.0 μM (monomer equivalents), in the 
absence or presence of a pre-incubation with increasing 
molar ratios (1:0.1, 1:0.25, 1:0.5 and 1:1, monomer equiv-
alents) between Abs and Aβ42 species. After incubation, 
the cells were washed with PBS and the plasma mem-
branes were counterstained for 15 min with 5.0 μg  mL−1 
Alexa Fluor 633-conjugated WGA (Thermo Fisher Sci-
entific) [6]. Cells were fixed in 2.0% (w/v) paraform-
aldehyde  for 10 min at RT and Aβ42 assemblies were 
detected with 1:800 diluted 6E10 Ab and then 1:1000 
diluted Alexa Fluor 488-conjugated anti-mouse second-
ary Ab (Thermo Fisher Scientific). To detect only the oli-
gomers bound to the cell surface, the cellular membrane 
was not permeabilised, thus preventing Ab internalisa-
tion. Fluorescence emission was detected after double 
excitation at 633 and 488  nm by a TCS SP8 scanning 
confocal microscopy system (Leica Microsystems), as 
previously described [45]). The degree of colocalisation 
of Aβ42 aggregates with the cell membranes was esti-
mated in regions of interest in 30–32 cells, via the use 
of ImageJ software (NIH) and JACOP plugin (http:// rsb. 
info. nih. gov) (Rasband WR).

MTT reduction assay
The cytotoxicity of the different Aβ42 aggregates was 
assessed in SH-SY5Y cells seeded in 96-well plates by 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay [46, 47]. Briefly, Aβ42 species 
(monomer, A + and A − oligomers, ADDLs, F1 and F2) at 
a concentration of 3.0  μM (monomer equivalents) were 
added to the culture medium of SH-SY5Y cells for 24 h 
following or not a pre-incubation  under shaking with 
equimolar concentrations of DesAb-O, 19.3, A11 or OC 

Abs. After treatment, the culture medium was removed, 
cells were washed with PBS and the MTT assay was 
assessed as previously reported [7]. 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.

In a set of experiments, CSFs (n = 4 for AD as well as 
controls) were added to the culture medium of SH-
SY5Y cells for 24 h following a 1 h pre-incubation in the 
absence or presence of DesAb-O at 3 µM at 37 °C under 
shaking conditions. Cells treated with  ADDLs at 1  µM 
(monomer equivalents) were used as positive control. 
The analysis was performed as reported above.

Measurement of cytosolic free  Ca2+ levels
The intracellular calcium levels were measured in SH-
SY5Y cells as previously described [7, 48]. SH-SY5Y cells 
were treated for 5 h with the CSFs (n = 4 for AD as well 
for controls) in the absence or presence a 1 h pre-incuba-
tion with DesAb-O at 3 µM under shaking. At the end of 
the treatment, the cells were washed in PBS and loaded 
with 4.5  µM Fluo-4 AM (Thermo Fisher Scientific) for 
10  min and cytosolic  Ca2+ levels were detected after 
excitation at 488 nm by the TCS SP8 scanning confocal 
microscopy system as previously reported [7, 44]. Cells 
treated with  ADDLs at 1  µM (monomer equivalents) 
were used as positive control. Images were then analysed 
using the ImageJ software, and the fluorescence intensi-
ties were expressed as the percentage of that measured in 
untreated cells, taken as 100%.

Measurements of calcein leakage
The intracellular calcein levels were measured in SH-
SY5Y cells as previously described [44]. Briefly, the cells 
were washed in PBS and loaded with 0.5  µM Calcein-
AM (Thermo Fisher Scientific) for 20 min at 37 °C. Then, 
they were washed with PBS and treated for 5 h with CSFs 
(n = 4 for both AD and control CSFs) in the absence or 
presence of a 1 h pre-incubation with DesAb-O at 3 µM 
under shaking. Cells treated with ADDLs at 1 µM (mon-
omer equivalents) were used as positive control.  After 
fixation in 2.0% buffered paraformaldehyde for 10 min at 
RT, fluorescence emission was detected after excitation 
at 488 nm by the TCS SP8 scanning confocal microscopy 
system as previously reported [44]. Images were then 
analysed as reported above.

Statistical analysis
Data were expressed as means ± standard deviation (S.D.), 
or as means ± standard error of mean (S.E.M). Compari-
sons between the different groups were performed by 
using the Student t test or the one-way ANOVA followed 

http://rsb.info.nih.gov
http://rsb.info.nih.gov
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by Bonferroni’s multiple-comparison test (GraphPad 
Prism 5.0 software). P values lower than 0.05, 0.01 and 
0.001 were considered to be statistically significant (*), 
highly statistically significant (**) and very highly statisti-
cally significant (***), respectively.

Results
DesAb‑O selectively detects synthetic Aβ42 oligomers 
in vitro
We firstly evaluated the specificity of DesAb-O against 
different Aβ42 conformers by dot-blot analysis. Aβ42 
conformers were assembled in  vitro according to well-
defined protocols. Thus, toxic A + and nontoxic A − oli-
gomers [40], toxic Aβ42 ADDLs [38] and two types of 
fibrils, namely F1 [40] and F2 [39] were formed and their 
identities were confirmed by routinely analysing them by 
atomic force microscopy (AFM) and dot-blots using their 

respective conformation-sensitive Abs, as previously 
reported [49]. The various Aβ42 species were then depos-
ited (2 μl, corresponding to 0.1 μg) onto a nitrocellulose 
membrane and detected with DesAb-O and, as a control, 
with the 19.3 Ab, specific for amyloid β-derived diffus-
ible ligands (ADDLs) [16], A11 Ab, recognising toxic oli-
gomers from various proteins, but not their monomeric 
or fibrillar conformations [18], and OC Ab, specifically 
raised against fibrillar aggregates [20].

DesAb-O was found to selectively target toxic A + oli-
gomers and ADDLs, with a minor cross-reaction with 
nontoxic A − oligomers (Fig. 1A). As expected, each of the 
abovementioned control Abs bound to their targeted con-
formers according to previous reports [16, 18, 20, 40, 45]. 
Proper loading of each Aβ42 species was confirmed by the 
sequence-specific 6E10 Ab which targets the N-terminus 

Fig. 1 DesAb-O selectively detects synthetic Aβ42 oligomers in vitro. A,B Dot-blot analysis of Aβ42 species. A Samples of monomeric Aβ42 (M), 
oligomeric (A + , A − and ADDLs) and two types of fibrillar species (F1 from [40] and F2 from [39]) were deposited (2 μl/spot, corresponding 
to 0.1 μg) onto a nitrocellulose membrane and detected with the indicated Abs. B Samples of A + oligomers and ADDLs at various amounts 
(0.25, 0.10, 0.05, 0.025, 0.01, 0.005 μg) were probed with DesAb-O (top) and 19.3 (bottom) Abs. C,D ELISA measurements taken at increasing 
concentration of Aβ42 species using DesAb-O (C) and 19.3 (D) Abs. Data were normalised for the corresponding average value at concentration 
0 μM. Experimental errors are S.D. (n = 3). Samples were analysed by Student t test relative to 0 μM (*P < 0.05, **P < 0.01 and ***P < 0.001)
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of Aβ42 [18, 20, 50, 51], that bound all the analysed Aβ42 
species, independently of their aggregation state (Fig. 1A).

We then assessed the sensitivity of DesAb-O by evalu-
ating its ability to probe decreasing amounts of Aβ42 con-
formers (0.10, 0.05, 0.025, 0.01 and 0.005 μg), previously 
deposited onto a nitrocellulose membrane (Fig.  1B). 
DesAb-O was found to detect A + oligomers and ADDLs 
down to 0.01  μg, which appeared more sensitive  when 
compared to the control 19.3 Ab (Fig. 1B).

The reactivity of DesAb-O against Aβ42 species was 
also quantified by performing an indirect ELISA assay. 
Briefly, we coated the wells of the ELISA plates with 
increasing concentrations of Aβ42 conformers (0, 1, 5 and 
10  μM, monomer equivalents). We then incubated the 
plates with DesAb-O and subsequently with the appro-
priate secondary Abs. Our results showed that DesAb-O 
clearly recognised toxic A + oligomers and ADDLs at 5 
and 10 µM, with a specificity that increased with aggre-
gate concentration (Fig. 1C), revealing no affinity for the 
monomeric or fibrillar forms even at high concentrations 
(Fig.  1C). The 19.3 Ab was also assessed for a relative 
comparison, revealing high affinity for A + oligomers and 
ADDLs, even at 1 µM for the former species, but show-
ing a minor specificity for Aβ42 monomers (Fig. 1D). As 
expected, the 6E10 Ab was found to detect all the ana-
lysed Aβ42 conformers in a dose-dependent manner (Fig. 
S1), as the Aβ42 N-terminus is solvent-exposed regard-
less of the aggregated state of the peptide [17]. Overall, 
dot-blot and ELISA results demonstrate the ability of 
DesAb-O to selectively discriminate Aβ42 conformers, 
in agreement with previously established work [34, 35]. 
Moreover, the affinity of DesAb-O against Aβ42 oligom-
ers and its selectivity for the oligomeric species with 
respect to the monomers and fibrils do not seem to be 
any worse than those observed with commercially avail-
able Abs, providing the platform for further applications.

DesAb‑O detects synthetic Aβ42 oligomers bound to neuronal 
membrane and internalised into the cytosol
To analyse whether or not the ability of DesAb-O to 
selectively detect Aβ42 oligomers in vitro is also reflected 
in cultured cells, human neuroblastoma SH-SY5Y cells 
were exposed for 1  h to different types of Aβ42 species 
at 3.0  μM (monomer equivalents) and then the plasma 
membrane (red channel) and Aβ42 aggregates (green 
channel) were counterstained and analysed by the super-
resolution STED microscope [44] (Fig. 2). DesAb-O was 
found to detect toxic A + oligomers and ADDLs (Fig. 2A), 
showing an increase of the green fluorescent signal by 
1362 ± 46% and 1010 ± 45%, respectively, with respect to 
the untreated cells, taken as 100% (Fig.  2B). In particu-
lar, by analysing different optical sections (apical, median 
and basal planes to the coverslip), DesAb-O can identify 

these oligomers bound to the neuronal membranes and 
penetrating into the cells (Fig. S2). Similar results were 
obtained with the 19.3 Ab (1010 ± 99% and 1235 ± 39%) 
and to a lower extent with the A11 one (680 ± 66% and 
633 ± 97%) (Fig. 2A,B). The OC Ab specifically recognised 
both types of fibrillar conformers (F1 and F2), which 
appeared predominantly bound to the plasma mem-
branes, and the green fluorescent signal increased by 
557 ± 55% and 562 ± 57% for the former type of fibril [40] 
and the latter type of fibril [39], respectively (Fig. 2A,B). 
As expected, the sequence-specific 6E10 Ab detected 
both A + oligomers and ADDLs and F1 and F2 fibrils on 
neuronal cells (Fig. 2A,B). None of the Abs detected non-
toxic A − oligomers that evoked a very low and undetect-
able fluorescent signal because they are known to weakly 
interact with neuronal membranes [40, 45, 49].

Overall, in our experimental conditions, DesAb-O 
selectively discriminated toxic Aβ42 oligomers with 
respect to monomeric and fibrillar forms of the peptide, 
at least similarly to the other commercially available 
conformation-sensitive Abs, suggesting a very promising 
potential for the detection of harmful Aβ42 species in bio-
logical fluids.

DesAb‑O inhibits the interaction of Aβ42 oligomers 
with neuronal membranes preventing mitochondrial 
dysfunction
We further evaluated whether DesAb-O was also able 
to capture Aβ42 oligomers, preventing their detrimental 
effects on neuronal cells. To this purpose, A + oligomers 
and ADDLs were pre-incubated for 1 h with DesAb-O at 
increasing molar ratios between oligomers and Ab (from 
1:0.1 to 1:1), and these solutions were then added to the 
cell culture medium of SH-SY5Y cells for 15 min. Unlike 
previous experiments, the oligomers were added to cul-
tured cells only after pre-incubation with DesAb-O. To 
detect only the oligomers bound to the cell surface, the 
cellular membrane was not permeabilised at this stage, 
thus preventing antibody internalisation. The binding 
affinity of the aggregates for cellular membranes was 
assessed by confocal microscopy using the 6E10 Ab as a 
probe. Our results showed a strong colocalisation of Aβ42 
A + oligomers and ADDLs with the neuronal membranes 
in the absence of the pre-incubation with Ab (Fig.  3A), 
confirming previously reported data [45, 52, 53]. Nota-
bly, the binding of both types of Aβ42 aggregates was 
significantly reduced in the presence of DesAb-O up to 
1:0.1 molar ratio (by 40 ± 3% and 36 ± 2%, respectively) 
(Fig.  3A,C). The same analysis was performed with the 
A11 Ab, which was found to prevent the interaction of 
the oligomers with the membrane only at 1:1 molar ratio 
(by 44 ± 5% and 48 ± 7%, respectively) (Fig.  3B,D). These 
results again suggested a great affinity of DesAb-O for the 
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oligomers, at least equal to that of a traditional confor-
mation-sensitive Ab.

We then evaluated whether DesAb-O was also able 
to prevent the neurotoxic effects evoked by Aβ42 aggre-
gates, by analysing their mitochondrial status with the 
MTT reduction test. Aβ42 species (3.0  μM, monomer 
equivalents) were incubated in the absence or pres-
ence of an equimolar concentration of DesAb-O for 

1 h, and then these solutions were added to the culture 
medium of SH-SY5Y cells for 24 h. Our results showed 
that A + oligomers and ADDLs significantly reduced 
(by 31 ± 3% and 35 ± 3%, respectively) the mitochondrial 
activity of SH-SY5Y cells as compared to untreated cells, 
taken as 100% (Fig. 3E), as previously shown [6, 18, 40, 
45, 48]. Both types of fibrils were also found to be sig-
nificantly toxic, even if to a lesser extent with respect 

Fig. 2 DesAb-O detects synthetic Aβ42 oligomers interacting with neuronal cells. A Representative STED microscopy images of SH-SY5Y cells 
treated with the indicated Aβ42 species at 3.0 μM (monomer equivalents) for 1 h. Red and green fluorescence indicates respectively the cell 
membranes and the Aβ42 species, detected with the indicated Abs. B The histograms represent the results of a semi-quantitative analysis 
of the green fluorescent signal. Experimental errors are S.E.M. (n = 3). Samples were analysed by Student t test relative to untreated cells (**P < 0.01, 
and ***P < 0.001), or to cells treated with the same Aβ42 species and detected with DesAb-O (§P < 0.05, §§P < 0.01, §§§P < 0.001). 200–250 cells were 
analysed per condition
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Fig. 3 DesAb-O inhibits the binding of Aβ42 oligomers to the neuronal membrane preventing their induced mitochondrial dysfunction. A,B 
Representative confocal microscopy images of SH-SY5Y cells treated with 3.0 μM (monomer equivalents) A + oligomers and ADDLs following 1 h 
pre-incubation in the absence or presence of DesAb-O (A) or A11 (B) Abs at the indicated Aβ42:Abs molar ratios, where molar ratios refer 
to monomer equivalents. Red and green fluorescence indicates the cell membranes and Aβ42 oligomers detected with the 6E10 Ab. C,D Degree 
of membrane binding of A + oligomers and ADDLs measured following incubation under the conditions represented in panels A and B, determined 
as reported in the Methods section. E MTT reduction in SH-SY5Y cells treated for 24 h with the indicated Aβ42 aggregates at a concentration 
of 3.0 μM (monomer equivalents) following a 1 h pre-incubation in the absence or presence of the indicated Abs. Abs alone were 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 < 0.05, **P < 0.01, and ***P < 0.001), or to cells treated with the same Aβ42 species without any Ab (§P < 0.05, §§P < 0.01, 
§§§P < 0.001). 200–250 (A–D) and 250,000–300,000 (E) cells were analysed per condition
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to the oligomeric species (the reduction of cell viability 
was 21 ± 2% and 17 ± 2% for F1 and F2, respectively, as 
reported in Fig.  3E), confirming previous data [39, 40, 
45]. When A + oligomers and ADDLs were pre-incu-
bated for 1  h with DesAb-O, we observed a significant 
improvement of mitochondrial function (by 18 ± 4% and 
11 ± 3%, respectively, with respect to cells treated with 
the same species in the absence of DesAb-O), whereas 
the fibril-induced neurotoxicity was not affected by 
DesAb-O (Fig. 3E), confirming again its high specificity 
in the targeting of Aβ42 oligomeric conformations. The 
same analysis was performed with the 19.3 and A11 Abs 
that were found to significantly prevent the cytotoxicity 
induced by A + oligomers (increase of MTT reduction 
by 15 ± 5% and 18 ± 4%, respectively) and ADDLs (by 
13 ± 3% and 22 ± 3%, respectively), whereas the OC Ab 
markedly suppressed the cytotoxicity of fibrillar confor-
mations (by 16 ± 4% and 16 ± 5%, respectively), as already 
shown [45]. Of note, DesAb-O did not affect neuronal 
viability when added alone to the cell culture medium, 
thus making it an excellent tool for future tentative ther-
apeutic applications.

DesAb‑O detects Aβ42 oligomers in the CSF of AD patients in 
vitro
Considering the encouraging data obtained with DesAb-
O both in vitro and in cultured cells, we then assessed its 
ability to identify Aβ42 species that are present in the CSF 
of AD patients with respect to the CSF of age-matched 
control subjects. We performed a series of proof-of-
concept experiments on a small set of clinical samples of 
CSF (n = 9 from AD and n = 4 from controls) to explore 
whether our assays could detect differences between the 
two groups. We first performed a sandwich dot-blot anal-
ysis by spotting 2 µl of the capture Abs 6E10 and DesAb-
O (corresponding to 0.01 mg/ml and 10 µM, respectively) 
onto a nitrocellulose membrane that was then incubated 
with Aβ42 species at 2  µM or CSF from AD patients 
and controls at 0.1  mg/ml. The membranes were then 
revealed with the 6E10 Ab. This approach, which is dif-
ferent from the classical dot-blot employed in Fig. 1A,B, 
is useful in a context in which the amount of oligomers 
we expected to have in the CSF of AD patients was very 
low. The 6E10 Ab, as expected, showed positive signal 
with all samples, including the CSFs (Fig.  4A). Despite 
the improved sensitivity in the recognition of oligomeric 
species, that gave rise to a high signal (Fig. 4A), DesAb-
O was also found to generate a slight cross-reaction with 
monomers and to a minor extent with fibrils. Interest-
ingly, an intense spot was observed following the incuba-
tion of DesAb-O with AD CSFs and only a weak signal 
with the control CSFs (Fig. 4A).

To further demonstrate the capability of DesAb-O to 
identify Aβ42 oligomers in the CSF of AD patients with 
respect to control individuals, we performed an indi-
rect sandwich  ELISA assay, again to improve specificity 
and sensitivity. Briefly, we coated the ELISA plate with 
1  µM DesAb-O and incubated with decreasing concen-
trations (4500, 2250, 450, 45, 4.5 and 2.25 pg/ml) of Aβ42 
species (Aβ42 monomer (M), A + oligomers, and F1, the 
CSFs from AD patients (n = 9) and that from control 
subjects (n = 4) at the concentration of 0.25 mg/ml. The 
plates were then probed with 6E10 as capture Ab. We 
found that DesAb-O significantly recognised A + oligom-
ers (Fig. 4B, blue bars) down to 2.25 pg/ml with respect 
to the monomeric and fibrillar forms of Aβ42 (Fig.  4B, 
magenta and green bars, respectively), showing a lower 
affinity for these forms only at the highest concentration. 
As a control, we used monomeric αSyn, which was not 
recognised by DesAb-O, demonstrating again its high 
specificity for Aβ42 (Fig. 4B, orange bar). Notably, DesAb-
O generated a high signal with the CSFs of AD patients 
(Fig.  4B, dark red bar) that appeared significantly dif-
ferent from that obtained with those of control subjects 
(Fig. 4B, cyan bar).

The ability of DesAb-O to detect Aβ42 oligomers in 
the CSFs of AD patients was also exploited by super-
resolution STED microscopy [44]. Aβ42 species (25  µM, 
monomer equivalents) and CSFs from AD patients and 
controls (0.5  mg/ml) were deposited on a glass coverslip 
and labelled with 6E10 and DesAb-O Abs. As expected, the 
6E10 Ab clearly recognised both preformed A + oligom-
ers and fibrils, even in a 1:1 mixture between oligomeric 
and fibrillar species (Fig.  4C). In particular, A + oligomers 
exhibited green fluorescent punctae, which appeared to be 
small and globular at the very high magnifications allowed 
by STED microscopy, whereas F1 appeared fibrillar in mor-
phology (Fig. 4C, bottom box magnifications). Monomeric 
Aβ42 is difficult to detect (Fig. 4C), in agreement with the 
results obtained in a cellular context (Fig.  2A,B). For this 
reason, the 6E10 Ab did not detect Aβ species in control 
CSF AD samples, whereas it did with AD CSFs, recognis-
ing green fluorescent punctae, globular in shape, some of 
which apparently larger than oligomeric species (Fig.  4C, 
bottom box magnifications). In contrast, DesAb-O clearly 
recognises A + oligomers rather than fibrils, revealing the 
presence of small globular green fluorescent punctae in 
the solutions containing  the 1:1 mixture (Fig. 4C, bottom 
box magnifications). We then evaluated the CSFs, observ-
ing that DesAb-O can selectively detect small, globular and 
round species compatible with Aβ42 oligomers in the CSFs 
of AD patients, displaying no signal in the control ones 
(Fig. 4C, bottom box magnifications).

To validate our experimental approach, we tested 
another sdAb named DesAb18–24, which has been 
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Fig. 4 DesAb-O detects Aβ42 oligomers in the CSFs of AD patients in vitro. A Representative sandwich dot-blot analysis of Aβ42 species 
and CSFs. The capture Abs, 6E10 and DesAb-O were spotted onto nitrocellulose membranes (2 µl corresponding to 0.01 mg/ml and 10 µM). The 
membranes were incubated with solutions containing different Aβ42 species (monomeric Aβ42 (M), A + oligomers, fibrils (F1) at 0.01 mg/ml, the CSF 
from a representative AD patient (n = 9) and that from a representative control subject (n = 4) at 0.1 mg/ml. Finally, the membranes were probed 
with the detection 6E10 Ab. B Indirect sandwich ELISA. 0.25 mg/ml of CSFs from AD patients and control subjects were adsorbed and quantified 
by using DesAb-O at 1 µM. Standard curve was obtained with decreasing concentration of Aβ42 species formed in vitro. αSyn monomeric protein 
was used as a negative control. Data were normalised for the corresponding average value at concentration 0 pg/ml. Experimental errors are 
S.E.M (n = 4 for synthetic samples and control CSFs and n = 9 for AD CSFs). Samples were analysed by Student t test relative to 0 pg/ml (*P < 0.05, 
**P < 0.01, ***P < 0.001) or to A + (§P < 0.05, §§P < 0.01, §§§P < 0.001) or to control CSF (°P < 0.05). C Representative STED images showing Aβ42 
species (M, A + , F1, a mixture containing A + and F1 at 1:1 molar ratio) and CSFs collected from AD patients and controls spotted in a glass coverslip 
at 25 µM and 0.5 mg/ml, respectively (n = 4 for synthetic samples and control CSFs and n = 9 for AD CSFs). The green fluorescent signals arise 
from the staining with 6E10 and DesAb-O Abs. Higher magnifications of the Aβ42 species are shown in the boxed areas
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rationally designed to target Aβ42 fibrils, specifically 
the region VFFAEDVG [17, 34]. We thus performed an 
indirect sandwich ELISA assay by coating the wells with 
0.5  µM DesAb18–24 and then performing the test as 
described above. Our results showed that DesAb18–24 
clearly recognises Aβ42 fibrils down to 4.5  pg/ml, with 
low affinity for monomeric Aβ42 down to 4500 pg/ml and 
no binding for A + oligomers, except at the highest con-
centration (Fig. S3A). Notably, DesAb18–24 was found to 
generate a higher absorbance value from the control CSFs 
with respect to that observed from AD patients, because 
of the high cross-reaction with the monomers (Fig. S3B), 
confirming the difference in terms of total Aβ42 between 
patients and controls reported in literature. The specific-
ity of DesAb18–24 was also evaluated by STED micros-
copy, showing a clear detection of preformed Aβ42 fibrils, 
without any signal for both CSFs as the monomeric pro-
tein is difficult to reveal in this experimental condition 
(Fig. S3B).

DesAb‑O detects Aβ42 oligomers present in AD CSFs 
upon their interaction with neuronal cells
To further evaluate the ability of DesAb-O to target 
Aβ42 oligomers present in the CSFs of AD patients, we 
applied high-resolution STED microscopy to SH-SY5Y 
cells exposed to ADDLs, or to the CSFs of AD patients 
and age-matched control subjects (without pre-incuba-
tion with Abs). Following the administration for 5  h of 
ADDLs at 3.0 μM (monomer equivalents) or CSFs diluted 
1:1 with the extracellular medium, the Aβ42 aggregates 
(green channel) were counterstained with DesAb-O 
or 6E10 Abs and the  cell membrane (red channel) with 
WGA (Fig.  5A,B). Cells exposed to ADDLs exhibited 
green fluorescent punctae, which appeared to be small 
and globular at the very high magnifications allowed by 
STED microscopy (Fig.  5A,B, bottom image magnifica-
tion). The DesAb-O derived green fluorescent signals 
were consistent with the results obtained with the 6E10 
Ab. In particular, the semi-quantitative analysis revealed 
that the oligomeric species are localised both intracellu-
larly and extracellularly. Notably, DesAb-O can recognise 
a number of small and globular intracellular and extra-
cellular Aβ42 species in the CSFs of AD patients, with a 
morphology that resembles that of the oligomeric species 
(Fig. 5A, bottom image magnification). In addition to the 
small oligomeric species, the 6E10 Ab can also recognise 
larger aggregates in the CSFs of AD patients that, at high 
magnification, appeared round in morphology (Fig.  5B, 
bottom image magnification). In contrast, cells treated 
with the CSFs of control subjects and counterstained 
with both DesAb-O and 6E10 showed the presence of 
few Aβ42 aggregates outside the cells or attached to the 
membrane, which probably represent nontoxic oligomers 

that are not able to permeabilise the cell membrane or 
low amounts of toxic oligomers that do not manifest their 
toxicity due to their small quantity (Fig.  5AB, bottom 
image magnification). Similar results were obtained in 
primary rat cortical neurons exposed to AD and control 
CSFs and labelled with DesAb-O (Fig. 5C).

DesAb‑O prevents neuronal dysfunction induced by the CSFs 
of AD patients
We finally evaluated whether DesAb-O can also neu-
tralise the cytotoxicity of oligomers present in the CSFs 
of AD patients. A relatively high volume (ml of sample) 
is required to perform these experiments, so they were 
performed on 4 AD and 4 age-matched control CSFs. 
We first monitored the dysregulation of cytosolic  Ca2+ 
homeostasis, which is an early upstream event evoked by 
extracellular Aβ42 oligomers both in cultured neuronal 
cells and in relevant mouse AD models, where  Ca2+ ions 
flow from the extracellular space to the cytosol [7, 43, 
54–57]. SH-SY5Y cells were treated for 5 h with the CSFs 
from AD patients and control subjects diluted 1:1 with 
the cell culture medium, following or not a 1 h pre-incu-
bation with DesAb-O at 3 µM. The CSFs of AD patients 
caused a significant influx of  Ca2+ ions (by 230 ± 11%) 
relative to untreated cells (Fig. 6A), whereas the CSFs of 
control subjects generated only a slight and non-signifi-
cant alteration of  Ca2+ homeostasis (Fig. 6A). A 1 h pre-
incubation with DesAb-O significantly reduced the effect 
induced by the CSFs of AD patients (by 77 ± 20%), with-
out affecting that observed in cells treated with the con-
trol ones (Fig. 6A). As a positive control, 1 µM (monomer 
equivalents)  ADDLs were found to generate an exten-
sive  Ca2+ influx (by 405 ± 15%, Fig.  6A) that markedly 
decreased (by 250 ± 26%) following a 1 h pre-incubation 
with 3 µM DesAb-O. Similar results were obtained in pri-
mary rat cortical neurons exposed for 2.5 h to the CSFs 
of AD patients and control subjects following or not a 1 h 
pre-incubation with DesAb-O at 3  µM (Fig.  6B). These 
results confirm the high specificity of DesAb-O in the 
targeting of neurotoxic Aβ42 conformers present in AD 
CSFs.

The protective effect of DesAb-O was also observed 
from the analysis of the alteration of membrane perme-
ability induced by Aβ42 oligomers, monitoring the release 
of the fluorescent probe calcein-acetoxymethyl (AM), 
previously loaded into the cells [48]. SH-SY5Y cells pre-
loaded with calcein-AM were treated with the CSFs of 
AD patients and controls diluted 1:1 with the extracellu-
lar medium for 5 h following or not a 1 h pre-incubation 
with DesAb-O at 3  µM. Unlike control CSFs, the AD 
ones caused a significant permeabilisation of the cellular 
membrane relative to untreated cells, albeit to a lesser 
extent than ADDLs, used as a positive control (Fig. 6C). 
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Interestingly, DesAb-O significantly prevented the mem-
brane permeabilisation induced by AD CSFs causing an 
increase of intracellular calcein-derived fluorescence (by 
23 ± 9%), although to a minor extent with respect to that 
observed when pre-incubated with ADDLs (by 41 ± 11%) 
(Fig. 6C).

We also carried out an MTT reduction test following 
the administration of CSFs diluted 1:1 with the extracel-
lular medium for 24  h. Unlike the control CSFs, those 
derived from AD patients caused a modest reduction of 
the mitochondrial activity of SH-SY5Y cells (by 19 ± 1%) 
that was reduced by the 1  h pre-incubation with 3  µM 

Fig. 5 DesAb-O detects Aβ42 oligomers present in the CSFs of AD patients upon their interaction with neuronal cells. A,B Representative STED 
microscopy images of SH-SY5Y cells treated with ADDLs at 3.0 μM (monomer equivalents) or CSFs from AD patients and age-matched controls 
diluted 1:1 with the extracellular medium, for 5 h. Red and green fluorescence indicates the cell membranes and the Aβ42 species detected 
with DesAb-O (A) and 6E10 (B), respectively. Higher magnifications of the Aβ42 species are shown in the boxed areas. The histograms represent 
the results of a semi-quantitative analysis of the green fluorescent signal. C Representative STED microscopy images of primary rat cortical neurons 
treated with AD and control CSFs, as reported in A and B. Red and green fluorescence indicates respectively the cell membranes and the Aβ42 
species detected with DesAb-O. Higher magnifications of the Aβ42 species are shown in the boxed areas. Experimental errors are S.E.M. (n = 4 
for synthetic samples and control CSFs and n = 9 for AD CSFs). 200–250 cells were analysed per condition. Samples were analysed by the Student t 
test relative to untreated cells (*P < 0.05, **P < 0.01 and ***P < 0.001), or to cells treated with control CSFs (°°P < 0.01 and °°°P < 0.001)
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DesAb-O, evident as an improvement of mitochondrial 
function of 11 ± 2% (Fig. 6D). ADDLs caused a significant 
reduction of cell viability (by 36 ± 4%) that was prevented 
by DesAb-O, resulting in  an increase of mitochondrial 
function of 15 ± 7% (Fig. 6D), confirming previous results 
shown in Fig. 3E.

Overall, these results confirmed the selective ability 
of DesAb-O to bind and neutralise both in vitro synthe-
sised and patient-derived Aβ42 oligomers, representing 
a promising tool for a future diagnostic, therapeutic and 
prognostic application in AD.

Discussion
Soluble oligomers of Aβ42 have been widely associated with 
neuronal dysfunction and synaptic loss in AD [5, 13, 14]. 
Conformational Abs raised by different investigators against 
independently generated Aβ oligomers have detected these 
species in AD brains unlike age-matched healthy individu-
als [18–21]. In the last few years, it has also been demon-
strated that Aβ oligomers are present in the CSF of MCI and 
AD cases, representing a key biomarker candidate [15–17]. 
Consistent efforts have been made to develop robust assays 
to characterise and quantify oligomers, discriminating them 
from the monomeric form [15–17, 58]. In all the ELISA-
based methods, a significant overlap in the total mass of Aβ 
oligomers between patients and controls has been observed, 
although a small increase in the oligomeric mass has been 
reported for some cohorts [16, 59]. Recently, highly sensitive 
biophysical methods have indirectly identified toxic oligom-
ers in the CSF of MCI patients rather than in AD cases, even 
in a small number of samples [17, 60, 61]. In addition, multi-
ple aggregated forms of Aβ42, varying in terms of structure, 
size, shape and neurotoxicity, have been reported along AD 
progression [17]. However, due to the lack of suitable sen-
sitive methods, the detection, quantification and isolation 
of these soluble neurotoxic species from biological fluids 
remain difficult, because of their heterogeneity, transient 
nature and very low concentration.

Nanobodies or sdAbs have been recently proposed as 
promising tools for basic research and potential candidates 
for diagnostic and therapeutic applications in a range of 
pathological conditions, thanks to their high target speci-
ficity and affinity, as well as low immunogenic potential 
[33, 62]. In particular, the rational design of sdAbs that 
selectively target specific Aβ conformers neutralising their 
neurotoxicity has a great potential of diagnostic and ther-
apeutic value for AD [35, 62–66]. A dozen of sdAbs have 
shown such potential value for AD in vitro [67], and two of 
them, namely R3VQ and A2, have reached in vivo imaging 
as they bind brain Aβ deposits and tau inclusions, respec-
tively [68].

In this work, we examined the possible role of a sdAb, 
named DesAb-O, targeting a conformational epitope 
formed by residues 29–36 of Aβ42 and exposed by the oli-
gomeric species [35], to selectively detect and neutralise 
Aβ42 oligomers both from synthetic origin and present 
in AD CSFs. We first characterised its ability to detect a 
range of pathologically relevant, highly stable and well-
characterised Aβ42 aggregates (A + and A − oligomers, 
ADDLs, and two types of fibrils) [38–40], taking advan-
tage of a panel of commercially available conformation-
sensitive Abs as controls. The immunoassay analysis 
revealed a high affinity and selectivity of DesAb-O for 
Aβ42 oligomers, at least equal to that of the A11 and 19.3 
Abs, raised against prefibrillar oligomers and ADDLs, 
respectively [16, 18], with only a minor cross-reaction 
with the monomeric protein, nontoxic oligomers and 
fibrillar conformers. We also evaluated the ability of 
DesAb-O to selectively detect Aβ42 oligomers in cultured 
cells, demonstrating a great performance also in a more 
physiological condition.

We then revealed that the pre-incubation of DesAb-
O with Aβ42 oligomers strongly reduces their interac-
tion with neuronal membranes in a dose-dependent 
manner, and this protective effect appears more evident 
for DesAb-O than the A11 Ab, at least at low Aβ42:Abs 
molar ratios. This suggests that DesAb-O can detect the 

(See figure on next page.)
Fig. 6 DesAb-O prevents neuronal dysfunction induced by the CSFs of AD patients. A Intracellular  Ca2+-derived fluorescence in SH-SY5Y 
cells treated for 5 h with ADDLs at 1 µM (monomer equivalents), or with CSFs from AD patients and age-matched control subjects (n = 4), 
diluted 1:1 with the extracellular medium, following 1 h pre-incubation in the absence or presence of DesAb-O at 3 µM. B Intracellular 
 Ca2+-derived fluorescence in primary rat cortical neurons treated for 2.5 h with CSFs from AD patients and control subjects (n = 4), diluted 1:1 
with the extracellular medium, following 1 h pre-incubation in the absence or presence of DesAb-O at 3 µM. C Intracellular calcein-derived 
fluorescence in SH-SY5Y cells treated for 5 h with ADDLs at 1 µM (monomer equivalents), or with CSFs from AD patients and control subjects (n = 4), 
diluted 1:1 with the extracellular medium, following 1 h pre-incubation in the absence or presence of DesAb-O at 3 µM. In all panels, untreated 
cells are also shown. D MTT reduction in SH-SY5Y cells treated for 24 h with ADDLs at 1 µM (monomer equivalents), or with CSFs from AD patients 
and control subjects (n = 4), diluted 1:1 with the extracellular medium, following 1 h pre-incubation in the absence or presence of DesAb-O at 3 µM. 
Experimental errors are S.E.M. Samples were analysed by Student t test relative to untreated cells (*P < 0.05, **P < 0.01 and ***P < 0.001) or to cells 
treated with samples without DesAb-O (§P < 0.05, §§P < 0.01 and §§§P < 0.001) or to cells treated with control CSFs (°P < 0.05 and °°P < 0.01). 200–250 
(A,C), 80–150 (B) and 250,000–300,000 (D) cells were analysed per condition
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Fig. 6 (See legend on previous page.)
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key epitopes normally exposed on the surface of toxic 
oligomers and responsible for their interaction with the 
membrane more effectively than the A11 Ab, presumably 
because of its smaller size, that enables a more precise 
targeting of critical epitopes. Our results are consist-
ent with those obtained with conformation-sensitive 
Abs, such as ACU-954 and A-887755, specifically raised 
against Aβ oligomers, namely ADDLs and globulomers, 
respectively, that were found to prevent their binding to 
neurons [21, 69], rescuing the impaired synaptic trans-
mission [21]. The capture of Aβ42 oligomers by DesAb-
O was also found to prevent their induced mitochondrial 
dysfunction, in agreement with a large body of evidence 
supporting the protective effects of Abs, such as A11, 
OC, AUC-954, A-887755 and PMN310, against neuronal 
dysfunction [18, 20, 21, 45, 69, 70]. Notably, DesAb-O 
showed no inherent toxicity when added alone to the 
cell culture medium, thus making it an excellent tool for 
future tentative therapeutic applications.

Other sdAbs have been reported to target pathologi-
cally relevant Aβ42 oligomers. For example, the V31-1 
was able to recognise intraneuronal oligomers in human 
brain slices and to inhibit fibril formation prevent-
ing their induced neurotoxicity [64], suggesting a great 
potential for the detection and diagnosis of Aβ oligom-
ers in AD patients [71]. In addition, two sdAbs, namely 
PrioAD12 against Aβ40 and PrioAD13 against Aβ42 [66] 
can detect Aβ oligomers simultaneously in the blood and 
retina of APP/PS1 mice before their appearance in the 
brain, with respect to age-matched wild-type mice con-
trols [72].

When we moved our approach to CSFs, we revealed 
a remarkable ability of DesAb-O to selectively identify 
Aβ42 oligomers also in a biological fluid from AD patients 
compared to age-matched control subjects. Previous 
studies detected Aβ42 oligomers in AD CSFs by using 
two-site ELISA assay and the couple 19.3/82E1 Abs [16], 
or homotypic ELISA using 82E1 Ab [73] or BAN50 Ab 
[74]. Even if these reported assays used different oligomer 
standards, a trend has emerged suggesting that a sub-pg/
ml sensitivity is required to detect CSF oligomers [16, 73, 
75]. Indeed, in our assay we have been able to measure an 
average oligomer concentration of c.a. 4.5 pg/ml, in good 
agreement with previous findings [16, 73, 76]. It is impor-
tant to clarify that two studies reported a lack of signifi-
cant change in total aggregates between AD and controls, 
using both a sdAb, named Nb3, and a mAb, named Bap-
ineuzimab [76, 77]. This suggests that the total amount of 
the aggregates is not a critical factor in AD CSFs, but it is 
rather the nature of these aggregates and their effects to 
be important.

Further analyses were conducted in this work on neu-
roblastoma cells to test the possible therapeutic potential 

of DesAb-O against the neurotoxic Aβ42 oligomers pre-
sent in the CSFs of AD patients. We first demonstrated 
that the CSFs of AD patients caused significant  Ca2+ 
influx, membrane permeabilisation and mitochondrial 
dysfunction, in agreement with previous findings [19, 
78–83], and suggesting that the AD CSF contains neu-
rotoxic species. Notably, DesAb-O was found to prevent 
neuronal dysfunction caused by Aβ oligomers present in 
the CSFs of AD patients, in agreement with other studies 
using Nb3 and other Abs against Aβ [79, 80], or extracel-
lular chaperones [82]. It is well known that the shielding 
of toxic hydrophobic regions exposed on the oligomer 
surface by either polyclonal or monoclonal Abs, extra-
cellular chaperones and even other proteins present in 
biological fluids such as transthyretin, appears to be an 
effective method to suppress the toxicity of misfolded 
Aβ42 oligomers [16, 18, 84, 85], but the high sensitivity 
and selectivity of DesAb-O and possibly other sdAbs rel-
ative to other Abs and chaperones could offer a remark-
able potential of these biotechnological tools against AD 
particularly in its early stages.

While additional studies are required in larger cohorts 
of AD patients and controls, our data support the idea 
that sdAbs raised against Aβ42 oligomers could represent 
a new biotech tool for diagnosing AD in the very early 
stages of pathology. Moreover, our evidence offers the 
possibility to explore new therapeutic strategies based on 
sdAbs for AD and other protein misfolding diseases.

Conclusions
In this work, we demonstrate a great ability of a single-
domain antibody (sdAb), named DesAb-O, to selectively 
identify and counteract Aβ42 oligomers in a biologically 
and relevant heterogenous context, such as the cerebro-
spinal fluid from AD patients with respect to healthy sub-
jects, taking advantage of an array of different techniques 
such as dot-blot, ELISA immunoassay, super-resolution 
STED microscopy and in-cell analyses. Taken together, 
our data indicate a promising method for the improve-
ment of an early diagnosis of AD and for the generation 
of novel therapeutic approaches based on sdAbs for the 
treatment of AD and other devastating neurodegenera-
tive conditions.
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Additional file 1: Figure S1. 6E10 Ab detects all Aβ42 species in a dose-
dependent manner. Indirect ELISA measurements taken at increasing 
concentration of Aβ42 species using the 6E10 Ab. Data were normalised 
for the corresponding average value at concentration 0 μM. Experimental 
errors are S.D. (n=3). Samples were analysed by Student t test relative to 
0 μM (*P<0.05, ** P<0.01 and ***P<0.001). Figure S2. DesAb-O detects 
Aβ42 oligomers bound to the neuronal membrane and internalized into 
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indicated Aβ42 species at 3.0 μM (monomer equivalents) for 1 h. Red and 
green fluorescence indicates respectively the cell membranes and the 
Aβ42 species, detected with WGA and DesAb-O Ab. Figure S3. DesAb18–
24 detects Aβ42 fibrils and shows a non-specific signal in the CSF samples 
(A) Indirect sandwich ELISA assay. 0.25 mg/ml of CSF samples from 
AD patients and control subjects were adsorbed and quantified using 
DesAb18–24 at 0.5 µM. Standard curve was obtained with decreasing 
concentration of Aβ42 species formed in vitro. Data were normalized for 
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to 0 pg/ml (* P<0.05, **P<0.01, *** P<0.001) or to F1 (§ P<0.05,§§ P<0.01, 
§§§P<0.001) or to control CSF (°° P<0.01). (B) Representative STED images 
showing Aβ42 species (M, A+ oligomers, F1, and a mixture containing 
both A+ and F1 at 1:1 molar ratio) and CSFs collected from AD patients 
and controls (n=4) spotted in a glass coverslip at 25 µM and 0.5 mg/ml, 
respectively. The green fluorescent signals arise from the staining with 
DesAb18–24. 
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