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a  b  s  t  r  a  c  t

One of  the main  hurdles  in the study  of Alzheimer’s  Disease  (AD)  is  the  lack  of  easily  accessible  and
sensitive  biomarkers  for the  diagnosis,  the  prediction  of  the  disease  progression  rate  and  the  evaluation
of  rehabilitative  and  pharmacological  treatments.  Extracellular  Vesicles  (EVs)  are  nanoscale  particles
released  by  body  cells,  studied  as promising  biomarkers  of  AD  as  they  are  involved  in  the  onset  and
progression  of  the  disease.  In  the  strive  for a  reliable  and  sensitive  method  to  analyze  EVs,  we  applied
our  recently  developed  biosensor  based  on Surface  Plasmon  Resonance  imaging  (SPRi)  technology  for
the identification  and  profiling  of  neural  EVs  populations  circulating  in  the  plasma  of  10  AD  patients  and
10  healthy  subjects.  The  SPRi-array  was  designed  to separate  simultaneously  EVs  released  by  neurons,
astrocytes,  microglia  and  oligodendrocytes,  and to evaluate  the  presence  and  the relative  amount  of
specific surface  molecules  related  to  pathological  processes  including  translocator  protein  (TSPO),  �-
Amyloid  and ganglioside  M1.

As results,  significant  variations  in the relative  amount  and cargoes  of  specific  brain-derived  popula-
tions  of  EVs  were  observed  comparing  EVs  coming  from  AD patients  and  healthy  subjects,  finding  the
main  differences  in  the activation  phenotype  of  microglia  EVs,  in the  lipid  moieties  on generic  EVs  and

in  the  �-Amyloid  expression  on surfaces  of neuronal  EVs.

Besides,  the  demonstrated  correlation  of  SPRi  data  with  Magnetic  Resonance  Imaging  analysis,  pro-
vided  support  for using  the  SPRi-based  biosensor  for the  evaluation  of  neurodegeneration  detecting  and
characterizing  circulating  EVs  as  peripheral  biomarkers  for the  diagnosis  and  monitoring  of  progression
and  rehabilitation  treatments  in  AD patients.

© 2020  Elsevier  B.V.  All rights  reserved.
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1. Introduction

Alzheimer’s Disease (AD) is a progressive neurodegenerative
disorder manifesting with progressive decline in cognitive func-
tions and accompanied by deterioration in emotional control, social
behavior or motivation. AD is the most common form of dementia
in the elderly (>65 years old), affecting nearly 35 million people

worldwide and this number is expected to triple by 2050 due to
the increase of lifespan, thus making AD a public health priority
[1]. In its typical clinical form, AD manifestations start with memory

Abbreviations: AD, Alzheimer’s disease; HC, healthy control; EVs, extracellu-
lar vesicles; SPRi, Surface Plasmon Resonance imaging; TSPO, translocator protein;
GM1, ganglioside M1;  A�, amyloid-� peptide; MRI, magnetic resonance imaging;
CSF, cerebrospinal fluid; MoCA, Montreal Cognitive Assessment.
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ecline associated with the neurodegeneration in medial temporal
obe structures (i.e. hippocampus) and progress towards a more
lobal cognitive decline, paralleled by diffuse brain atrophy involv-
ng higher-order and associative cortices. In 2011 with National
nstitute on Aging and Alzheimer’s Association (NIA-AA) guidelines
2], AD became a clinical-biological entity where biomarkers were
sed to support the diagnosis of AD symptomatic subjects, to iden-
ify preclinical AD-condition from a biological point of view, and
o improve the possibility to monitor the disease progression and
he responsiveness to therapeutic and rehabilitative treatments.
urrently, AD biomarkers are classified in the ATN system [3]:
iomarkers of �-amyloid deposition (A), pathologic tau (T), and
eurodegeneration (N). In the ATN framework the diagnosis of AD
efers to a biological construct and the umbrella term of “Alzheimer’s

ontinuum” is adopted to describe clinical-biological disease across
D phases [4]. A and T biomarkers obtained from the cerebrospinal
uid (CSF) and/or imaging (PET) are available with good diagnos-
ic value, but they lack the power to predict disease progression as

https://doi.org/10.1016/j.jpba.2020.113649
http://www.sciencedirect.com/science/journal/07317085
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Table 1
General characteristics of the subjects enrolled in the study.

Parameters AD HC p-values

Number 10 10 –
Males/females ratio 4/6 5/5 0.0661
Age  (mean ± std dev) 73.9 ± 3.0 62.6 ± 2.0 0.0002
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they reach their maximum change at the initial stage of the pathol-
ogy [5]. Besides, the invasive collection of CSF and the high costs
of PET imaging limit their use in the clinical practice and a number
of blood-based biomarkers to be added in the ATN system are cur-
rently under investigation for AD. Plasma levels of A�, protein Tau
and neurofilament (NfL), and � secretase 1 (BACE) activity are the
main blood-based biomarkers in development for AD; other pro-
teins, microRNAs, amino acids and lipids have also demonstrated
positive predictive value with the need of further validation studies
[6]. Nonetheless, the extremely low concentration of brain-derived
molecules in blood, together with the complexity of the matrix,
hamper the development of blood AD biomarkers, suggesting the
need for a multiplexing analysis of definite sets of biomarkers and
for the development of innovative platforms that can improve the
analytical accuracy. In this scenario, Extracellular Vesicles (EVs)
are emerging valuable candidate biomarkers for AD [7]. EVs are
secreted membrane vesicles characterized by nanoscale dimen-
sions bounded by a lipid bi-layer that hosts both membrane-bound
and transmembrane proteins, while the vesicle lumen is filled with
cytosolic proteins as well as nucleic acids. EVs coming from neu-
ral cells are present in CSF and also in the blood. Although the
mechanism by which EVs cross the blood-brain barrier is not well
understood, multiple evidence suggests that, in cases of disease and
inflammation processes, the damage or breakdown of the barrier
allows the transfer of EVs from the brain into the periphery [8]. EVs
complex cargo of multiple bioactive and pathological molecules,
both proteins and nucleic acids, can mirror the status and the bio-
chemical features of the brain. It has been reported that the cargo
of neural EVs reflects the typical hallmarks of AD, mainly related to
neuroinflammation and synaptic dysfunction [9], but also plasma
vesicles derived from astrocytes were demonstrated to be impli-
cated in the pathogenic mechanisms of AD, thus demonstrating
their potentiality as complex vehicles for AD biomarkers [8].

The detection and the quantification of multiple EV popula-
tions and their pathological antigens need a reliable and sensitive
method that can overcome the current technical limitations, mainly
due to their heterogeneity, nanoscale dimensions and amount, that
make difficult the validation of EVs as biomarkers [10]. It is worth
noting that detecting brain-derived EVs in blood plasma is challeng-
ing because they represent a small fraction of the whole circulating
EVs. In the strive for a reliable and sensitive method to analyze
EVs, we were inspired by the remarkable development of plasmonic
biosensors having the ability to detect nanovesicles derived from
biological samples [11]. In particular, Surface Plasmon Resonance
imaging (SPRi) is a label-free and sensitive analytical technique
able to monitor in real-time, variations in the mass adsorbed on
the surface of a gold layer, allowing to simultaneously detect mul-
tiple molecules within 200 nm from the surface. As this range
closely matches the EVs size, SPRi has been validated as an effective
method for the profiling of EVs membrane proteins [12,13].

In the present work, we aimed to identify the populations of
EVs most involved in AD and to evaluate the presence and relative
amount of markers related to neuroinflammation and A� plaques
formation, by using an SPRi-based biosensor that we have designed
and previously tested for human EVs analysis [13]. Moreover,
to detect the relationship between the proprieties of circulating
neural EVs (i.e. the amount of specific molecules involved in AD
pathogenesis) with the level of severity of the disease, we  cor-
related the biochemical content of circulating neural EVs with
hippocampal volume as a biomarker of neuronal injury and global
cognitive level as an index of cognitive impairment. Our results
suggest that the amount of specific neural populations of EVs and

the specific cargo of each identified EV population could be candi-
dated as a novel diagnostic and prognostic tool that may  become
available in the future. The developed biosensor platform could
potentially lead to the accurate and reliable diagnosis managing the
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MoCA (mean ± std dev) 20 ± 2.4 – –
Total hippocampal volume

mm3 (mean ± std dev)
4534.47 ± 353.17 – –

D symptoms in a personalized way  at its onset, the monitoring of
he disease progression, the early treatment of patients, the evalua-
ion of the efficacy of new therapeutics and rehabilitation protocols
nd to the enhancement of the clinical trials performances.

. Materials and methods

.1. Patients recruitment and peripheral blood sample collection

10 AD patients were recruited at Memory Clinic IRCCS S. Maria
ascente of Fondazione Don Carlo Gnocchi (FDG; Milan, IT). All
articipants or their representatives provided informed written
onsent, following the protocol approved by the Ethical Commit-
ee of Fondazione Don Carlo Gnocchi, according to the declaration
f Helsinki. Inclusion criteria for AD were considered: diagnosis of
D according to NIA-AA criteria [2]; mild dementia stage as doc-
mented with a Clinical and Dementia Rating (CDR) scale score
etween 0.5 and 1; absence of psychiatric or systemic illness. To
ave a global index of cognitive functioning, all subjects performed
ognitive evaluation using the Montreal Cognitive Assessment test
MoCA). Demographic features are reported in Table 1.

Peripheral blood samples (10 mL)  were collected from each
atient. To avoid the variability due to the clot formation, blood
amples were collected using EDTA-treated tubes (BD Vacutainer,
ecton Dickinson), centrifuged first at 1300 g (10 min) and then
t 1800 g (10 min) to isolate the plasma, obtaining about 3 mL for
ach subject. Plasma samples were coded, anonymized and frozen
t −80 ◦C divided into aliquots.

.2. Isolation and characterization of extracellular vesicles

EVs were isolated from the blood plasma of AD patients and of
n additional group of 10 Healthy subjects (HC), for the comparison
etween patients and non-pathological controls. Inclusion criteria
f HC were considered: age ≥ 60 years, no history of dementia,
bsence of psychiatric or systemic illness (demographic features
re reported in Table 1). The Table shows that subjects are matched
or gender but not for age; AD patients are older than HC subjects.
his age differentiation makes the analysis a pilot study with the
im to verify the feasibility of the analysis of circulating EVs as
iomarkers through SPRi technology.

We  have submitted all relevant data of our EVs isolation and
haracterization experiments to the EV-TRACK knowledgebase
EV-TRACK ID: EV200062) [14]. EVs isolation was performed by Size
xclusion Chromatography (SEC) using qEV original columns (Izon
cience, Christchurch, NZ) as previously described [13]. Briefly, 500
L of centrifuged plasma was  loaded on top of a column and frac-

ions from 7 to 11, containing EVs, were collected, stored at −20 ◦C
n PBS with protease inhibitor cocktail (Merck) until use.

Isolated EVs were characterized for their protein content, mor-
hology, size distribution and concentration. Total protein content
f EV samples was measured by BCA assay (Pierce BCA assay kit,

hermo Scientific, Waltham, MA,  USA). To confirm the presence of
esicles with typical morphology and size range, 5 �l of freshly iso-
ated EVs were incubated on Formvar carbon-coated grids, stained

ith 2% uranyl acetate solution for 10 min  and dried. Transmis-
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sion electron microscope images were obtained with Leo 812AB
(Zeiss, Oberkochen, DE) operating at 80 kV. Nanoparticle Tracking
Analysis (NTA) was performed using NanoSight NS300 Instrument
(Malvern) with flow-cell top-plate, in order to evaluate the size dis-
tribution and the concentration of isolated EVs. The NTA analysis
was performed on a random subsample of 3 subjects for each group
(AD and HC). EVs were diluted in filtered PBS and recordings of the
movements of particles were collected for 60 s, three times for each
sample.

2.3. SPRi EVs analysis

Once isolated and characterized as described in paragraph 2.2,
EV samples were analyzed by SPRi. The SPRi analysis required 3
steps: the preparation of SPRi biochip; the detection of multiple
EV populations coming from distinct cells in the plasma; the anal-
ysis of expression levels of specific markers on each identified EV
population.

2.3.1. Preparation of SPRi biochip
An array of antibodies/lectin was conjugated on top of SPRi gold

chips by using an SPRi-arrayer (Horiba Scientific SAS, Palaiseau, FR),
following the previously published protocol [13]. Briefly, after the
cleaning of the gold surface using piranha solution, the chip was
coated with a Self-Assembled Monolayer (SAM) of thiolated PEG
molecules (TH 001-m11.n2 and TH 003-m11.n6; ProChimia Sur-
faces, Sopot, PL) for the conjugation of ligands on the chip, using
EDC/NHS chemistry in order to capture EVs as close as possible
to the gold surface. The spotting procedure for the ligands immo-
bilization (0.5 �g/mL) was performed at room temperature with a
metal-ceramic capillary pin of 0.7 mm  spot diameter for direct con-
tact spotting procedure. The families of ligands spotted on a chip
for the microarray preparation are the following: Anti-CD171 (14-
1719-82, eBioscience, Inc, San Diego, CA, USA), Anti-CD9 (14-0098,
eBioscience), Anti-EphrinB (HBM-EPH-50, HansaBioMed, Tallinn,
EE), Anti-PLP1 (HBM-PLP-50, HansaBioMed), Anti-IgG (407402,
BioLegend Inc, San Diego, CA, USA), Anti-CD81 (MAB 4615, R&D Sys-
tems, Minneapolis, MN,  USA), Anti-Glast (EAAT1/GLAST-1/SLC1A3
Antibody, NB100-1869SS, Novus Biologicals LLC, Centennial, CO,
USA), isolectin B4 (IB4) from Bandeiraea simplicifolia (L3019,
Merck), anti-CD11b (553311, BD Biosciences, San Jose, CA, USA).
The chip was then blocked in a solution of ethanolamine (1 M,
pH 9) for 30 min, washed with water and stored at 4 ◦C with a
layer of StabilCoat Immunoassay stabilizer (Sigma-Aldrich) for the
preservation of the activity, until use.

2.3.2. SPRi detection of multiple of EV populations
SPRi measurements were performed using XelPleX instrument

(Horiba Scientific SAS, Palaiseau, FR). Every experiment was antic-
ipated by accurate instrument calibration with the injection of 200
�l of sucrose (3 mg/mL) at 50 �l/min flow rate. Experiments were
performed using HBS-ET as running buffer (1.5 M NaCl, 100 mM
HEPES, 30 mM EDTA, Tween 0.5 %, pH 7.4). 500 �l of EVs sam-
ples (20 �g/mL of total protein content) were injected in the SPRi
flow chamber with a flow rate of 25 �l/min in order to isolate the
EVs populations coming from neurons (CD171/EphrinB), oligoden-
drocytes (PLP1), astrocytes (Glast), microglia/macrophages (IB4,
CD11b) according to the interaction between their specific antigens
and the ligands spotted on the SPRi chip. This analysis provided
quantitative information on the relative amount of EVs coming
from distinct brain cells in the plasma.
2.3.3. SPRi analysis of expression levels of specific membrane EV
markers

The surface of the immobilized EVs was further analyzed to eval-
uate the expression of other specific markers on each identified
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V population. In particular, the molecules used for the character-
zation of each EV subpopulation are: PK-11195 (C0424, Merck),
nti-� 6E10 (Purified anti-�-Amyloid, 1–16 Antibody, 803001,
ioLegend) and Anti-Ganglioside GM1  (ab23943, Abcam plc, Cam-
ridge, UK). To this aim, 200 �l of 200 nM solution of the secondary
nalyte (PK-11195, Anti-� 6E10 and Anti-GM1) was consecutively
njected on the SPRi chip at 25 �l/min. Glycine (50 mM,  pH 2, 200
l at 50 �l/min) was  used for the regeneration of the chip between

he analyses.

.4. Quantification of ˇ-amyloid monomers in plasma

Plasma levels of monomers of beta amyloid 40 (A�40), the
ost prominent peptide, and beta amyloid 42 (A�42), the
ost neurotoxic form, were quantitated with enzyme-linked

mmunosorbent-type assays using the High Sensitivity Human
myloid �40 and Amyloid �42 ELISA (EZHS-SET, Merck) accord-

ng to the manufacturer’s instructions. The selected ELISA kit can
eliably detect even low levels of A� peptides (detection limit 6
g/mL) using monoclonal anti-A� antibodies with high selectiv-

ty for human A�. Each sample was  analyzed in duplicate and the
�42/40 ratio, which has been reported as a better indicator of the
D pathology, was calculated. Mann-Whitney non-parametric test
as  used to compare data obtained from AD and HC samples.

.5. MRI data acquisition and data analysis

All AD subjects underwent a single MRI  examination on a 1.5
 Siemens scanner (Magnetom Avanto) including conventional
equences to exclude brain abnormalities and a high-resolution
D-T1 image to perform hippocampal volumetric measurements
TR =1900 ms;  TE =3.37 ms;  TI =1100 ms;  flip angle = 15◦; 176
ontiguous, 1 mm isometric voxel; FOV = 192 mm × 256 mm).

Cortical reconstruction and volumetric segmentation (includ-
ng the computation of the estimated Total Intracranial Volume)
f 3D-T1 images were performed with the Freesurfer image anal-
sis suite, which is documented and freely available for download
nline (http://surfer.nmr.mgh.harvard.edu/). Manual quality check
as  performed according to ENIGMA pipeline (http://enigma.ini.

sc.edu/protocols/imaging-protocols). Total hippocampal volume
left + right) was  computed according to Iglesias et al. [15] and was
onsidered as a biomarker of neuronal injury. Total hippocampal
olume was included in subsequent statistical correlation analyses
n association with SPRi data.

.6. Data analysis and correlation analysis

SPRi data were analyzed using EzSuite (Horiba) and Origin2018
OriginLab, Northampton, MA,  USA) software. For each experiment,
he SPRi signal collected on anti-IgG spots was used as negative
ontrol and subtracted to the signals obtained on the other ligands
potted on the same chip. Then, signals related to the EV injection
ere normalized for the mean intensity of Anti-CD9 spots present

n the same chip, as CD9 is a marker of generic EVs, not specific
or a particular cell of origin. This allowed us to overcome eventual
rtifacts related to the EV isolation step and to compare data from
ultiple experiments and multiple samples. For the subsequent

haracterization of EV populations immobilized on the chip, the
PRi signals of the secondary analytes (PK-11195, Anti-� 6E10 and
nti-GM1) were normalized for the amount of EVs detected on each

amily of ligands, making possible a more precise profiling of EV
opulations, as already proposed and verified by our previous work

13].

Statistical analysis was  performed using Origin2018. Mann-
hitney non-parametric test was  used to compare data obtained

rom the EV characterization. Pearson’s correlation index was  used

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://enigma.ini.usc.edu/protocols/imaging-protocols
http://enigma.ini.usc.edu/protocols/imaging-protocols
http://enigma.ini.usc.edu/protocols/imaging-protocols
http://enigma.ini.usc.edu/protocols/imaging-protocols
http://enigma.ini.usc.edu/protocols/imaging-protocols
http://enigma.ini.usc.edu/protocols/imaging-protocols
http://enigma.ini.usc.edu/protocols/imaging-protocols
http://enigma.ini.usc.edu/protocols/imaging-protocols
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Fig. 1. EVs characterization: A-B) NTA analysis of EVs. Average (black line) and standard deviation (grey band) related to the dimensional dispersion of 3 EV samples from
AD  patients (A; diluted 1:1000 in filtered PBS) and HC subjects (B; diluted 1:500 in filtered PBS); C) Concentration of EVs in plasma samples obtained by NTA. Non parametric

nificantly different (p < 0.05); D) The mean size of AD and HC EV samples obtained by
 concentration in EV samples from AD and HC subjects measured by BCA assay (p > 0.05,
ubjects (p > 0.05, Mann–Whitney test).
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Mann–Whitney test demonstrated that the means of the AD and HC groups are sig
NTA.  The means are significantly different (p < 0.05, Mann–Whitney test); E) Protein
Mann–Whitney test); F) Amount of total protein per EVs isolated from HC and AD s

to assess the linear correlation between the SPRi data (CD11b/IB4)
and the age of AD and HC subjects. Moreover, the partial correla-
tions were performed between SPRi data (regarding the relative
amounts of EV populations) and total hippocampal volume, col-
lected from AD subjects, covariated for intracranial volume. The
index was identified as statistically relevant for p-values < 0.05.

3. Results and discussion

3.1. Extracellular vesicles characterization

EVs from blood plasma of AD patients and HC were successfully
isolated by SEC and characterized following the ISEV guidelines
MISEV2018 [16]. In particular, particle number and size were
measured by NTA finding a higher concentration of EVs in AD
patients (1.18*1011 particles/mL) than in HC subjects (2.34*1010

particles/mL) (Fig. 1A, B and C), with a mean size of 183 ± 4.6 nm for
AD group and of 167 ± 9.4 nm for HC (Fig. 1D). The Mann–Whitney
test performed on the NTA data demonstrated that the EV concen-
tration and size of AD and HC subjects are significantly different (p
= 0.0286). Moreover, the values related to the total protein content
obtained by BCA assay, showed that the disease does not signif-
icantly affect the total protein content present in EVs (Fig. 1E, p
= 0.8534 Mann–Whitney test); however, the protein amount per
EVs (�g/particles) appeared to be reduced in AD patients compared

with HC, with no significant difference (Fig. 1F). Despite the small
sample size, these data are in accordance with trends previously
demonstrated and published by Perrotte M.  et al. [17]. The charac-
terization by TEM confirmed that the isolated particles owed the
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ig. 2. TEM images of EVs isolated from human plasma of subjects involved in the
tudy. Scale bar 100 nm.

ypical EV size range and cup-shaped morphology (Fig. 2). Finally,
he protein content calculated through the BCA assay data was used
o determine the volume of each EV sample to be injected on the
PRi chip.

.2. Multiple detection of circulating extracellular vesicles

To study the differences in the amount and composition of the
Vs present in the plasma of AD patients and HC subjects, we
ook advantage of our previously optimized SPRi-based biosensor
hat allows the specific detection and characterization of multi-
le subpopulations of EVs [13]. As circulating EVs include also

he brain-derived ones, we designed the SPRi microarray for the
imultaneous detection of vesicles coming specifically from neu-
ons, astrocytes, oligodendrocytes and microglia, according to the
resence of typical membrane molecules, following the protocol
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Fig. 3. A) SPRi sensorgram related to the injection of 500 �L of EVs (20 �g/mL) on a chip with an array of 7 families of ligands (4 spots of each family). Each curve is the average
n the
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of  the signal collected on the 4 spots of the same ligand. t0 indicates the time whe
between  the signal obtained on the specific ligand family and the signal obtained
without any subtraction (reflectivity variation) of each spot on the SPRi chip acquir

described in section 2.3.2 of Material and Methods. In particular,
CD171 and EphrinB were used as neuronal EV markers [18,19],
Glast as a marker of astrocytes-derived EVs [20], PLP1 as marker
of oligodendrocytes-derived EVs [21], IB4 and CD11b as a mark-
ers of vesicles secreted from non-activated and activated microglia,
respectively [22,23]. Once EVs were injected on the biosensor, the
signals were collected in correspondence of the spots where the
above cited ligands (antibodies or lectin) were attached on the chip
surface, thus confirming the ability of the SPRi-platform to detect
plasma EVs from multiple cell sources. Fig. 3A shows the sensor-
gram related to the injection of one EV sample on the prepared
microarray. The graph makes apparent the multiplexing ability of
the SPRi platform to identify simultaneously each EV family. Indeed,
each signal is related to the interaction between the ligand spotted
on the chip and the corresponding analyte; the intensities of SPRi
signals at the end of EVs injection are indicative of the amount of
EVs that effectively interact with each spotted ligand. Fig. 3B shows
the raw images (no subtraction performed) of the spots before and
after the sample injection making visible the effective immobi-
lization of vesicles occurring during the experiment. Actually, the
XelPlex SPRi instrument allows the real-time imaging of the chip,
where the mass adsorbed on each spot can be visualized on a video
CCD camera: the high-resolution CCD video provides real-time dif-
ference images capturing all of the local changes occurring at the
chip surface. Therefore, we have verified the suitability and the
efficacy of the optimized SPRi platform for the specific, sensitive
and multiple detection of circulating EVs released by different cell
types, including astrocytes, neurons, microglia and oligodendro-
cytes; according to these results we decided to use this platform to
perform the comparative study of EVs in AD patients and HC.

3.3. Brain-derived extracellular vesicles populations in plasma of
AD and HC subjects

The circulating EV from AD and HC subjects were analyzed with
the SPRi platform, injecting for each subject 500 �L of EV samples
with 20 �g/mL of total protein content measured by BCA assay.
Thanks to the proportional relationship between SPRi signal and
the analyte adsorbed on each spot, the obtained data provide an

overall representation of the relative amount of different neural EV
populations that circulate in the blood of each considered subject.
In general, the comparison between patients and controls showed a
significant increase in brain-derived EVs in AD patients. The statisti-

=
h

5

 injection of the sample starts, and t1 when it ends. Each signal is the subtraction
e Negative ctrl family (IgG) spotted on the same chip. B) CCD differential images
0 and t1.

al analysis (Mann-Whitney test) performed on these data showed
 significant difference (p-value < 0.05) between the two  groups
or EphrinB+ (p = 0.0164), Glast+ (p = 0.0448), PLP1+ (p = 0.0216)
nd IB4+ (p = 0.0069) EVs (Fig. 4A). These data suggest that in
D there is an imbalance of EV release, causing an increase in the
mount of brain-derived vesicles in the plasma, in particular EVs
oming from neurons, astrocytes, oligodendrocytes and microglia.
his observation supports the hypothesis that the inflammatory
nd pathological process occurring in AD induce modifications in
he blood-brain-barrier that might allow an easier transfer of vesi-
les from the brain to the blood [8]. Besides, the increased amount
f circulating brain-derived EVs constitutes an advantage in terms
f biomarker analysis, because it allows a better identification and
haracterization of their cargoes and promotes the feasibility of
he study of the circulating EVs as markers of pathological events
ccurring in the brain. In particular, the variation in the relative
mount of specific brain-derived populations of EVs can represent

 first indication of the status of the brain by mirroring ongoing
athological processes.

Moreover, considering the important contribution of neu-
oinflammation to the AD pathogenesis [4] and the possible
nvolvement of EVs in pathological processes, we focused our atten-
ion on the microglia-derived EVs data. As shown in Fig. 4B, slight
ariations in the activated phenotype of the microglia cells releas-
ng EVs were observed: the higher ratio observed in AD patients
etween SPRi signal intensity of activated (CD11b+) and non-
ctivated microglia EVs (IB4+) revealed that there is an increase
n the neuroinflammation-associated EVs in plasma of AD patients
ompared to HC, being indicative of a neuroinflammatory status.
lthough neuroinflammation cannot be considered an exclusive
allmark of AD, our data are in agreement with the plethora of
ata underlying the crucial role of microglia during AD pathogen-
sis [24]. Then, we  verified whether the increased CD11b/IB4 ratio
ould be due to physiological ageing as brain microglia could be
ysregulated with age causing chronic neuroinflammation, but no
orrelation was  found between the neuroinflammation index and
ge for all considered subjects (p-value = 0.18948 – Pearson’s test).

.4. Relationship between EV populations amount and MRI  data
In patients with AD, we found a significant partial correlation (p
 0.031) between the values of the CD11b/IB4 ratio and the total
ippocampal volume, considering the total intracranial volume as
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Fig. 4. A) SPRi intensities (average and standard error) related to the injection of EVs of 10 AD patients and 10 HC subjects. The signals are normalized for the intensities
collected on a Anti-CD9 family spotted in parallel on each SPRi chip. P-values of Mann-W
0.0216; IB4, p = 0.0069; CD11b, p = 0.0535. B) Average and standard error of the ratio b
group  of subjects.

Fig. 5. Scatterplot related to the correlation between CD11b/IB4 ratio and the total
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hippocampal volume obtained through MRI  test for the selected AD patients. The
partial correlation coefficient and relative p-value of the correlation, corrected for
total intracranial volume, are 0.75288 and 0.03108, respectively.

covariate (Fig. 5). This finding suggests a relationship between the
value of the CD11b/IB4 ratio and the severity of neurodegeneration
further supporting the literature data about the role of inflamma-
tory processes in neurodegeneration [25]. Although the differences
observed in the amount of the other EV populations between AD
and HC subjects (Fig. 4A), we didn’t observe other significant or
relevant correlations between the MRI  data and the amount of the
brain-derived EV populations.

3.5. Levels of specific molecules on different brain-derived EVs
populations from AD and HC subjects

The main strength of the herein developed biosensor is its
potentiality to be used not only for the simultaneous detection
of different EV populations, but also for their concomitant charac-
terization in terms of levels/presence of other specific membrane
molecules of interest. As the EVs are studied as carriers of AD
biomarkers, the surface of each vesicle population was  character-
ized. We  investigated the presence and relative amount of specific

molecular components potentially involved in those processes
known to occur during the disease progression. In this context, we
decided to focus on the expression of translocator protein (TSPO),
amyloid beta peptide (A�)  and ganglioside M1  (GM1) molecules on

t
r
e
e

6

hitney test: CD171, p = 0.1588; EphrinB, p = 0.0164; Glast, p = 0.0448; PLP1, p =
etween the SPRi signals obtained on Anti-CD11b and IB4 spots for the AD and HC

he different immobilized EVs populations from both AD and HC.
fter the EV injection, we introduced in sequence a high affinity

igand of TSPO (PK-11195), the Anti-�-Amyloid antibody and the
nti-GM1 antibody.

.5.1. Analysis of TSPO on EVs
TSPO, also known as peripheral benzodiazepine receptor (PBR),

s an 18 kDa protein present on the mitochondria of activated
icroglia, astroglia and macrophages. The expression levels of

SPO are associated with neuroinflammation, thus identifying
SPO as a biomarker of inflammatory conditions occurring in AD,
troke, Parkinson’s disease, brain injury and other diseases [26].
he SPRi signals related to PK-11195 injection were normalized
or the amount of immobilized EVs and demonstrated the pres-
nce of TSPO on the membrane of vesicles from neurons, microglia,
strocytes and oligodendrocytes, as well as on CD9+ vesicles of
ndefined cell source. Our data showed a higher expression of TSPO
n generic EVs (CD9+) in AD patients compared to control samples
p = 0.0530 – Mann-Whitney test) (Fig. 6A). Looking at the brain-
erived populations, TSPO was  more abundant on neuronal and
icroglia derived EVs (CD171+ and IB4+) in AD patients than in HC

SPRi signal intensity on CD171+ in AD: 1.61, in HC 0.78; SPRi signal
ntensity on IB4+ in AD: 0.89, in HC: 0.32). Whereas, astrocytes and
ligodendrocytes derived EVs (Glast+ and PLP1+) did not show a dif-
erence in TSPO expression between the two groups (Fig. 6B). These
ata, together with the previous observation about the increased
D11b/IB4 ratio, suggest that the neural EV populations mainly

nvolved in the neuroinflammatory processes occurring in AD are
hose derived from microglia and neurons.

.5.2. Analysis of ˇ-amyloid and GM1 on EVs
It is well known that GM1  accumulated on the cell surfaces

s involved in the aggregation mechanisms of A� leading to the
eposition of plaques behind the process of neural degeneration

hat causes the neuronal and synaptic dysfunction. Besides, it was
eported that GM1  presence on the surfaces of EVs can contribute to
xtracellular amyloid fibril formation [27], and that A� peptide lev-
ls in plasma EVs are higher in AD patients compared to HC subjects
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Fig. 6. SPRi intensities (average and standard error) related to the injection of 200 �L of PK-11195 (A-B), Anti-GM1 (C-D) and Anti-�-amyloid (E-F) after the EVs  for
s pre
etwee

t
o
i
f
a
a
i
(
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10  AD patients and 10 HC subjects. The signals are normalized for the amount of EV
signal  intensity is negligible (<0.1). In Figure C the signals are statistically different b
EVs  are statistically different between AD and HC (p = 0.0464, Mann-Whitney test).

[28]. Still, those EV subtypes directly involved in the GM1-amyloid
aggregation process have not been identified, yet.

The herein developed SPRi-based biosensor allowed the evalua-
tion of the presence of GM1  on the surface of the selected circulating
EV populations. In particular, the injection of Anti-GM1 antibody
on the EVs immobilized on the chip has revealed that GM1  is sig-
nificantly more abundant on CD9+ EV membranes in AD patients
than in HC subjects (p = 0.0298 – Mann-Whitney test) (Fig. 6C). The
differences in the lipid moieties were also observed on neuronal-
derived EVs (CD171+ EVs) with an increment of GM1  in AD patients,

while the other neural EV populations didn’t show a significant dif-
ference between the 2 investigated groups (Fig. 6D). These data sug-
gest the involvement of neuronal EV population in the GM1-related
mechanisms, in agreement with previously reported data [27].

o
r
s
f

7

viously immobilized on each spot. Dashed lines indicate the level under which the
n the 2 groups (p = 0.0298, Mann-Whitney test). In Figure F the signals on CD171+

In parallel, in the same experiment, the SPRi analysis of A� pep-
ide on EVs revealed to us that AD patients present relevant levels
f A� peptide on plasma EVs, whereas these levels are negligible

n HC (signal intensity < 0.1) (Fig. 6E). Moreover, the study on dif-
erent EV populations showed that A� peptide i) is not present on
strocytes and oligodendrocytes-derived EVs, ii) is present in low
mount on IB4+ EVs without differences between AD and HC and
ii) is present on the membranes of CD171+ EVs only of AD patients
Fig. 6F). These data provide a direct evidence that a significant
mount of A� peptides are associated with the external surface

f brain derived vesicles that circulate in plasma, especially of neu-
onal origin. Although we  cannot totally exclude a partial rupture of
ome EVs in our samples and thus the possible release of amyloids
rom the EV lumen before the injection, the significant increment of
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Fig. 7. Quantification of �-amyloid in plasma samples. A) Average and standard e
plasma levels of A�42 in AD and HC samples; C) Ratio of the plasmatic concentratio

binding of the Anti-�-Amyloid antibody provides clear evidence of
the presence of A� peptides on the vesicle surface, a much debated
topic. Taking together the data on GM1  and A� expression levels
on neural EVs, it seems that circulating CD171+ EVs are carriers
of both these markers, which could play a connected role in the
mechanism of amyloid fibril formation.

3.6. Plasma levels of ˇ-amyloid

Plasma levels of A�40 and A�42 were measured on AD and HC
samples using the ELISA assay. Their expression was  found reduced
in AD (A�40: AD 168 pg/mL, HC 286 pg/mL; A�42: AD 47 pg/mL,
HC 501 pg/mL), with the A�40/A�42 ratio lower in AD patients
than in HC (p = 0.0288 – Mann-Whitney test) (Fig. 7). Similar trends
have been observed in recent studies, which described the A� clear-
ance decrease from the AD brain and the association of A�40/A�42
ratio with a decline of attention, memory and executive function-
ing, reporting that it could be used for diagnosis of Alzheimer’s
disease and brain amyloidosis [29]. Our data suggest that in HC
plasma samples A� peptides could be present mainly in a soluble
form, not associated to EVs (the A� levels measured in plasma with
ELISA assay could come predominantly from free A� peptides). On
the other hand, in AD the circulating A� peptides seem to be widely
carried by EV structures that, indeed, appeared to be enriched in A�
compared to EVs from HC samples. These observations provide fur-
ther support to the theory that indicates the potential role of EVs
in the AD pathological processes as carriers of specific molecules
involved in the amyloidogenic pathway.

4. Conclusion

In this work we propose an SPRi-based biosensor for the detec-
tion of multiple circulating EVs as biomarkers of Alzheimer’s
disease that could be used for the identification and monitoring
in rehabilitation treatment of the neurodegenerative condition. AD
has a complex and not fully understood molecular pathogenesis
and a unique and easily accessible marker has not been identified,
yet. Our results show the possibility to monitor the progression
of the disease by combining different factors that are involved in
the pathology through the multiplexing analysis of plasma EVs
as complex carriers of multiple disease biomarkers. Indeed, the
evaluation of the presence and/or the amount of specific bioac-
tive molecules, such as TSPO, GM1  and A�, loaded on the neural
EVs, is a valid way to gain a snapshot of the pathological mech-
anisms that are taking place in the neural tissue, which could be
used for the identification of the physio/pathological condition of

a subject. We  also identify the SPRi intensity CD11b/IB4 ratio as a
new possible value that has a significant correlation with the vol-
ume of the hippocampus in AD patients. This is an interesting factor
that strengthens the hypothesis of using specific populations of cir-

i
D
-
t

8

f plasma levels of A�40 in AD and HC samples; B) Average and standard error of
A�42 and A�40 in AD and HC subjects.

ulating EVs (detected according to the commonly used markers
or EVs released by each neural cell type) as markers of AD pro-
ression, as they could be loaded with altered cargoes during the
isease.

The study is not without limitations. The small sample size of
he sample and the difference in age between groups makes the
tudy only a pilot investigation. Indeed, AD and HC groups were
atched for gender (chi-square analysis, p = 0.661) but not for

ge, with AD older than HC subjects (independent-sample T-Test,
 = 0.0002, as reported in Table 1). To improve our findings, fur-
hers studies involving more patients with different ATN profiles
nd syndromal cognitive stages, together with age matched con-
rol population, are needed. However, the novelty of the proposed
pproach resides in the biophotonics-based analysis of the molec-
lar components carried by populations of circulating EVs. Taking
dvantage of the technological innovation we  have confirmed the
otentiality of EVs as biomarkers of AD that could enhance the
ccuracy and the reliability of diagnosis, allowing a proper strat-
fication of patients and potentially providing a powerful tool for
he evaluation of the efficacy of new therapeutics in clinical trials
nd rehabilitative protocols, thus proposing a possible solution to
he deep impact that this disease has in the society. To make our
ndings even more reliable, these EVs properties need a clinical
alidation through studies involving more patients, also at different
tages of the disease, and including patients with other neurological
isorders as pathological controls in order to verify the specificity
f EV profiling in AD. Compared to a recently proposed platform
or the detection of EV-associated amyloid as AD biomarker [30],
ur work does not focus on a specific protein for the stratification
f patients, but proposes a multiplexing approach to the biomarker
iscovery in AD. The analysis of different populations of circulating
Vs could reveal novel correlations previously masked by single-
olecule measurements and advance future blood-based clinical
anagement of AD.
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