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amyloid beta in small extracellular
vesicles via Raman spectroscopy
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One of the hallmarks of Alzheimer's disease (AD) pathogenesis is believed to be the production and

deposition of amyloid-beta (Ab) peptide into extracellular plaques. Existing research indicates that

extracellular vesicles (EVs) can carry Ab associated with AD. However, characterization of the EVs-

associated Ab and its conformational variants has yet to be realized. Raman spectroscopy is a label-free

and non-destructive method that is able to assess the biochemical composition of EVs. This study

reports for the first time the Raman spectroscopic fingerprint of the Ab present in the molecular cargo of

small extracellular vesicles (sEVs). Raman spectra were measured from sEVs isolated from Alzheimer's

disease cell culture model, where secretion of Ab is regulated by tetracycline promoter, and from

midbrain organoids. The averaged spectra of each sEV group showed considerable variation as

a reflection of the biochemical content of sEVs. Spectral analysis identified more intense Raman peaks at

1650 cm�1 and 2930 cm�1 attributable to the Ab peptide incorporated in sEVs produced by the

Alzheimer's cell culture model. Subsequent analysis of the spectra by principal component analysis

differentiated the sEVs of the Alzheimer's disease cell culture model from the control groups of sEVs.

Moreover, the results indicate that Ab associated with secreted sEVs has a a-helical secondary structure

and the size of a monomer or small oligomer. Furthermore, by analyzing the lipid content of sEVs we

identified altered fatty acid chain lengths in sEVs that carry Ab that may affect the fluidity of the EV

membrane. Overall, our findings provide evidence supporting the use of Raman spectroscopy for the

identification and characterization of sEVs associated with potential biomarkers of neurological disorders

such as toxic proteins.
1. Introduction

Alzheimer's Disease is the most common form of dementia and
has an overwhelming impact on patients' lives and their fami-
lies. The formation of Ab senile plaques and tau tangles are the
hallmark of AD. Ab is a 36–43 amino acid peptide that is derived
from proteolysis of amyloid precursor protein (APP). Under-
standing the role of Ab in the molecular pathways that lead to
pathological changes in the brain of patients with AD is a long-
standing goal in the AD research eld. While the mechanisms
of age-related accumulation of Ab in the AD patients' brain
remains unclear, it has been hypothesized that the alterations
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in the metabolism of APP could be related to AD progression.
The non-amyloidogenic pathway, which prevents the formation
of the toxic Ab forms, proceeds from the proteolysis of APP on
the cell surface by a-secretase followed by g-secretase. On the
other hand, the amyloidogenic pathway includes cleavage of
APP by b-secretase generating 99 amino acid C-terminal frag-
ment that is then cut by g-secretase, leading to generation of the
neurotoxic Ab40 and Ab42 peptides.1,2 The Ab42 peptide is shown
to be more hydrophobic and prone to form brils compared to
Ab40 peptide and is found to be highly prevalent in senile pla-
ques.3 Moreover, several studies showed that intracellular Ab42
can be located in multivesicular bodies of neurons and further
enveloped into small extracellular vesicles – exosomes.4,5

Exosomes are nanometer-sized small extracellular vesicles
(sEVs) derived from the endocytic pathway and released from
the cells upon diffusion of cytosolic multivesicular bodies with
the plasma membrane. Exosomes have been detected in
different uids of the human body including serum, plasma,
saliva, breast milk, amniotic uid, semen, and urine.6 Their
molecular cargo reects the state of the releasing cells and
Nanoscale Adv., 2021, 3, 4119–4132 | 4119
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contains membrane proteins, endosome-associated proteins,
cytosolic proteins, lipids, and nucleic acids. Functions of sEVs
in normal physiology and in a variety of pathological processes
are under extensive study. They are known to facilitate inter-
cellular communication between neighboring cells or distant
cells and to play a role in cardiovascular diseases,7 cancer,8

metabolic9 and neurological disorders,10,11 and autoimmune
diseases.12,13 Due to the lack of explicit consensus in the eld of
extracellular vesicles on the appropriate nomenclature, and to
adhere to the MISEV 2018 guidelines14 we chose to use the term
“small extracellular vesicles” or “sEVs” for the purpose of this
study to refer to EVs in the approximate size range of 50–
200 nm. In more broader contexts we used a collective term
“extracellular vesicle” or “EVs”.

With relevance to neurodegenerative diseases, it has been
proposed that the generation and progression of many neuro-
degenerative disorders are associated with exosome-mediated
transport of misfolded proteins15–17 and specic RNA species
in exosomes.18–20 Furthermore, recent clinical studies showed
elevated levels of AD-associated proteins, tau, and Ab, in exo-
somes isolated from plasma, serum, and cerebrospinal uid
(CSF) of AD patients.21–25 These ndings stimulate further
exploration of the sEVs as potential biomarkers of neurode-
generative diseases.

Extracellular vesicles are characterized by a wide variety of
methods. Morphological features of EVs are described by
nanoparticle tracking analysis (NTA),26 electron microscopy
(EM),27 and atomic force microscopy techniques (AFM).28 Their
molecular cargo is characterized mainly by ow cytometry,
western blot, immunoprecipitation, and immunohistochem-
istry methods29 as well as by mass spectrometry, and quantita-
tive polymerase chain reaction. In addition, there are several
emerging techniques that complement traditional methods for
EVs characterization by their ability to reveal new information
about the EVs molecular cargo or to characterize the composi-
tion of individual EVs. These methods include uorescence-
based techniques,30,31 atomic force microscopy,32 surface plas-
mon resonance (SPR),33 Raman spectroscopy,34,35 and electro-
chemical sensing methods.36 Among these novel approaches,
Raman spectroscopy enables sensitive label-free detection and
analysis of EVs protein content.

Raman spectroscopy is an optical method where a laser
beam is used to irradiate a sample resulting in inelastic scat-
tering of photons. The difference in energy of these photons
corresponds to the chemical bonds that are present in the
sample.37 Due to its label-free and non-destructive nature with
high chemical specicity, Raman spectroscopy has great
application potential in the characterization of extracellular
vesicles. Several studies have been published in the past decade
using Raman spectroscopy as a tool to analyze the biochemical
content of EVs. The pioneering work reporting the rst Raman
spectrum of sEVs was published in 2009.38 Later studies
demonstrated the use of Raman spectroscopy for characteriza-
tion of single extracellular vesicles,39 as well as clusters of EVs
trapped in the laser focus.40 In addition, recent studies have
indicated that Raman spectroscopy can be used for tissue
characterization by analyzing the spectral signature of cancer
4120 | Nanoscale Adv., 2021, 3, 4119–4132
EVs for prostate cancer diagnosis,41,42 as well as tissue-specic
EVs derived from mesenchymal stromal cells43 and peripheral
blood mononuclear cells.44 Furthermore, urinary EVs from
diabetic patients and hyperglycemic endothelial cells45 have
been successfully characterized by Raman spectroscopy.
Immune-capture based single EV Raman spectroscopy46 has
also been reported as a promising approach.

In the research eld of neurological disorders, Raman
spectroscopy has been used to investigate structural features
and changes of toxic proteins such as Ab,47–49 a-synuclein,50,51

and tau52 by analyzing the amide bands in the protein spectrum
that is particularly sensitive to the protein's conformational
state and environment. Moreover, differences in the Raman
ngerprint of blood samples of patients compared to a healthy
control have been reported for a variety of neurological condi-
tions such as AD,53 Parkinson's disease (PD),54,55 dementia with
Lewy bodies,56 and Huntington disease.57 Recent reports have
demonstrated the ability of Raman spectroscopy to accurately
distinguish PD58 and Amyotrophic Lateral Sclerosis (ALS)59

patients from healthy control group based on their EVs prole.
Our group previously demonstrated the application of laser
tweezers Raman spectroscopy for exosomes heterogeneity
analysis39 and surface-enhanced Raman spectroscopy for
biochemical analysis of EVs.60–64

However, to our knowledge, specic Raman studies indi-
cating Ab association within sEVs have not been reported. Here
we report for the rst time the use of Raman spectroscopy for
the identication and characterization of Ab associated with
sEVs, as well as the structural and dynamical effects of Ab on the
membrane of sEVs.
2. Materials and methods
2.1 Ab1–42 pure protein preparation

Ab1–42 protein samples were prepared by resuspension of the
stock Ab1–42 protein (stock number: A9810, Sigma-Aldrich, USA)
in DMSO to a nal concentration of 10�6 M and vortexed prior
usage.
2.2 Cell culture models

In this work, we used sEVs derived from the MC65 cell culture
model and midbrain organoids, as described next.

2.2.1 MC65 AD cell culture model. We used MC65 cells
derived from human neuroblastoma SK-N-MC cell line with
conditional expression of transfected APP-derived construct,
consisting of carboxyl-terminal 99 residues of APP (APP-C99),
under negative regulation of tetracycline (TC) sensitive
promoter.65 Upon withdrawal of TC from the cell culture media,
the cells express C99 which is then converted to Ab by cleavage
with intramembrane proteases g-secretase and b-secretase. Ab
remains inside the cell and forms aggregates within 3–4 h aer
removal of TC with complete apoptotic death of cells in 72 h.

MC65 cells were cultured in a 75 ml ask in Dulbecco's
Modied Eagle medium supplemented with 4.5 mg ml�1

D-
glucose, non-essential amino acids, 1 mM sodium pyruvate, and
10% (v/v) heat-inactivated fetal bovine serum (FBS),
© 2021 The Author(s). Published by the Royal Society of Chemistry
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supplemented with 0.1 mg ml�1 tetracycline, 50 IU ml�1 peni-
cillin, and 50 g ml�1 streptomycin. In order to prevent the
addition of nonspecic FBS EVs, we cultured the cells with an
EV-depleted FBS (Life Technologies®). This ensures that the
resulting sEVs in the cell culture medium supernatant only
originate from the plated cells. The MC65 cells were cultured in
the presence of TC for 24 h and the growth media was then
collected MC65(TC+) for further isolation of sEVs. Expression of
APPC99 in MC65 cells was induced by removing TC from the
cell culture medium and cells cultured for another 16 h. At this
point, the cell culture media MC65(TC�) was harvested and
centrifuged at 2000g for 30 min to remove any cells and debris.

2.2.2 Midbrain organoids 3D cell culture. The midbrain
organoids were developed in the Early Drug Discovery Unit at
McGill University.66 Briey, peripheral blood mononuclear cells
(PBMCs) were isolated from the blood of healthy individuals
and reprogrammed into an induced pluripotent stem cell line
(iPSCs). The use of iPSCs and stem cells in this research is
approved by the McGill University Health Centre Research
Ethics Board (DURCAN_IPSC/2019–5374). The iPSC used for
Midbrain organoids generation was AIW002-02, a healthy male
control line derived reprogrammed from PBMCs and obtained
from the MNI's Open biorepository (C-BIG). Aer the formation
of embryoid bodies (EBs), they were patterned into neuronal
midbrains by inductive signals. To promote tissue growth, EBs
were embedded in Matrigel scaffold and cultured in a six-well
plate or orbital shaker. Cell culture media for sEVs isolation
was collected aer 120 day old maturation of the MBOs. The
media was collected aer a 7 day period, before the weekly
media change.
2.3 Isolation of sEVs from cell culture media

sEVs were isolated by differential ultracentrifugation with two
rounds of spinning. First, we employed a low-speed centrifu-
gation of the sEVs containing media to remove the cell portions,
cell debris, apoptotic bodies or large biopolymers, and micro-
vesicles. For this, 34 ml of the cell culture media from MC65
cells and midbrain organoids were centrifuged at 300g for
10 min, followed by 2000g for 10 min centrifugation and a nal
step centrifugation at 10 000g for 30 min. All low-speed centri-
fugations (300–10 000g) were performed using a Beckman
Coulter Microfuge 20R centrifuge with a FA361.5 Biosafe rotor.
The second round is a high-speed centrifugation which has the
following steps: 120 000g for 90 min, collected supernatant was
discarded, and the pellet was dispersed in ultrapure water and
centrifugated one more time at 120 000g for 90 min to pellet the
sEVs. UC was performed using Beckman Optima TLX Ultra-
centrifuge with an SW 28 swinging bucket rotor. The resulting
pellets were nally resuspended in up to 100 ml of ultrapure
water and stored at �80 �C until use. The samples were ali-
quoted (50 ml) to reduce freeze-thaw cycling which may other-
wise damage the sEVs. In this way, only one freeze-thaw cycle is
used, which has been shown previously to not have a signicant
effect on the integrity of sEVs.67,68 Moreover, dispersion and
aliquoting of the resulting pellet allows characterization of the
same isolated sEVs sample by complementary characterization
© 2021 The Author(s). Published by the Royal Society of Chemistry
methods to meet MISEV guidelines (e.g., electron microscopy,
SP-IRIS, NTA, etc.).
2.4 sEVs characterization

2.4.1 Nanoparticle tracking analysis. Nanoparticle
Tracking Analysis (NTA) was carried out using a NanoSight
model LM10 (Malvern Panalytical Ltd, UK), equipped with
a blue (405 nm) laser and a sCMOS camera. The isolated sEVs
were thawed to room temperature and diluted 500-fold in
ltered ultrapure water. Filtered ultrapure water (�2 ml) was
also used to thoroughly ush the NTA tubing to conrm the
background to be free of any nanoparticle contamination prior
to the next sample addition. Next, 1 ml of each diluted sample
was loaded into a single-use syringe and the syringe was placed
to an automated syringe pump (Harvard Bioscience, MA, USA)
for injection. Three consecutive 30 s videos of each sample in
ow conditions with at least 130 particles per frame during each
run were recorded at camera level 12. The data was analyzed
using a NanoSight NTA 3.1. soware with the detection
threshold set to 5 and screen gain 10 to track the statistically
relevant number of particles, concurrently minimizing the dis-
torting background artefacts.

2.4.2 Transmission electron microscopy. sEVs were
deposited on glow discharged carbon lm-coated copper TEM
grids and incubated at room temperature for 5 min. Next, 8 ml of
ltered 1% uranyl acetate (UA) solution was dropped on the
surface of TEM grids and incubated for 1 min for staining. Aer,
excess UA was removed by contacting the lter paper with the
edge of the TEM grids. The grids were then dried at room
temperature for 30 min. Transmission electron microscopy was
performed using a FEI Tecnai G2F20 transmission microscope
operating at 80 kV.

2.4.3 SP-IRIS. Tetraspanin kits, as well as the buffer and
blocking solutions, were purchased and used as-is from Nano-
View Biosciences. The following detection antibodies were
used: anti-CD9 AF488, anti-CD63 CF647, and anti-CD81 CF555.
sEVs were diluted in Solution A at 10�, 100�, or 1000�, and 35
ml of each dilution was incubated on a chip for 6 h at room
temperature in a 24 well plate. 1 ml of Solution A was added to
each well and the plate was shaken at 500 rpm for 3 min 750 ml
of the solution was removed from each well and replaced with
750 ml of Solution A then shaken at 500 rpm for 3 min. This step
was repeated twice more for a total of 4 shaking steps. During
these steps, a blocking mixture was prepared, combining 1 : 1
Solution A and blocking solution. Antibodies were diluted
1 : 600 in a blocking mixture. Aer the nal mix, 750 ml of the
solution was taken out of each well and 250 ml of antibody
mixture was added. Chips were then incubated at room
temperature for 1 h. Aer incubation, 500 ml of Solution A was
added to each well. 750 ml of the solution was then immediately
taken out and replaced by 750 ml of new Solution A. This was
shaken at 500 rpm for 3 min followed by removing 750 ml of
solution from each well. 750 ml of Solution B was then added to
each well and the plate was shaken at 500 rpm for 3 min fol-
lowed by removing 750 ml of solution. This was repeated 3 times.
750 ml of MilliQ water was then added to each well and shaken
Nanoscale Adv., 2021, 3, 4119–4132 | 4121
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at 500 rpm for 3 min for a total of 5 shaking steps aer antibody
incubation. Each chip was washed in two successive dishes of
MilliQ water, taking care to avoid drying of the chip between
dishes. In the nal dish, the chip was tipped at a 45-degree
angle and slowly pulled out of the water. These were then dried
on absorbent paper and added to the chuck. Chips were scan-
ned by SP-IRIS and all three uorescent channels. Data were
analyzed with uorescence cut-offs of 600, 400, and 400 arbi-
trary units for the blue, green, and red channels, which were
chosen by limiting the number of particles on the negative
control MIgG spot to less than 10 for all chips.

2.5 Raman spectroscopy setup and data acquisition

A WITec Confocal Raman microscopy system (WITec
Alpha300R) with a 633 nm HeNe laser, maximum power of 5
mW at the sample, coupled into a microscope equipped with
a 50� objective (NA 0.8, WD 0.58 mm, theoretical laser focal
spot diameter �1 mm), a spectrometer (UHTS400 NIR, 400 mm
focal length, with a 300 grooves per mm grating corresponding
to a spectral resolution of <6.8 rel. cm�1/pixel at 633 nm), and
a CCD camera was used for these experiments. The acquisition
time for sEVs characterization was 60 s. The spectra were
collected aer air-drying 5 ml of isolated sEVs solutions on
a glass cover slip from multiple points within the droplet
ngerprint focusing on small aggregates of sEVs and in the rim
area of the droplet. This approach allows size-based separation
of sEVs from possible contaminants such as large EVs or protein
aggregates, via convection currents that drive smaller particles
to the outside of the ring. This is not possible if the spectra are
measured from pellets where the EVs are clumped together,
making the separation of larger aggregates (including protein
aggregates) from the actual sEVs more challenging. Moreover,
measuring Raman spectra of sEVs in liquid pellets presents
difficulties due to their intrinsic Brownian motion, which will
cause particles to move in and out of the laser beam. In addi-
tion, the momentum of the photons in the laser beammay push
particles out of the focal region and, if not controlled properly,
may make the measurements less accurate.

2.6 Data pre-processing and statistical analysis

The statistical analysis and data processing were performed
using WITec Project Five build-in soware (ImageLab) and
OriginPro (OriginLab, Northampton, MA). Prior analysis the
quality of Raman spectra was assessed, and data pre-processing
was performed in order to minimize insignicant variability.
Pre-processing of the data included correction of baseline by
subtraction of the spectral background from glass, cosmic rays,
and other background deviations. Next, in order to enhance the
spectral quality, we reduced the noise by applying Savitzky–
Golay smoothing and then the data were normalized. Principal
component analysis (PCA) was performed using OriginPro PCA
for spectroscopy app. PCA was performed on a range of 900–
1800 cm�1, 1540–1800 cm�1, and 2800–3100 cm�1. The
variance-covariance matrix was utilized for further analysis and
the reduction of initially complex data was achieved by PCA.
Next, to build the PCA score plot we used the rst two principal
4122 | Nanoscale Adv., 2021, 3, 4119–4132
components (PCs). The optimal number of PCs to describe
major features of the spectra was chosen based on the size of
the corresponding eigenvalues of the PCA scree plot. The
eigenvalues of the PCs aer the rst two were signicantly
smaller suggesting that the rest of the PCs may not have much
interpretive values and add relatively little to the information
already retained by rst two PCs. Peak deconvolution was ach-
ieved by using the OriginPro built-in Multiple Peak Fit tool. The
peak positions were chosen based on existing literature and
further deconvolved using Voigt peak shape function.
3. Results

The workow of the study is represented in Fig. 1, which
describes schematically the steps followed to isolate, charac-
terize, and analyze the sEVs. Specically, in this study, we
employed three different sEVs groups, isolated from two types
of cell cultures: 2D MC65 neuroblastoma cell line and 3D
midbrain organoids. The MC65 cell line is an in vitro AD model
that provides a neuronal source of sEVs containing Ab. We
believe that it is important to fully investigate and understand
the signatures of sEVs associated Ab in simulated conditions
before examining human samples. The study of an in vitro
model of AD allows the investigation of possible roles Ab
protein has in neurons,69–71 and subsequently in neuronal sEVs,
and may provide valuable insights into the pathogenesis of AD.
Future work building on this data will apply Raman-based
detection of AD in clinical settings. sEVs isolated from 3D
midbrain organoids serve as an additional negative control in
this study and represent healthy brain neurons. As described in
the Methods section, sEVs isolation was achieved by rst
centrifuging the cell culture media several times at low speed to
remove the remaining cell fragments, debris, andmicrovesicles,
followed by two cycles of high-speed centrifugation. We expect
that, in accordance with previous reports, the remaining pellet
contains the small sEVs of interest. We will further denote the
sEVs isolated from untreated and tetracycline treated MC65
cells line as TC� sEVs and TC+ sEVs, respectively. The sEVs
isolated from organoids culture media are labeled as osEVs. The
sEVs were characterized by established methodologies such as
NTA and TEM and were further studied by Raman spectroscopy
to reveal their biochemical content. Subsequently, the recorded
spectra were analyzed by PCA to identify the Ab content of each
sEVs group.
3.1 sEVs characterization by NTA and TEM

First, we characterized the size and concentration of the iso-
lated sEVs via NTA. Fig. 2A shows the size distribution plots for
all analyzed sEVs groups. The mean concentration of TC� sEVs,
as measured by NTA, 6.5 � 109 EVs ml�1, was higher than the
mean concentration of TC+ and osEVs samples, which was 4.2
� 109 EVs ml�1 and 4.5 � 107 EVs ml�1, respectively. Addi-
tionally, the mean particle size as measured by NTA was
157.3 nm� 3.8 nm, 164.1 nm� 11.2 nm, and 293.5� 2.7 nm for
TC� sEVs, TC+ sEVs, and osEVs, respectively. One can see that
the mean particle size of TC� sEVs was comparable with the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of sEVs isolation and characterization by Raman spectroscopy. (A) sEVs were isolated by differential ultracentri-
fugation from the MC65 AD cell culturemodel, which is under tetracycline promoter regulation, andmidbrain organoids developed from PBMCs
of healthy donors. (B) The biochemical content of the isolated sEVs was characterized by Raman spectroscopy. The collected spectra were
further analyzed by PCA.
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one that is recorded for TC+ sEVs. On the other hand, we
observed a slightly larger particle size for osEVs. TEM images,
presented in Fig. 2B conrm this result, showing an increased
size for organoids sEVs. Moreover, TEM images revealed the
sEVs cup-shaped morphology, which is a typical experimental
artefact related to deation of EV structure during the sample
preparation.

To conrm that sEVs were enriched during ultracentrifuga-
tion, expression of sEVs associated tetraspanins, CD9, CD63,
and CD81, were tested by immuno-capture and immuno-
uorescence, using the SP-IRIS method implemented into the
ExoView R100 instrument. This equipment utilizes a micro-
patterned chip with an array of spatially distinct antibody spots.
During incubation, sEVs are captured by these antibodies and
subsequently labeled with uorescent detection antibodies. By
directly imaging these antibody arrays, up to four co-expressed
surface proteins (capture antibody and three uorescent
detection channels) can be detected on a single sEV.

For both sEVs populations, all three tetraspanins were
expressed with both capture and uorescence detection of each
tetraspanin. Furthermore, the tetraspanin prole of each sEVs
population was very similar with most CD9 positive sEVs
detected on the CD81 capture spot, the most CD63 positive sEVs
detected on the CD63 capture spot, and similar amounts of
CD81 positive sEVs captured on each spot. These results show
© 2021 The Author(s). Published by the Royal Society of Chemistry
that the co-expression of these tetraspanins is highly consistent
between these sEVs populations.

In addition, we note that the resuspension of sEVs in ultra-
pure water did not notably change the characteristics of
analyzed sEVs. Their size, morphology, and surface protein
expression (Fig. 2) is comparable to the ones reported for sEVs
resuspended in PBS or commercially available EVs resus-
pension buffers that maintain osmotic pressure. We believe
that the ability of EVs to withstand the isotonic solution pres-
sure can be explained by the higher rigidity of the EVs lipid
bilayer that is enriched with cholesterol, sphingomyelin, and
gangliosides compared to the membranes of their cells of
origin.72,73 Moreover, we experimentally determined that the
composition of the resuspension buffer did not majorly impact
the physical or chemical nature of sEVs (data not shown). To do
this, we isolated sEVs by differential centrifugation from cell
culture media and resuspended them using either 0.1% ltered
PBS or ultrapure water, both as the nal buffer as well as during
intermediate steps of processing. Then, we characterized sEVs
by NTA, resistive pulse sensing (RPS), and SP-IRIS methods. The
results of concentration and size distribution analysis did not
show a major difference between the two groups of sEVs. We
found that the sEVs resuspended in water had a similar
concentration (8.8 � 1011 particles per ml) compared to sEVs
resuspended in PBS (2.4 � 1011 particles per ml), indicating
Nanoscale Adv., 2021, 3, 4119–4132 | 4123
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Fig. 2 Characterization of sEVs by transmission electron microscopy, nanoparticle tracking analysis, and SP-IRIS. (A) Graphs show the
concentration of sEVs as a function of particle size for TC� sEVs, TC+ sEVs, and osEVs. Shaded areas represent error bars. (B) Electron
micrographs of TC� sEVs, TC+ sEVs, and osEVs showing the cup-shaped morphology. Scale bar is 100 nm. Expression of typical EVs surface
proteins CD81, CD63, and CD9 as well as the negative control MIgG in the (C) TC� sEVs and (D) TC+ sEVs samples.
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similar yield for particles. Finally, we determined that both sEVs
groups had similar CD9, CD63, and CD81 tetraspanins proles,
which further suggests that the chemical nature of sEVs
remains generally similar regardless of the choice of resus-
pension buffer.
3.2 Raman spectroscopy analysis of sEVs isolated from
MC65 (TC�/+) cells and midbrain organoids cell culture
media

The MC65 AD cell culture model used in this study over-
expresses 99-amino acid carboxyl-terminal fragments (bCTF) of
APP under tetracycline promoter regulation. This model is
designed tomimic the pathological pathway of APP that leads to
amyloidogenesis. This pathway involves cleavage of mature APP
4124 | Nanoscale Adv., 2021, 3, 4119–4132
by b- and g-secretases, where b-secretase cleaves the amino
terminus of Ab, and membrane-associated bCTF. Further, bCTF
is cleaved by g-secretase resulting in the release of Ab40 or Ab42
peptides and APP intracellular domains (AICDs).65 As bCTF
undergoes endocytosis, it can be trafficked to endosomal
compartments such as multivesicular bodies (MVBs) and
possibly enveloped in sEVs or exosomes.74 It has been shown
previously that APP CTFs are overabundant in cerebrospinal
uid (CSF) of AD patients and suggested to be potential diag-
nostic biomarkers of AD.75 The control samples of sEVs are
isolated from the same cell culture model in the presence of
tetracycline (TC+) and midbrain organoids sEVs (osEVs). The
midbrain organoids were developed from PBMCs of healthy
individuals and were used in this study because they are bio-
chemically and biophysically more similar to tissues due to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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their ability to mimic cell-matrix and cell–cell interactions.
Therefore, they are representative of healthy brain neurons.

For the Raman spectroscopy analysis, the isolated sEVs were
resuspended in ultrapure water and placed on a clean glass
microscope slide to allow air-drying. Spectra were mostly
recorded from the small aggregates of sEVs and from the edge
of the dried sample, where sEVs accumulate preferentially due
to the “coffee-ring effect”. This effect is observed upon the
evaporation of water from droplet samples that contain small-
sized particles. Explicitly, in a sample with a heterogeneous
particle size distribution, the smallest particles ow radially
toward the contact line during the drying process. The angle
between the surface of the drying EVs sample and the micro-
scope slide decreases progressively during water evaporation
which limits the size of the particles that can approach the edge
of the droplet. Therefore, aer drying, the particles will be
separated based on their size due to convective currents inside
the droplet, as reported by Jeong et al.76 As the droplet dries, the
smaller (lighter) particles such as sEVs are deposited and
concentrated at the outer edge of the dried sample, and the
bigger (heavier) particles, such as large EVs or protein aggre-
gates that could be co-isolated during differential ultracentri-
fugation, are concentrated closer to the center region. By
positioning the laser spot in the ring and adjacent to the ring
area we ensure that we measure particle sizes in the typical sEVs
range according to MISEV 2018 nomenclature and as measured
here by NTA and TEM (Fig. 2). This is particularly important for
the acquisition of reliable Raman spectra. In our case, we were
able to record high-quality spectra with 633 nm continuum
laser excitation at relatively low power of few mW and acquisi-
tion times on the order of one minute.

Next, we analyzed the collected Raman spectra from TC�
sEVs (n¼ 11), TC+ sEVs (n¼ 10), and osEVs (n¼ 7) samples and
compared them with spectra recorded from pure Ab42 protein (n
¼ 10). The Raman spectra of the “ngerprint region” 900–
1800 cm�1 from all sEVs groups and Ab42 pure protein represent
a complex set of peaks with shared features among all sEVs
Fig. 3 Characterization and analysis of the “fingerprint region” 900–1800
Raman spectra of fingerprint region 900–1800 cm�1 of TC� sEVs, TC+ s
areas represent �1 standard deviation. (B) The score plot of the first two p
group as shown in the legend.

© 2021 The Author(s). Published by the Royal Society of Chemistry
samples and some variations (Fig. 3A). The Raman peak
assignments are given in Table 1. All sEVs groups shared the
same peak positions at 1123 cm�1 and 1290 cm�1 assigned to
C–N vibration and amide III a-helix protein structure, respec-
tively. Peaks at 1436 cm�1 and 1453 cm�1 are assigned to the
lipid content, specically to the CH2 and CH3 deformation in
lipids and triglycerides. Additionally, Ab42 pure protein spectra
presented two distinct peaks at 1000 cm�1 and 1600 cm�1,
assigned to the breathing of the benzene ring and C]C vibra-
tion corresponding to phenylalanine, respectively. These peaks
can be also observed in the TC� sEVs spectra, suggesting that
these sEVs could potentially carry Ab protein. Amide I region
was also located at similar positions for TC� sEVs, osEVs, and
Ab42 pure protein covering the area 1650–1668 cm�1. In the
osEVs spectra, these peaks can be observed, while they are
missing in the TC+ sEVs spectra.

Then, we performed PCA of the collected data and the results
are shown in Fig. 3B. The rst two principal components rep-
resented 58.0% and 8.9% variability of the total variance,
respectively. It is important to note that these scores may be
inuenced by both spectrum intensity and spectrum shape.77,78

The samples are spread along the PC1 axis with TC� sEVs
located on the negative side, while TC+ sEVs and osEVs are
distributed loosely on the positive side of the axis. Ab42 pure
protein spectra form an elongated cluster between PC1 and
PC2. By this, it is clear that the different sample groups can be
distinguished from each other based on their Raman spectra,
which also serves as a valuable starting point for further
analyses.

Raman spectroscopy can effectively determine the secondary
structure of proteins.81 The peaks centered at 1667–1668 cm�1

assigned to C]O and a small contribution of C–N stretch
corresponds to b-sheet protein conformation. The peaks located
at 1650–1660 cm�1 region arising from the coupling of C–N
stretching vibration and N–H bending vibrations correspond to
an a-helix structure. Therefore, our attention was further
focused on the amide I region which is mostly affected by the
cm�1 of TC� sEVs, TC+ sEVs, osEVs, and Ab42 pure protein. (A) Average
EVs, osEVs, and Ab42 pure protein. Spectra are offset for clarity. Shaded
rincipal components for each sEVs group. Colors represent each sEVs
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Table 1 Assignments of the Raman spectra vibrational bands

Position (cm�1) Peak assignment Reference

1000 Phenylalanine ring breathing of protein Hernández et al., 201379

1123 C–N of proteins Teh et al., 200980

1290 Amide III Bandekar et al., 199281

1436 Fatty acids, triglycerides, CH2 or CH3 deformations Verma et al., 197782

1453 Proteins, CH, CH2 or CH3 deformations of long chain fatty acids, phospholipids Notingher et al., 200983

1600 C]C of phenylalanine Hernandez et al., 201379

1650–1660 Unsaturated fatty acids cis form, amide I a-helix Bandekar et al., 199281

1667–1668 Amide I b-sheet Bandekar et al., 199281

2845 CH2 symmetrical stretching of fatty acids, triglycerides Song et al., 202084

2878 CH2 asymmetric stretching (lipids) Song et al., 202084

2900 CH2 asymmetric stretching (lipids) Song et al., 202084

2930 CH3 symmetric stretching of proteins/lipids (cholesterol) Rygula et al., 201385

2960 CH3 symmetric stretching of proteins Lis et al., 197686

3060 Proteins aromatic CH stretching mode/nucleic acids Rygula et al., 201385
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secondary structure of the proteins. The a-helix rich structure
might originate from Ab peptide bonded to a plasma
membrane. In an attempt to identify specic peaks within the
amide I region, we performed peak deconvolution analysis.
Fig. 4 depicts the deconvolution of the amide I region in TC�
sEVs and Ab42 pure protein spectra. For this, the most intense
peaks at 1600 cm�1 and 1650 cm�1 in the spectra were centered,
xed, and tted until high values of R2 were obtained. The
recorded Raman spectra are shown as solid lines and decon-
volved peaks are marked as dashed lines.

The amide I region deconvolution clearly identies the
presence of a peak at 1650 cm�1 in the spectra of TC� sEVs
(Fig. 4A) that corresponds to an a-helical conformation of the
protein. The peak at 1663 cm�1 in the spectra of Ab42 pure
protein is assigned to an a-helical conformation with a potential
contribution from “disordered structures” (Fig. 4B). On the
other hand, the amide I region of TC+ sEVs and osEVs is too
weak to provide a reliable t and to obtain information. In
addition, the presence of only a-helical structure of the proteins
in the spectra of TC� sEVs conrms that the collected spectra
represent the proteins within sEVs and not insoluble protein or
peptide deposits, which typically adopt an enriched b-sheet
conformation.87

The deconvolution of the Ab42 pure protein spectra identied
strong peaks centered at 1600 cm�1 and 1663 cm�1. The broad
peaks in the amide I region of TC� sEVs spectra indicated the
presence of mainly monomeric form or small oligomers of Ab. A
previous NMR study characterized Ab associated with a phos-
pholipid bilayer-mimicking environment as a monomeric
amphipathic a-helix conformer.88 Next, the Raman spectra
region between 1540–1800 cm�1 that includes the amide I
region was analyzed by PCA. Fig. 4C depicts the score plot of the
rst two principal components that cumulatively represent
48.1% variability of the total variance. In order to highlight
different cluster regions, shaded ellipse areas are shown in the
plot. One can observe that TC� sEVs and Ab42 pure protein are
closely clustered in the positive side of the PC1 axis. In contrast,
TC+ sEVs and osEVs spectra are dispersed along the PC1–PC2
plane. Next, the analysis of PC loadings showed the
4126 | Nanoscale Adv., 2021, 3, 4119–4132
contribution of the individual wavenumber to PC1 and PC2
(Fig. 4D). While the PC1 loading resembles the spectra of Ab42
pure protein, the biochemical meaning of the second PC is
more difficult to interpret. Taken together, these data revealed
that the major secondary structure of the proteins and poten-
tially Abwithin the analyzed sEVs is typical to the a-helix form of
proteins.

Additionally, Raman spectra in the “high-wavenumber
region” can provide valuable information about the biochem-
ical composition of the sEVs. Fig. 5 compares the experimen-
tally recorded and deconvolved Raman bands that were
obtained under the same experimental conditions as for the
amide I region. Two major peaks were present within all sEVs
spectra in this region at 2845 cm�1 and 2878 cm�1. These peaks
are characteristic vibrational features of lipids and correspond
to symmetrical and asymmetrical CH2 vibrations, respectively.
The analysis of Ab42 pure protein did not show the presence of
the 2845 cm�1 peak and only showed weak intensity of the
2878 cm�1 peak. Specically, these peaks can be attributed to
the presence of long acyl chain lipids such as fatty acids and
ceramides. In addition, there was a small contribution of
cholesterol to these peaks. On the other hand, the characteristic
peak of the proteins is located at 2930 cm�1. Fig. 5A and B
depicts stronger intensities at 2930 cm�1 in deconvolved peaks
of the TC� sEVs and Ab42 pure protein compared to TC+ sEVs
(Fig. 5C) and osEVs (Fig. 5D).

It has been shown previously that the ratio of Raman
intensities at 2930 cm�1 and 2845 cm�1 (I2930/I2845 cm�1)
reects the ratio of the protein and lipid content.89,90 Table 2
shows the calculated Raman intensity ratio for all analyzed sEVs
groups. The intensity values are calculated for the area under
the curve for each peak.

One can see that TC� sEVs had a higher I2930/I2845 cm�1

intensity ratio compared to the TC+ sEVs and osEVs, indicating
a higher concentration of proteins within TC� sEVs. These
results indicate that Ab protein could be present in the TC�
sEVs and could be at higher concentrations than in TC+ sEVs
and osEVs. To complement these ndings, we performed PCA
of the peaks in the “high-wavenumber region” between 2800–
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Analysis of the Raman spectra of the amide I region 1540–1800 cm�1. (A) Deconvolution of amide I region of averaged spectra of TC�
sEVs and (B) Ab42 pure protein indicated the presence of two peaks at 1600 cm�1 (labeled as peak 1) and 1650 cm�1 in TC� sEVs spectra and
1663 cm�1 for Ab42 pure protein spectra (labeled as peak 2). Deconvolved spectra are shown as dotted lines. (C) The score plot of the first two
principal components for each sEVs group. Colors represent each sEVs group as shown in the legend. Colored regions are to provide visual aids.
(D) Comparison of the PC1 and PC2 loadings with Ab42 pure protein spectrum and with average spectra of each sEVs group. Dotted lines
represent zero-axes of the PCA loadings. Shaded areas represent �1 standard deviation. Spectra are offset for clarity.
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3100 cm�1 of Raman spectra of all sEVs groups and Ab42 pure
protein. Fig. 5E represents the score plot in the PC1–PC2 plane
where the rst PC was responsible for 82.4% of the variability
and PC2 carried 8.0% of variability of the total variance. It can
be clearly seen that TC� sEVs and Ab42 pure protein spectra
were clustered on the negative side of the PC1 axis while the TC+
sEVs and osEVs were clustered on the positive side of the PC1
axis. Fig. 5F shows the loading plots of PC1 and PC2 and the
average spectra of the sEVs analytes and Ab42 pure protein
control protein. The loading spectrum for PC1 had several
peaks at both positive and negative sides where the most
signicant wavenumbers are 2930 cm�1, 2845 cm�1, and
2878 cm�1 and resembled the spectra of Ab42 pure protein and
sEVs groups spectra. In contrast, the chemical meaning of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
second principal component was not clear from the shape of the
loading. Finally, PCA was able to successfully cluster similar
spectra and segregate different ones.

Next, we evaluated the effect of Ab on sEVs lipid membrane
composition and structure. For this, we used the ratio of Raman
peaks at 2845 cm�1 (CH2 sym.) to 2878 cm�1 (CH2 asym.) that
describe an estimated lipid uidity or degree of unsatura-
tion91,92 (Table 3). The higher the I2845/I2878 cm�1 ratio is, the
more unsaturated lipids are present, and the higher is the
uidity of the EV membrane. The results show that all three
groups of sEVs had the same degree of saturation. Furthermore,
in order to analyze the structure of lipids, we calculated the ratio
of Raman peak intensities at 2845 cm�1 (C–H stretch of CH2) to
2930 cm�1 (C–H stretch of CH3) that has been shown to
Nanoscale Adv., 2021, 3, 4119–4132 | 4127
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Fig. 5 Analysis of the “high-wavenumber region” 2800–3100 cm�1 of normalized Raman spectra. Raman spectra and peak deconvolution for (A)
TC� sEVs, (B) Ab42 pure protein, (C) TC+ sEVs, and (D) osEVs. Dotted lines represent five peaks that were analyzed in this region, labeled with
numbers as follows: 1 – 2845 cm�1, 2 – 2878 cm�1, 3 – 2900 cm�1, 4 – 2930 cm�1, and 5 – 2960 cm�1. (E) The PCA score plot of the first two
principal components. Colors represent each sEVs group as shown in the legend. Colored regions are to provide visual aids. (F) Comparison of
the PC1 and PC2 loadings and average spectra of sEVs groups. Shaded areas represent�1 standard deviation. Dotted lines represent zero-axes of
the PCA loadings. Spectra are offset for clarity.

4128 | Nanoscale Adv., 2021, 3, 4119–4132 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Raman intensity ratio at 2930/2845 cm�1

sEVs group I2930 cm
�1 I2845 cm

�1 Ratio I2930/I2845 cm
�1

TC� sEVs 29.16947 11.97269 2.43633
TC+ sEVs 8.97397 12.17685 0.73696
osEVs 11.55123 12.63436 0.91427
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correlate with the number of C atoms in the fatty acid chain.92,93

We observed a slight change in the lipids structure, with the
higher prevalence of unsaturated lipids with a longer chain in
the TC+ sEVs and osEVs, and prevalence of lipids with a shorter
chain length in TC� sEVs. This observation together with
previously published reports indicates the effect of Ab associa-
tion to EV membrane uidity by changing the structure of EV
membrane lipids.94
4. Discussion

Alzheimer's disease is a neurodegenerative disease that remains
challenging to diagnose in early stages. This prognostic uncer-
tainty of existing diagnostic methods in combination with high
costs and invasiveness of current diagnostic procedures further
emphasizes the importance of developing sensitive and accu-
rate alternative tests for early AD diagnosis. The overall goal of
the study was to explore the use of sEVs as carriers of toxic
proteins. We used Raman spectroscopy to characterize sEVs
associated with Ab protein as potential biomarkers for AD
diagnosis. First, we demonstrated a clearly different biochem-
ical prole of Ab associated sEVs compared to the control sEVs
groups. In particular, intense peaks at 1650 cm�1 and
2930 cm�1 and their similarities with the spectra of pure Ab
protein indicate the presence of the Ab protein in TC� sEVs. On
the contrary, less intense, or lacking bands at these positions in
TC+ sEVs and osEVs conrm the hypothesis that these peaks are
associated with Ab protein. The observed differences in the PCA
results in the amide I and “high-wavenumber regions” of the
spectra can be explained by additional contributions from other
proteins in sEVs cargo in the amide I region, as well as a lower
overall signal-to-noise ratio in this region compared to the
“high-wavenumber region”.

In order to evaluate a priori the ability of Raman spectros-
copy to detect Ab in our sEVs we performed an estimate of the
number of Ab molecules in our laser spot. First, we calculated
the number of Abmolecules per sEV based on published data.22

Fiandaca et al.22 reported the Ab42 concentration (pg ml�1) in
total exosomes solution and the number of exosomes per ml. To
determine the mass of Ab42 per sEV, we divided the Ab
Table 3 Analysis of lipids saturation and structure

sEVs group I2878 cm
�1

Degree of unsatu
CH2 asym.) (ratio I

TC� sEVs 32.06708 0.37336
TC+ sEVs 45.10705 0.26995
osEVs 34.37304 0.36756

© 2021 The Author(s). Published by the Royal Society of Chemistry
concentration (expressed in pg ml�1) by the number of exo-
somes per ml. Next, we converted the mass of Ab to the number
of molecules per sEV by rst converting the mass of Ab to moles
using the molar mass and further converting to the number of
molecules using the Avogadro's number. We applied this
procedure to the values reported in the aforementioned study.
The reported concentration of Ab42 is 18.5 pg ml�1 in exosomes
(2.78 � 109 particles per ml) isolated from plasma of AD
patients (n ¼ 3) and 0.83 pg ml�1 in exosomes (3.49 � 109

particles per ml) extracted from age matching healthy individ-
uals (n ¼ 3). We used the values of the exosomal Ab42 protein
concentration extracted from AD patients' plasma to estimate
the concertation of the protein in our TC� sEVs. The concen-
tration of Ab42 protein obtained from the analysis of healthy
controls was used to calculate the protein concentration in TC+
sEVs and osEVs. Beginning with the number of Ab molecules
per one sEV in TC�/+ sEVs and osEVs solutions, we calculated
approximately 885 Ab molecules per sEV, 31.5 molecules per
sEV, and 30 molecules per sEV, respectively. The calculated
values indicate a higher load of Ab in TC� sEVs. Next, knowing
the number of Ab molecules per sEV we can calculate the ex-
pected number of Ab molecules in our laser spot by assuming
that the laser spot is a cylinder with 0.5 mm radius and 2 mm
height and the sample is composed of concentrated sEVs lling
the laser beam. Then, we calculated the estimated volume of
one sEV of each group based on the mean size of sEVs analyzed
by NTA. Subsequently, we calculated the number of sEVs of each
group in the laser spot described above. The estimated number
of Abmolecules in the laser beam spot is 6.8� 105 Abmolecules
for TC� sEVs, 2.1 � 102 Ab molecules for TC+ sEV, and 1.7 �
102 Ab molecules for osEVs. These estimates are supported by
the differences of Raman intensities, where a linear relation-
ship is expected to the number of molecules in the analyte. It is
important to note that the 2930 cm�1 peak corresponds to
overall protein concentration within analyzed sEVs. However,
the main difference between TC� MC65 cells and TC+ MC65
cells is the presence of tetracycline and overexpression of Ab in
TC� MC65 cells. This indicates that the isolated sEVs will have
mainly the same molecular composition and the major vari-
ability is the presence of Ab in TC� sEVs as detected by Raman
spectroscopy. In addition, it is important to mention that PCA
can be used for further semi-quantitative analysis of Ab in
future studies of disease diagnosis using human clinical
samples.

Next, the deconvolution of the amide I region of TC� sEVs
showed that Ab associated with sEVs is in an a-helical confor-
mational form and in the size of a monomer or a small olig-
omer. These ndings may shine light on a potential mechanism
ration (CH2 sym. �
2845/I2878 cm

�1)
Chain length prediction (CH2/CH3)
(ratio I2845/I2930 cm

�1)

0.41045
1.35690
1.09376
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of propagation of neurodegeneration by sEVs carrying toxic
oligomers. There is no consensus in the eld regarding the
structure of the toxic oligomers. The process of transformation
of the monomers into toxic oligomers has been shown to be
structure dependent. Specically, it has been noted that toxic
oligomers, as well as Ab brils, have a b-sheet enriched
secondary structure that provides a high adherence site for
further brillation.95–97 Conversely, a number of studies showed
that early oligomers of Ab and a-synuclein have an a-helical
secondary structure and are prompted by helix–helix interac-
tions.51,98 This knowledge and our results further suggest that
sEVs may be involved in toxic oligomers spread within the
neurons in CNS.

In addition, we observed differences in the lipid structures of
sEVs. The lipids with longer fatty acid chains are prevalent in
control sEVs groups, TC+ sEVs, and osEVs. On the other hand,
TC� sEVs have shorter fatty acid chain lengths. Since the main
difference between TC� sEVs and TC+ sEVs is the presence of
the Ab protein, we suggest that the association of Ab protein
with plasma membrane alters plasma membrane uidity. The
plasma membrane uidity depends on several factors, such as
degree of fatty acids saturation, length of fatty acid tail,
cholesterol content, and temperature. Specically, the lengths
of fatty acids tails affect the membrane rigidity by creating
intermolecular interactions between phospholipid tails. In the
case of TC� sEVs we observe a two-fold reduction of the chain
length and as a result, a potential increase in membrane
uidity. However, the cause of this phenomenon remains to be
explored. One possible explanation for the increased EV
membrane uidity is the formation of transmembrane oligo-
meric pore structures that are proposed to occur with the
peptide's interaction with the EV plasma membrane. In addi-
tion, the length of the fatty acid chain shortens with an increase
in temperature. However, this parameter should not affect our
results since sEVs from all three groups were analyzed under the
same experimental conditions.

Overall, our results conrm that Ab protein is present in sEVs
and can be detected via Raman spectroscopy. Moreover, our
study uncovered the role of Ab protein in the plasmamembrane
uidity, paving the way for other studies on this topic. Future
studies using clinical samples of AD patients will be necessary
to demonstrate the potential of sEVs for early AD diagnosis.
Further, studies of the sEVs derived from AD patients and
healthy controls via Raman spectroscopy will possibly indicate
spectral biomarkers that may correlate to the development of
AD. The analysis of molecular conformation of sEVs associated
Ab protein is particularly important in understanding the role of
sEVs in the propagation of neurodegeneration as it has been
previously proposed in the literature. Potential pathologies
underlying AD other than misfolded proteins and their
conformers can be explored via Raman spectroscopy in sEVs
from clinical samples. For instance, a comparison of the metal
ions contents in EVs that has been shown to correlate with
aggregation of Ab protein and deposition of plaques. Moreover,
another area of great interest is exploring lipidomic changes
that may contribute to the disease development and may
potentially be detected in EVs molecular content via Raman
4130 | Nanoscale Adv., 2021, 3, 4119–4132
spectroscopy. The main drawback of the technique that limits
its translation to clinic is the relatively low intensity of the
Raman signal. Nonetheless, this limitation can potentially be
addressed by technologies aimed at enhancing Raman signals
such as plasmonic nanomaterials in surface enhanced Raman
spectroscopy, or coherent Raman techniques.
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67 Y. Yuana, A. N. Böing, A. E. Grootemaat, E. van der Pol,
C. M. Hau, P. Cizmar, E. Buhr, A. Sturk and R. Nieuwland,
J. Extracell. Vesicles, 2015, 4, 29260.

68 Y. Cheng, Q. Zeng, Q. Han and W. Xia, Protein Cell, 2019, 10,
295–299.

69 E. Valera, R. Dargusch, P. A. Maher and D. Schubert, J.
Neurosci., 2013, 33, 10512–10525.

70 A. Currais, O. Quehenberger, A. M Armando, D. Daugherty,
P. Maher and D. Schubert, npj Aging Mech. Dis., 2016, 2,
16012.

71 P. F. Copenhaver, T. S. Anekonda, D. Musashe,
K. M. Robinson, J. M. Ramaker, T. L. Swanson,
T. L. Wadsworth, D. Kretzschmar, R. L. Woltjer and
J. F. Quinn, Dis. Models Mech., 2011, 4, 634–648.

72 K. Laulagnier, C. Motta, S. Hamdi, S. Roy, F. Fauvelle,
J.-F. Pageaux, T. Kobayashi, J.-P. Salles, B. Perret,
C. Bonnerot and M. Record, Biochem. J., 2004, 380, 161–171.

73 I. Parolini, C. Federici, C. Raggi, L. Lugini, S. Palleschi, A. De
Milito, C. Coscia, E. Iessi, M. Logozzi, A. Molinari,
M. Colone, M. Tatti, M. Sargiacomo and S. Fais, J. Biol.
Chem., 2009, 284, 34211–34222.

74 L. Rajendran, M. Honsho, T. R. Zahn, P. Keller, K. D. Geiger,
P. Verkade and K. Simons, Proc. Natl. Acad. Sci., 2006, 103,
11172–11177.
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