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A B S T R A C T

Alzheimer’s Disease (AD) is the leading cause of dementia, accounting for 60–70 % of cases worldwide. Early 
diagnosis remains challenging due to the limitations of current diagnostic tools, which are costly, invasive, and 
suffer from low patient compliance. Blood-based biomarkers, particularly plasma brain-derived exosomes 
(BDEs), have emerged as a promising alternative since they carry AD-related molecules and can be isolated non- 
invasively. In this study, an immunoassay was developed to isolate BDEs using magnetic particles functionalized 
with an anti-neuroligin-3 (NLGN3) antibody, while the AD-related marker β-secretase (BACE-1) was detected on 
the captured exosomes. This is the first report combining NLGN3 for for the isolation of BDEs with BACE-1 as a 
detection target, establishing a novel biomarker panel for AD diagnostics. The assay was evaluated across three 
readout platforms—optical, chemiluminescent, and electrochemical—with detection limits in the range of 
104–105 exosomes μL− 1. Among them, the portable electrochemical platform achieved the improved LOD (1.51 
× 104 exosomes μL− 1, R2 = 0.9829). Plasma samples from patients with AD, mild cognitive impairment (MCI), 
and healthy controls were analyzed, revealing differences in exosomal BACE-1 levels (p < 0.1, t-test). These 
findings demonstrate, for the first time, an in vitro diagnostic approach based on a portable electrochemical 
biosensor for early AD detection in plasma through a novel exosomal biomarker panel. Compared to conven
tional diagnostics, this biosensor offers a non-invasive and cost-effective solution for AD screening, with the 
potential to support earlier intervention and patient risk stratification.

1. Introduction

Alzheimer’s disease (AD) represents the major form of dementia in 
the elderly. The main pathological hallmarks of AD are the oligomers 
and the aggregates of amyloid beta(Aβ) peptides, and intracellular de
posits of hyperphosphorylated tau protein, known as neurofibrillary 
tangles (NFTs), which can be confirmed only analyzing the brain of the 
patient post-mortem. This is one of the reasons why it is so challenging 
to have the correct diagnosis of AD. Another reason is due to the long 
preclinical stage and prodromal period of this pathology, which can take 

up to 20 years (Vermunt et al., 2019). Also, dementia is usually a 
multifactorial condition that progresses through several stages, which 
further complicates both diagnosis and the decision process for clini
cians. Unfortunately, there is no available disease-modifying therapy 
that could revert cognitive function in AD patients. However, therapies 
that slow disease progression are now emerging, with studies showing 
beneficial effects in early-diagnosed patients with mild symptoms. 
Consequently, there is growing consensus that the efficacy of 
disease-modifying treatments can only be demonstrated when initiated 
before the clinical onset of dementia. (Aisen et al., 2011). In this sense, 
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an accurate and early diagnostic tool for AD is crucial. Current diag
nostic techniques are based mainly on clinical examination and neuro
psychological testing, such as Mini-Mental State Examination (MMSE), 
Montreal Cognitive Assessment (MoCA) and evaluation of clinical de
mentia rate (CDR). Clinical examination can be further supported by 
imaging techniques such as positron emission tomography (PET-amy
loid, PET-tau, fluorodeoxyglucose-PET), magnetic resonance imaging 
(MRI) (Patel et al., 2020; Rowley et al., 2020; Valotassiou et al., 2018; 
Wei et al., 2016), as well as by biochemical analysis of cerebrospinal 
fluid (CSF) biomarkers (Ewers et al., 2015; Ma et al., 2022), often 
combined in the so-called AT(N) classification (Jack et al., 2016). 
However, current diagnostic tools have several limitations, especially in 
terms of costs, invasiveness and patient compliance. For these reasons, 
in most cases only patients that have already shown clinical manifes
tation of the symptoms are eligible for diagnosis. Also, in low-middle 
income countries the diagnostic gap for AD is even more pronounced, 
due to the limited economic resources. Therefore, in the last decade, an 
increasing effort has been focused on more accessible and easier diag
nostic platforms using blood-based biomarkers for AD, particularly 
plasma p-tau isoforms (e.g., p-tau181, p-tau217, p-tau231) and neuro
filament light chain (NfL), which have shown strong associations with 
amyloid and tau PET and are increasingly considered for clinical 
implementation (Ashton et al., 2024; Barthélemy et al., 2024; Khalil 
et al., 2018).

Exosomes are nano-sized extracellular vesicles (EVs) of endocytic 
origin, produced by most cell types (Gurung et al., 2021; Théry et al., 
2018) in both physiological and pathologic conditions (Yates et al., 
2022). In fact, as neuronal cells undergo changes associated with neu
rodegeneration, the molecular cargo of their exosomes mirrors these 
alterations (Cano et al., 2023a; Kalluri and LeBleu, 2020). There is ev
idence that AD alterations (synaptic dysfunction, β-amyloid accumula
tion, and Tau pathology) might be reflected in the number and 
composition of brain-derived exosomes, BDEs (Zhang et al., 2021; Cano 
et al., 2023b). In the context of AD, brain-derived exosomes (BDEs) are 
thought to play a dual and sometimes controversial role. On the one 
hand, they may contribute to disease progression by transporting and 
spreading toxic β-amyloid and pTau between cells (Hill, 2019), and by 
inducing apoptosis that exacerbates neuronal loss (Wang et al., 2012). 
On the other hand, exosomes have also been shown to facilitate β-am
yloid clearance via microglial uptake and to transfer neuroprotective 
molecules between cells (Malm et al., 2016). While some mechanisms 
are still under investigation, there is clear evidence that exosomes 
originating from different regions of the brain can cross the blood–brain 
barrier (Banks et al., 2020) and are detectable in blood and other body 
fluids, making them highly promising candidates as clinical biomarkers 
(Soliman et al., 2021).

In this work, an innovative exosome-based biosensing platform for 
the detection and stratification of AD pathology is presented, evaluated 
through three complementary readout systems: optical, chemilumines
cent, and electrochemical biosensing. In all formats, magnetic particles 
were functionalized with an anti-neuroligin-3 (NLGN3) antibody to 
selectively capture brain-derived exosomes (BDEs), while a biotinylated 
anti-β-secretase (BACE-1) antibody was used for detection. The combi
nation of these two biomarkers is reported here for the first time and 
provides enhanced specificity compared to previous blood-based tests, 
which typically focus on a single protein biomarker such as plasma p-tau 
isoforms or neurofilament light (Ashton et al., 2024; Barthélemy et al., 
2024; Khalil et al., 2018). While these soluble markers have shown 
strong clinical correlations, they are not exclusively brain-derived and 
may be affected by peripheral conditions. Also, although NfL is a robust 
indicator of axonal injury, its increase across various neurodegenerative 
disorders reduces its utility in distinguishing AD from other conditions 
(de Wolf et al., 2020). In contrast, the exosome-based approach ensures 
neuronal origin through NLGN3 capture and provides mechanistic 
insight into amyloidogenic processing via BACE-1 detection.

Importantly, the assay is also integrated into a portable 

electrochemical biosensor, successfully tested with plasma samples from 
AD and mild cognitive impairment (MCI) patients as well as healthy 
controls. Compared to imaging-based approaches (Patel et al., 2020; 
Rowley et al., 2020; Valotassiou et al., 2018; Wei et al., 2016) or lumbar 
puncture (Ewers et al., 2015), this platform offers a more accessible and 
patient-friendly diagnostic option. Furthermore, targeting 
neuronal-origin exosomes through NLGN3 increases the reliability of 
exosome isolation from plasma, addressing one of the key limitations in 
the field (Gurung et al., 2021; Théry et al., 2018). These preliminary 
results suggest that this approach may begin to address some of the 
limitations of current diagnostics and could support personalized med
icine by capturing dynamic and individual-specific exosome profiles 
that reflect disease progression, treatment response, and 
subtype-specific characteristics (Yates et al., 2022). By coupling this 
selective capture with magnetic separation, the method also streamlines 
sample handling and facilitates integration into automated cartridges 
(Mathieu et al., 2019), supporting its translation into clinical workflows 
and large-scale AD screening.

2. Materials and methods

2.1. Instrumentation and chemical reagents

Nanoparticle tracking analysis (NTA) was conducted utilizing the 
NanoSight LM10-HS system (NanoSight Ltd, Malvern, GB). Cryogenic 
transmission electron microscopy (Cryo-TEM) images were acquired 
using a Jeol JEM 2011 (JEOL USA Inc, MA, US). Cytoflex LX equipment 
(Beckman Coulter Inc, Indianapolis, IN, US) was used for flow cytom
etry. Optical and chemiluminescent measurements were performed 
using a TECAN Infinite® M Plex (Tecan Group Ltd, Männeford, CH). The 
electrochemical signals were acquired using either a handheld poten
tiostat (BioEclosion SL, Bellaterra, ES) and a portable bipotentiostat 
(DRP-STAT200, DropSens, Metrohm AG, CH), operating on carbon 
screen-printed electrodes (ref. DRP-C110) placed within a disposable 
cartridge (BioEclosion SL, Bellaterra, ES) designed for magnetic actua
tion and electrochemical readout. Tosylactivated magnetic particles 
(MPs) (Dynabeads M450 Tosylactivated, ref. 14013), the Poly-HRP 
Streptavidin (Strep-polyHRP) (ref. 21140) and mouse monoclonal 
anti-NLGN3 (ref. MA527621), were purchased from Thermo Fisher 
Scientific (Waltham, MA, US). Biotinylated antibody anti-BACE-1 (ref. 
ABIN7145532) was obtained from Antibodies-online Inc. (Limerick, PA, 
US). Further details in instrumentation and reagents are provided in 
Supplementary Information (SI).

2.2. Cell culturing, exosome isolation and purification

Neuroblastoma SH-SY5Y cell lines were obtained from the American 
Type Culture Collection (ATCC) and used as a model of disease 
(Radagdam et al., 2023; Strother et al., 2021) for the production of BDEs 
to establish the method. Cell expansion was carried out using 5 × 106 

cells in a T-175 flask containing 35 mL of DMEM/F12 medium, sup
plemented with 10 % exosome-depleted FBS and 100 U mL-1 

penicillin-streptomycin. The culture was maintained at 37 ◦C in a hu
midified environment with 5 % CO2. Once the cells reached approxi
mately 90 % confluence in the T-175 flask, the culture supernatant was 
collected and stored at − 20 ◦C for subsequent exosome isolation, 
following the protocol outlined in S2 and illustrated in Fig. S1 (SI).

2.3. Human samples collection and processing

Plasma samples from patients suffering from mild cognitive impair
ment (MCI), n = 5, and AD, n = 5, were obtained from Ace Alzheimer 
Center Barcelona as described elsewhere (Orellana et al., 2022). Briefly, 
patients were diagnosed and stratified by the AT(N) classification ac
cording to the National Institute on Aging and Alzheimer’s Association. 
(Ebenau et al., 2020). The analyzed samples were anonymized and 
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pooled according to the previous criteria. All protocols have been 
approved by the ethics committee of the Ace Alzheimer Center Barce
lona (approved in turn by the ethics committee of the Hospital Clinic, 
Barcelona, ES) in accordance with the Spanish Biomedicine Law and the 
declaration of Helsinki (World Medical Association, 2013). Informed 
consent for research on dementia was obtained from all participants 
prior to sample collection. Additionally, plasma samples from healthy 
donors, n = 50, were obtained from Banc de Sang i Teixits, Barcelona, 
pooled and used as negative control. All participant data from each 
cohort were stored pseudonymized. Pooled samples from each cohort, 
MCI, AD and Controls underwent differential ultracentrifugation for 
further characterization of the obtained exosomes. Detailed procedures 
are provided in S2 and S3 (SI).

2.4. Characterization of the exosomes derived from SH-SY5Y cell line and 
from plasma samples

The size, distribution, and concentration of purified exosomes were 
assessed using NTA, while their morphology was examined through 
Cryo-TEM. The total protein concentration in exosome samples was 
determined using a BCA protein assay kit. Detailed protocols are pro
vided in S5.1 and S5.2 (SI). Additionally, flow cytometry analysis was 
performed on SH-SY5Y cells as described in S4 (SI) to identify potential 
surface biomarkers present on their derived exosomes, supporting the 
development of an exosome-based biosensing platform. The same bio
markers were then investigated on exosomes directly immobilized on 
magnetic particles (MPs), following the procedure described in S5.3 (SI). 
The biomarkers analyzed included CD9, CD63, CD81, BACE-1, NLGN3, 
L1CAM, GAP43, and Rab27b. Finally, MPs were functionalized with 
different capture antibodies (anti-CD81, anti-CD9, anti-L1CAM, anti- 
BACE-1, and anti-NLGN3), as described in S5.4 (SI), and the presence 
of these biomarkers was also assessed on exosomes previously captured 
with the modified MPs (S5.5, SI).

2.5. Capture efficiency of brain-derived exosomes on anti-NLGN3 
magnetic particles

The ability of anti-NLGN3–functionalized magnetic particles to 
capture and preconcentrate BDEs was directly compared with anti- 
CD9–functionalized particles, which target the generic exosome marker 
CD9. The comparison was performed using SH-SY5Y-derived exosomes 
in a magneto-ELISA format with both optical and chemiluminescent 
readouts. Immobilization of antibodies anti-NLGN3 and anti-CD9 was 
conducted as described in S5.4 (SI). Exosomes were then captured using 
anti-NLGN3 or anti-CD9-modified MPs, with each well containing 1 ×
106 anti-NLGN3-MPs or anti-CD9-MPs and 100 μL of exosomes at con
centrations ranging from 2.0 × 104 to 4.4 × 107 exosomes μL− 1. The 
mixture was incubated for 1 h at 25 ◦C with gentle agitation. After in
cubation, the solution was discarded, and the wells were washed with 
150 μL of PBS-BSA 0.5 % per well. Next, anti-CD63-HRP antibody (0.3 
μg per well) diluted in PBS-BSA 0.1 % was added and incubated for 30 
min at 25 ◦C, followed by four washes with PBS-BSA 0.5 %. Finally, for 
magneto-ELISA, 100 μL of Pierce™ TMB substrate solution were added 
to each well and incubated for 10 min at RT, and reaction was stopped 
by adding 100 μL of 2.0 mol L− 1 H2SO4 for absorbance readout at 450 
nm. In the case of chemiluminescence, 100 μL of SuperSignal™ ELISA 
Pico Chemiluminescent Substrate were added to each well and incubate 
for 1 min at RT for luminescent readout. Magnetic separation was per
formed after each incubation or washing step by placing a 96-well 
magnetic plate separator beneath the microtiter plate until the pellets 
formed in the lower corner, followed by the removal of the supernatant.

2.6. Magneto-actuated immunoassays for brain-derived exosomes using 
novel biomarkers NLGN3 and BACE-1

Once the performance of exosomes capture using anti-NLGN3- 

functionalized MPs was established, a comparative evaluation of 
magneto-actuated immunoassays for the specific detection of BDEs with 
optical, chemiluminescent and electrochemical readout was conducted. 
In this instance, exosomes were captured as described above. However, 
instead of employing a generic tetraspanin antibody for detection, a 
biotinylated anti-BACE-1 antibody (1.0 μg per well) was used to spe
cifically detect BDEs. The antibody was incubated for 45 min at 25 ◦C. 
Following incubation and washing steps, streptavidin–poly-HRP was 
added and incubated for 30 min at 25 ◦C. Optical and chemiluminescent 
readout was performed as described in detail in S6 and S7 (SI), while 
electrochemical biosensing was performed as described in S8 (SI).

2.7. Electrochemical biosensor targeting brain-derived exosomes at 
different stages of AD

For the calibration plot, 100 μL of sample were incubated with 1 ×
106 antiNLGN3-MPs for 1 h with gentle shaking at 25 ◦C. After incu
bation and washing, biotinylated anti-BACE-1 antibody (1.0 μg per 
assay) was then added and incubated for 45 min at 25 ◦C. The complex 
was incubated with streptavidin-poly-HRP (0.1 μg per assay) for 30 min 
at 25 ◦C. After washing, the content was transferred to a single-use 
microfluidic cartridge (BioEclosion SL) containing a screen-printed 
carbon electrode (DRP-C110, DropSens), in which the working and 
counter electrodes are carbon and the reference electrode is silver. The 
electrochemical measurement was performed by amperometry at − 0.12 
V (vs. Ag pseudo-reference) in a cartridge solution consisting of 100 
mmol L-1 phosphate buffer with 100 mmol L-1 KCl (pH 7.0), supple
mented with 2 mmol L-1 hydroquinone (HQ) as redox mediator and 2 
mmol L-1 hydrogen peroxide (H2O2) as substrate. Under these condi
tions, the HRP enzyme catalyzes the HQ/BQ redox cycle, producing a 
cathodic current proportional to the amount of exosomes bound in the 
immunocomplex. A steady-state current was reached after ~30 s, and 
disposable electrodes and cartridges were discarded after each mea
surement. Further details related the electrochemical readout are pro
vided in S8 (SI). To assess the analytical performance in human samples, 
exosomes isolated from the plasma of MCI and AD patients were used, 
while exosomes from healthy donor plasma served as the control.

2.8. Statistical analysis

GraphPad Prism 10 software (San Diego, CA, USA) was used to 
analyze the data, fitting all calibration curves that relate the concen
tration of exosomes to the analytical signal (absorbance, chem
iluminescence, or current) by non-linear regression using the four- 
parameter logistic (4 PL) model. The limit of detection (LOD) was 
determined by measuring blank responses (n ≥ 4), calculating their 
mean and standard deviation, and defining a threshold as the mean plus 
three standard deviations. This threshold was then interpolated on the 
calibration curves fitted with the four-parameter logistic (4 PL) model 
using GraphPad Prism 10, yielding the corresponding analyte concen
tration as the LOD.

3. Results and discussion

3.1. NTA and Cryo-TEM characterization of the exosomes derived from 
SH-SY5Y cell line and plasma samples

From NTA analysis, exosomes derived from SH-SY5Y cell lines 
showed a concentration of 1.59 × 1011 (SD 2.02 × 109) particles mL− 1. 
The size distribution histogram (Fig. 1A) displayed a primary peak at 
155 nm and a secondary, broader peak at 225 nm, both consistent with 
the typical size range of exosomes (Théry et al., 2018). A similar size 
distribution across the three different pooled plasma samples was found, 
with a main peak at 135 nm for both extracellular vesicles (EVs) from 
healthy donors (Fig. 1B) and MCI patients (Fig. 1C), and a main peak at 
125 nm followed by a second peak at 185 nm for EVs from AD patients 
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Fig. 1. Characterization of purified exosomes derived from SH-SY5Y cells (A), plasma of healthy donors (B), plasma from MCI patients (C), and plasma from AD 
patients (D) was conducted using NTA and Cryo-TEM. NTA analysis was performed by capturing raw data videos (n = 3), each lasting 60 s at a frame rate of 25 
frames per second, with the laser unit temperature maintained at 24.8 ◦C. Cryo-TEM imaging was carried out at an acceleration voltage of 200 kV.

Fig. 2. Heatmap of bead-based flow cytometry. Column 1: SH-SY5Y cells; Column 2: exosomes directly immobilized on beads; Columns 3–7: exosomes captured with 
anti-CD81, anti-CD9, anti-L1CAM, anti-BACE-1 and anti-NLGN3, and detected with the antibody in each row. Color intensity indicates % positive events (red = high, 
cyan = low). For neuronal biomarkers in BDE, NLGN3 (capture) with biotinylated anti-BACE-1 (detection) showed the best performance (14.7 %). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 1D). All main peaks are compatible with exosomes size. Average 
concentration was respectively of 3.48 × 1010 (SD 1.44 × 109) particles 
mL− 1 for EVs extracted from plasma of healthy donors, 7.64 × 1010 (SD 
1.36 × 109) particles mL− 1 for EVs extracted from plasma of MCI pa
tients and 1.63 × 1011 (SD 6.43 × 109) particles mL− 1 for EVs extracted 
from plasma of AD patients. Images extracted with Cryo-TEM also 
showed a particle’s size compatible with exosomes, and confirmed 
vesicle integrity in all the cases, as shown as insets. Original Cryo-TEM 
pictures are shown in Fig. S3 (SI).

3.2. Flow cytometry characterization of the exosomes derived from SH- 
SY5Y cell line

Flow cytometry characterization of the exosomes derived from SH- 
SY5Y cells was performed to prove the presence of targeted molecules 
on SH-SY5Y cells membrane (as described in S4 and shown in Fig. S2, SI) 
and then select the best markers for the development of the exosome- 
based biosensing platform. The main findings are summarized as heat
map in Fig. 2. Initially, exosomes were directly immobilized on magnetic 
particles, and the presence of the tetraspanins CD9, CD63, and CD81 was 
assessed. These membrane proteins play a key role in maintaining pro
tein structure and facilitating anchorage to cellular membranes. Due to 
their high expression in exosomes, tetraspanins CD9, CD63, and CD81 
are commonly used as exosome universal biomarkers as they can in
fluence exosome formation and composition (Hemler, 2003; Andreu and 
Yáñez-Mó, 2014; Théry et al., 2018). As shown in Fig. S4 (SI), SH-SY5Y 
exosome membrane was found particularly enriched in CD9 and CD63, 
with a positive labelling of 96.1 and 95.7 %, respectively, followed by 
CD81 at 36.8 %. Moreover, presence of possible neuronal and AD bio
markers was tested. In particular, attention was focused on NLGN3 as a 
potential neuronal marker to specifically capture BDEs. NLGN3 is a 
neuron cell surface marker localized at subsets of both excitatory and 
inhibitory synapses, regulating their functions (Uchigashima et al., 
2020). The majority of previous studies on biomarkers in EVs used an
tibodies against L1CAM (L1 cell adhesion molecule, CD171) to capture 
BDEs (Fiandaca et al., 2015; Gomes and Witwer, 2022; Pulliam et al., 
2019). However, although L1CAM is highly expressed at brain level, its 
expression by other cell types (as kidney, dermis, and peripheral lym
phocytes, among others) is also remarkable (“The human protein Atlas,” 
2024a), raising concerns regarding BDEs origin and purity. On the other 
hand, NLGN3 is expressed exclusively at brain level, in particular from 
hippocampus (“The human protein Atlas,” 2024b), which is one of brain 
areas firstly affected by AD, as the seat of the main neuronal connections 
involved in memory. This makes NLGN3 a particularly good candidate 
to pre-concentrate BDEs for early AD detection. Flow cytometry exper
iments showed that expression of NLGN3 on SH-SY5Y exosomes is 
remarkable and higher compared to that of L1CAM (Fig. S4, SI and 
heatmaps Fig. 2), being respectively 98.5 % and 59.1 %. Interestingly, 
expression of NLGN3 was higher on membrane of SH-SY5Y exosomes 
than on membrane of parental cells, while the opposite happens with 
L1CAM (Fig. S2 and S4, SI and heatmap Fig. 2). This observation sug
gests possible mechanisms of NLGN3 enrichment on the membrane of 
BDEs during exosome formation, highlighting this molecule as a 
particularly relevant target for BDE capture.

Further experiments involved the search for biomarkers specific for 
AD on the membrane of SH-SY5Y exosomes. Among these, several 
possible biomarkers for AD were considered, such as BACE-1, GAP-43 
and Rab27b. BACE-1 is the β-secretase responsible for cleaving the 
transmembrane amyloid precursor protein (APP) and, together with 
γ-secretase, generates Aβ peptides in the amyloidogenic pathway. Aβ 
peptides are small peptides of 39–43 amino acids in length that repre
sent the major content of amyloid deposits typical of AD (Bibl et al., 
2012). BACE-1 is the rate-limiting enzyme in Aβ peptides production, 
and several studies correlated its increased activity with the develop
ment of AD (Bao et al., 2018; Hampel et al., 2021). Growth-associated 
protein 43 (GAP-43) is a presynaptic protein involved in the 

regulation of axonal outgrowth, synaptic plasticity, and learning and 
memory functions (Skene et al., 1986) and recent studies correlated its 
overexpression with AD (Remnestål et al., 2016; Sandelius et al., 2019). 
Rab27b is a GTPase from Ras-related proteins (RAB) family (Srikanth 
et al., 2017). Recent studies found that Rab proteins are implicated in 
the progression of non-communicable diseases such as cancer (Fan et al., 
2024; Xu et al., 2024) as well as in promoting extracellular vesicle 
secretion (Blanc and Vidal, 2018). Specifically, Rab27b has been 
implicated in neurodegenerative disorders (Underwood et al., 2020) and 
there is evidence of its high expression in cholinergic basal forebrain 
neurons associated with cognitive decline in MCI and AD (Ginsberg 
et al., 2011). Flow cytometry experiments showed a high expression of 
GAP-43 on the membrane of exosomes (81.9 %) followed by BACE-1 
(65.4 %) and finally by Rab27b (6.5 %) (Fig. S4, SI and Fig. 2).

Further flow cytometry experiments were performed to select the 
best pair of markers for the biosensor platform design by using both a 
capture and a detection antibody simultaneously, as described in S5.5 
(SI). As expected, a general decrease in signal intensity is observed 
compared to single-marker detection, since only exosomes simulta
neously carrying both biomarkers are targeted, resulting in a lower 
percentage of positive events. This effect is especially evident for the 
combinations involving AD-related markers together with BDE markers. 
Nevertheless, NLGN3 was confirmed as the most suitable option for the 
specific capture of BDEs, while biotinylated anti-BACE-1 was identified 
as the best detection antibody, yielding the lowest background and a 
positive labeling of 14.7 %. In the final biosensing system, the use of 
streptavidin–polyHRP will be critical to further amplify the signal.

3.3. Capture efficiency of brain-derived exosomes on anti-NLGN3 
magnetic particles

Additional experiments were conducted using magnetic particles 
functionalized with antibodies against NLGN3, a neuronal-origin 
marker, and against CD9, a general tetraspanin highly expressed in 
BDEs, in order to comparatively evaluate their ability to capture, isolate, 
and concentrate exosomes. Detection was performed targeting the other 
highly expressed tetraspanin, CD63, with the labelled antibody 
antiCD63-HRP performing a magneto-immunoassay with optical (A) 
and chemiluminescent (B) readout (Fig. 3).

When antiNLGN3-MPs were used, the regression coefficients (R2) of 
the fittings obtained by four parameters logistic (4 PL) equation were 
0.9758 for the optical readout and 0.9979 for the chemiluminescent 
readout, indicating high fitting and reliability of the assays, with a LOD 
of 7.13 × 106 exosomes and 7.83 × 106 exosomes for optical and 
chemiluminescent readout, respectively. When antiCD9-MPs were used, 
the R2 obtained by the 4 PL equation were 0.9805 and 0.9893 for the 
optical and chemiluminescent readout, respectively, indicating also high 
fittings and reliability of the assays. The LOD for antiCD9-MPs were 
4.91 × 106 and 6.92 × 105 exosomes for optical and chemiluminescent 
readout, respectively. As CD9 is a generic exosome marker, a higher 
capture was obtained with antiCD9-MPs, with slightly lower LOD, 
especially for the chemiluminescent assay. However, both modified MPs 
showed good results with similar performances overall, across the two 
readout systems. Specifically, antiNLGN3-MPs showed good capture 
capabilities, with the advantage of capturing selectively brain derived 
exosomes.

A new magneto-actuated immunoassay was first validated using 
model BDEs obtained from the SH-SY5Y cell line. The assay uniquely 
combines NLGN3 as a neuronal capture marker with BACE-1 as a 
detection marker of AD. This innovative platform was evaluated with 
three complementary readout strategies—optical, chemiluminescent, 
and portable electrochemical biosensing—demonstrating for the first 
time the versatility of this dual-biomarker approach for exosome anal
ysis. Fig. 4A illustrates the magnetic capture and detection scheme, 
while Fig. 4B presents the normalized calibration plots obtained with 
each readout.
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The calibration plots were constructed for different exosome con
centrations, ranging from 2.03 × 104 to 4.4 × 107 exosomes μL− 1 for the 
optical and the chemiluminescent readout and from 2.03 × 104 to 1.45 
× 107 exosomes μL− 1 for the electrochemical biosensor. In each case, the 
values were analyzed using a non-linear regression model based on a 
four-parameter logistic equation. The LODs were 1.91 × 104.5 exosomes 
μL− 1 (R2 = 0.9791), 1.64 × 105 exosomes μL− 1 (R2 = 0.9598), and 1.51 
× 104 exosomes μL− 1 (R2 = 0.9829), respectively, for the magneto- 
actuated immunoassays with optical and chemiluminescent readout, 
and electrochemical biosensing. The three platforms gave overall com
parable results, with a high fitting indicating that the assays were highly 
reliable and robust. However, the electrochemical biosensing resulted in 
a lower LOD and was selected to further analysis of plasma exosomes 
from patients with differential stages of cognitive impairment. The 
enhanced sensitivity of the electrochemical platform can be attributed to 
several factors. Firstly, electrochemical detection methods often exhibit 
higher sensitivity due to the amplification of the electrical signal pro
duced by the redox reactions of the substrate at the electrode surface. 
Furthermore, electrochemical detection is less prone to interference 
from background noise compared to optical and chemiluminescent 
methods, which can be affected by variations in light absorption and 
scattering, resulting in a clearer and more distinct signal, and enhancing 
the sensitivity of the assay (Perju and Wongkaew, 2021). Overall, the 
LOD values are consistent with previous studies developing in-vitro 
diagnostic (IVD) test based on exosomes for other pathologies, such as 
breast cancer (Moura et al., 2020). However, to the best of our knowl
edge, this is the first IVD test based on brain-derived exosomes, 
enhancing the significance of the obtained results.

3.4. Electrochemical biosensor for the detection of brain derived exosomes 
in plasma

The analysis of exosomes from plasma of patients was carried out 
using a portable device operated by batteries integrated with a screen- 
printed electrode. Human sample analysis clearly showed the ability 
of the method to distinguish healthy subjects (Control) from the de
mentia group and, within this latter, to distinguish patients with MCI 
from AD patients (Fig. 5). Cathodic currents of 1.60 (SD 0.08) μA, 1.94 
(SD 0.07) μA and 2.16 (SD 0.34) μA were recorded for control, MCI and 
AD, respectively, showed significant differences (p < 0.1, t-test). It 
should be noted that the reported standard deviations inherently reflect 
electrode-to-electrode variability, since each replicate was measured on 
a new disposable screen-printed electrode, thereby reinforcing the 
robustness of the observed differences across clinical groups. The sta
tistical significance observed in this study (p < 0.1) is related to the 
limited number of samples analyzed and will need to be confirmed in 
larger patient cohorts.

These results are in line with the NTA results showing a progressively 
higher plasma concentration of exosomes from healthy subjects to MCI 
and AD patients (Fig. 1). This finding is supported by previous studies 
indicating both an increased exosome production from cells under 
stressed conditions (Ludwig et al., 2020), such as brain cells during 
neurodegenerative processes, and, specifically for AD, an additional 
increase in BACE-1 activity at the brain level (Cheng et al., 2014), which 
is compatible with an increased BACE-1 expression at the brain level 
and, possibly, at the level of BDEs. A higher presence of BDEs in the 
plasma of patients with neurodegenerative disorders could also be 

Fig. 3. Magneto-actuated immunoassays with optical (panel A) and chemiluminescent (panel B) readout to evaluate capture capabilities of antiNLGN3-MPs 
compared to antiCD9-MPs. Detection used antiCD63-HRP. Calibration plots used SH-SY5Y exosomes and are fitted with a non-linear regression model based on a 
four-parameter logistic equation. Bars show the SD of replicates (n = 3).

Fig. 4. (A) Schematic representation of the magneto-actuated immunoassay for AD-related biomarker detection in brain-derived exosomes (BDEs) using SH-SY5Y 
exosomes as a model. Magnetic particles functionalized with anti-NLGN3 antibody were employed to selectively capture BDEs, while detection was achieved 
with biotinylated anti-BACE-1 and streptavidin–poly-HRP (Strep-Poly-HRP) to amplify the signal. (B) Normalized calibration plots using optical (absorbance at 450 
nm), chemiluminescent readouts, and electrochemical biosensing. LOD for each platform are indicated. Plots were fitted with a 4 PL model, and error bars represent 
the standard deviation of replicates (n = 3).
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explained by the progressive disruption of the BBB in these conditions 
(Sweeney et al., 2018), increasing its permeability for small lipophilic 
EVs such as exosomes. The stratification of patients in Fig. 5 is based on 
significant differences in exosomal BACE-1 levels, as measured using the 
hand-held portable electrochemical biosensor. These results indicate 
that the method is effective for distinguishing different stages of 
cognitive impairment, highlighting its potential as a diagnostic tool. The 
raw chronoamperograms (Fig. 5, panel B) further support this distinc
tion, showing consistent trends in electrochemical signal variations 
among the groups. The significant differences between the groups sug
gest that exosomal BACE-1 levels correlate with disease progression, 
reinforcing the platform’s capability for early AD detection and patient 
risk stratification.

4. Conclusions

This study presents a novel dual-biomarker strategy for the isolation 
and detection of brain-derived exosomes (BDEs) from plasma. By 
combining a neuronal marker (neuroligin-3, NLGN3) for exosome cap
ture with an Alzheimer’s-related enzyme (β-secretase 1, BACE-1) for 
detection, highly specific isolation of neuron-origin vesicles in a mini
mally invasive blood sample is achieved. Targeting two complementary 
biomarkers simultaneously provides richer information than single- 
marker approaches and has the potential to improve diagnostic accu
racy and early detection of Alzheimer’s disease.

The magneto-actuated immunoassay demonstrated compatibility 
with multiple analytical platforms, including optical, chemiluminescent, 
and electrochemical systems. The assay can be integrated into standard 
laboratory equipment or adapted to portable point-of-care devices such 
as screen-printed electrode platforms, making it suitable for both 
centralized laboratories and on-site screening applications. This versa
tility supports the potential for broader adoption in routine testing.

The selective targeting of neuron-derived exosomes in plasma is 
particularly relevant for Alzheimer’s disease screening. Exosomes are 
present in all body fluids, and neuron-specific vesicles can be isolated 
from blood, providing a non-invasive means of assessing brain changes 
before the onset of clinical symptoms. Although isolating exosomes from 
plasma remains challenging due to their low abundance and the 
complexity of the matrix, the dual-marker strategy enhances specificity 
for disease-relevant vesicles and offers a promising approach for early 
risk assessment.

Future clinical validation in larger cohorts of individual samples will 
be required to confirm diagnostic performance, establish robustness, 
determine the potential of this platform for patient stratification and 
early Alzheimer’s disease screening, and enable the calculation of ROC 
curves and sensitivity/specificity metrics that are essential to fully 
establish diagnostic accuracy and clinical applicability. These results 

should therefore be regarded as a preliminary proof-of-concept, as the 
analysis was performed on small pooled cohorts to minimize inter- 
individual variability, providing conceptual validation of the approach 
while highlighting the need for further confirmation in independent 
studies.
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Souto, E.B., Camins, A., Martí, M., Pividori, M.I., Boada, M., Ruiz, A., 2023a. Int. J. 
Biol. Sci. 19, 721–743. https://doi.org/10.7150/ijbs.79063.

Cano, A., García, P., Bernuz, M., Puerta, R., de Rojas, I., Esteban-De Antonio, E., Pérez- 
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