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Raman Spectroscopy reveals biochemical differences in plasma derived extracellular vesicles 

from sporadic Amyotrophic Lateral Sclerosis patients. 
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ABSTRACT: Sporadic Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease for 

which there is no validated blood based biomarker. Extracellular vesicles (EVs) have the potential 

to solve this unmet clinical need. However, due to their heterogeneity and complex chemical 

composition, EVs are difficult to study. Raman spectroscopy (RS) is an optical method that seems 

particularly well suited to address this task. In fact, RS provides an overview of the biochemical 

composition of EVs quickly and virtually without any sample preparation. In this work, we studied 

by RS small extracellular vesicles (sEVs), large extracellular vesicles (lEVs) and blood plasma of 

sporadic ALS patients and of a matched cohort of healthy controls. The obtained results highlighted 

lEVs as a particularly promising biomarker for ALS. In fact, their Raman spectra show that 

sporadic ALS patients have a different lipid content and less intense bands relative to the aromatic 

aminoacid phenylalanine. 

 

 

 

 

 

 

 

 

 

HIGHLIGHTS’:  

● Raman detects differences between subtypes of extracellular vesicles (EVs) 

● Large EVs have a different lipid and protein content in patients with ALS 

● Large EVs are a promising biomarker for the diagnosis of ALS 

 

 

 

KEYWORDS: Raman Spectroscopy; Amyotrophic Lateral Sclerosis; small extracellular vesicles 

(sEVs); large extracellular vesicles (lEVs); Plasma;  
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BACKGROUND: 

Sporadic Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease that causes 

progressive muscle weakness through loss of upper and lower motor neurons (UMN and LMN) (1). 

No cure and biomarkers are currently available for this fatal disease and, in the last years, the search 

for new biomarkers have been the subject of ALS research (2). Circulating extracellular vesicles 

(EVs) have been suggested as possible biomarkers in neurological disorders (3). EVs are a 

heterogeneous family of membrane-based vesicles released by every cell and they are abundantly 

present in several biofluids such as plasma, urine and liquor (4) Previously, EVs used to be 

classified according to their size and biogenesis in microvesicles and exosomes. Microvesicles 

(MVs) were referred to vesicles with a dimension between 130 and 1000 nm that shed by outward 

blebbing of the plasma membrane of a cell. With the term exosomes (EXOs), instead, vesicles 

having dimension between 30 and 130 nm were defined, and they originate from the endosomes (5). 

According to the guidelines of the International Society for the study of Extracellular Vesicle 

(ISEV) released in 2018 MVs and EXOs couldn’t be distinguished on a particular biogenesis 

pathway and so they were distinguished in small extracellular vesicles (sEVs) (30-130 nm) and 

large extracellular vesicles (lEVs) (130-1000 nm) mainly on their size (6). 

We previously demonstrated significant differences between lEVs and sEVs in ALS. First of all, we 

demonstrated that lEVs derived from plasma of sporadic ALS patients (SALSs), but not sEVs, were 

enriched in toxic ALS-related proteins (SOD1, TDP-43 and FUS) respect to healthy controls (HCs) 

(7). We were thus interested in finding further possible biochemical variations between different 

types of EVs in ALS subjects and matched controls. 

The study of EVs however is complex since, differently from the most studied proteins or DNAs, 

they have a complex biochemical composition made of lipids, proteins, RNAs/DNAs and small 

metabolites. Despite the technical challenge, the analysis of EVs extracted from peripheral blood 
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remain promising for biomarker discovery since the collection of EVS is minimally-invasive for 

patients and can provide biomarkers of great diagnostic and prognostic value (8).  

Vibrational spectroscopies, and in particular Raman spectroscopy (RS) (9), are attractive tools for 

the study of EVs as they can provide in few minutes an overall biochemical characterization 

without using any particular reagent and without targeting any previously known marker (10). RS 

seems particularly well suited for the task since, being routinely coupled with a microscope, it can 

analyse very low amount of material, or even single EVs. Given this attractive characteristic, in the 

last years few groups applied RS for the characterization of EVs proving the effectiveness of this 

technique (11-14). Recently, RS was also demonstrated as able to identify a specific bio molecular 

pattern of EVs from patients affected by Parkinson's disease (15). In this work we thus decide to 

explore by RS the biochemical differences between lEVs, sEVs and blood plasma (PL). Once 

identified the differences among the EVs subpopulation and the plasma, the main aim of this work 

was the identification of the biomolecules present in lEVs and sEVs of SALSs and the comparison 

with a matched cohort of HCs. In this way, we were hoping to define a peculiar Raman profile that 

could be used as additional tool to help the diagnosis and/or prognosis of ALS. 

 

METHODS: 

Patient selection 

ALS diagnosis was made according to the revised El Escorial Criteria (16) at Mondino Foundation 

(Pavia, Italy). Patients with concomitant comorbidity were excluded. Blood from 20 SALSs patients 

was collected (mean age: 65.9±sd 10.9). The Ethical Committee of Mondino Foundation IRCCS 

(Pavia, Italy) approved this study protocol for patients and controls. Subjects participating signed an 

informed consent (Protocol n. 375/04 – version 07/01/2004). See Table 1 for demographic and 

clinical characteristics. Progression rate at the last visit (PRL) was calculated as 48 minus the ALS 
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Functional Rating Scale–Revised score (ALSFRS) at the last visit divided by the disease duration 

(in months) from onset of symptoms to the last visit (48-ALSFRS/Δt) (17). Progression rate lower 

than 0.5, and higher than 1 distinguishes ALS-slow and ALS-fast. . 

Sex- and age-matched HCs free from any pharmacological treatment were recruited at the 

Immunohematological and Transfusional Service and Centre of Transplantation Immunology 

IRCCS “San Matteo Foundation” (Pavia, Italy) after signature of the informed consent. 
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Variables Data 

Age 68 (SD 6.8 range 54-

80) 

Gender (Male/Female) 10/10 

Site of onset (Spinal/bulbar) 14/6 (60/20) 

ALSFRS (ALS Functional Rating Scale) 35.52 (SD 8.5; 

range:15-46) 

PLR (Progression rate at the last visit) Range 0.14-2.35 

Fast/Slow (Fast-PRL>1; Slow-PRL<0.5) 10/10 

Table 1. Characteristics of the sporadic ALS patients included in the study 

 

Isolation of plasma and plasma derived lEVs and sEVs 

Plasma, lEVs and sEVs were isolated as previously described (7, 18, 19). Briefly, venous blood (5 

ml) was collected in sodium citrate tubes from SALSs and HCs. Within 1 h it was centrifuged at 

1,000g for 15 min to separate plasma, followed by an additional centrifugation at 1,600g for 20 min 

to remove platelets. Plasma was then ready to be processed for RS. Platelet-free plasma was 

centrifuged at 20,000g for 1 h with Centrifuge 5427 R (Eppendorf, Italy). The obtained pellet 

contains lEVs. The pellet was washed with 0.22 µm filtered PBS and centrifuged a second time 1 h 

at 20,000g. The resulting pellet was then processed for lEVs analysis. The supernatant of the 

previous centrifugation was filtered through a 0.2 µm filter and spun in an Optima MAX-TL 

Ultracentrifuge at 100,000g for 1 h at 4°C. After ultracentrifugation, the supernatant was removed 

and the pellet containing sEVS was resuspended in 1 ml of filtered PBS and centrifuged again at 

100,000g for 1 h at 4°C. The obtained sEVs pellet was processed for analysis. Figure S1 report a 

schematic description of the isolation protocol of lEVs and sEVs. 
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Nanoparticle-tracking analysis (NTA) of lEVs and sEVs 

EVs from SALSs and HCs were analysed by nanoparticle-tracking analysis (NTA) using a NS300 

instrument (NanoSight, Amesbury, UK) in order to detect size and concentration of lEVs and sEVs. 

For a more accurate detection, samples were diluted with filtered PBS to the optimal concentration 

(10
8
–10

9
 particles/ml). After dilution, 1 ml of diluted sample was loaded in the machine and read at 

a rate of about 30 frames/sec. Particle movement videos were recorded 3 times per test and 

dimension and EVs concentration were analysed by the NTA software (version 2.2, NanoSight). 

The results of NTA analysis were presented as the mean of the three tests. 

Transmission electron microscopy (TEM) 

Transmission electron microscopy was used to study the morphology of lEVs and sEVs. For TEM, 

40 μl of vesicle suspension were placed on a carbon-coated EM grid, and 0.4 μl of 25% 

glutaraldehyde was added. Vesicles were then allowed to settle onto the grid overnight at 4°C. 

Grids were then blotted on filter paper and stained for 30 seconds with 2% uranyl acetate. After 

further blotting and drying, samples were directly observed on a Tecnai 10 TEM (FEI). Images 

were captured with a Megaview G2 camera and processed with iTEM and Adobe Photoshop 

software.  

Protein extraction of lEVs and sEVs 

lEVs and sEVs pellet were lysed in cold Radio-Immunoprecipitation Assay (RIPA) buffer 

containing a mixture of phosphatase and protease inhibitors (Sigma-Aldrich, Italy). They were 

incubated for 20 min in ice and centrifuged at 16,000g for 5 min at 4°C. The supernatant was 

transferred to a fresh tube and protein concentration was determined by BCA assay (Sigma-Aldrich, 

Italy). An amount of 30 μg of lEVs and sEVs lysates was mixed with 2x SDS sample buffer and 

denatured at 95°C for 10 min.  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Western blot analysis  

Proteins were fractionated by size on SDS 12.5% polyacrylamide gels with a Mini-PROTEAN® 

Tetra Vertical Electrophoresis Cell (BioRad, Italy) transferred to a nitrocellulose membrane 

(BioRad, Italy), using a liquid transfer apparatus (Trans-blot, BioRad, Italy) and blocked with 5% 

non-fat dry milk in Tween-20 Tris-Buffered Saline solution (TBS-T) (blocking solution) for 1 h. 

Membranes were incubated overnight with an Anti-Annexin V (Santa Cruz Biotechnology, Inc., 

USA) or Anti-Alix (Abcam, Inc., USA) antibodies in blocking solution. Membranes were then 

incubated for 1 h at room temperature with donkey anti-mouse or rabbit secondary peroxidase-

conjugated antibody (GE Healthcare, UK). Bands were visualized using an enhanced 

chemiluminescence detection kit (ECL Advance, Ge Healthcare, UK). For subsequent 

immunoreactions, primary and secondary antibodies were removed from the membrane with 

stripping solution (100 mM Glycine, 0,1% NP-40, 1% SDS pH 2.2) incubated for 20 min. 

Membranes were then washed with TBST and processed, as previously described. 

Acquisition of Raman spectra, data processing and analysis 

Raman spectra were acquired using an InVia Reflex confocal Raman microscope (Renishaw plc, 

Wotton-under-Edge, UK) equipped with a He-Ne laser light source operating at 633 nm. The 

Raman spectrometer was calibrated daily using the band at 520.7 cm
-1

 of a silicon wafer.  

Typically, a 3.5 µL drop of sample was dropped on the surface of Raman-compatible CaF2 discs 

(Crystran, UK) and dried for 20 minutes at room temperature. The Raman study was performed 

using a 633 nm excitation laser with 100% power (around 22 mW at source), a 1200 l/mm grating 

and a 100x objective. 

Spectra were acquired in the region between 400 and 1800 cm
−1

 as sum of seven acquisitions of 10 

seconds. Spectra resolution is about 1.7 cm
-1

. For each sample, five different spectra were collected 

on different positions of the drop. The software package WIRE 5 (Renishaw, UK) was used for the 
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spectral acquisition and to remove cosmic rays. Background fluorescence was removed by an 

asymmetric least square smoothing method (20). The spectra acquired for each sample were vector 

normalized for comparison in the statistical analysis. Spectrum normalization and data analysis 

were performed using OriginPro, Version 2019 (OriginLab Corporation, Northampton, MA, USA). 

Continuous quantitative variables were analysed by Student's t-test after having confirmed that data 

are normally distributed by means of Kolmogorov-Smirnov normality test. The multivariate 

analysis of data was done using the Principal Component Analysis for spectroscopy tool function of 

OriginPro, Version 2019. Receiver Operating Characteristic were calculated using OriginPro, 

Version 2019 (OriginLab Corporation, Northampton, MA, USA). 

RESULTS: 

Characterization of Extracellular Vesicles 

lEVs and sEVs were extracted from blood plasma of SALSs and HCs by differential centrifugation 

and filtration protocol (18) as previously described (7, 18, 19). Differential centrifugation consists 

of successive centrifugation steps with increasing centrifugation forces and durations, generally 

aimed at isolating smaller from larger objects. Larger particles are removed in the first 

centrifugation steps, sediment faster and leave most of the smaller particles in the supernatant. NTA 

was used to confirm their different dimension in size as reported in Figure 1A. TEM analysis also 

confirmed the difference in size of the two populations (Figure 1B). In order to confirm the correct 

purification of lEVs and sEVs, in accordance with the literature (5, 6) Annexin V (marker of lEVs) 

and Alix (marker of sEVs) were tested by WB analysis in all samples between SALSs and HCs 

subjects (Figure 1C). All the samples that had the right parameters in size and markers were 

analysed by Raman spectroscopy. 
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Figure 1: A) Nanosight profile of lEVs and sEVs from plasma. B) Representative images obtained 

by transmission electron microscopy (TEM) of lEVs and sEVs from plasma (Scale bar: 100 nm). C) 

Western Blot of lEVs and sEVs markers in lEVs and sEVs samples showed the presence of 

Annexin V only in lEVs pellet and Alix in sEVs fraction. 

 

Raman analysis of plasma, lEVs and sEVs in healthy controls 

Plasma derived lEVs and sEVs and PL sample from 20 HCs were analysed by RS using exactly the 

same procedure. From each sample, we collected five spectra. The average of five spectra was 

considered as representative for each sample and was considered independently in this analysis 

(total dataset 60 spectra). Spectra were acquired on the centre of the coffee ring formed upon drying 

of a drop of EVs and PL as shown in Figure S2 of the supporting information. This part of the 
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coffee ring showed the most intense spectra in the whole ring analysed and if free from the presence 

of signal coming from residual pf PBS as shown in Figure S3. 

Figure 2 shows the average spectrum obtained from each preparation and the difference spectrum 

between them. While the general pattern remained constant, significant differences emerged in the 

intensity of the peaks present in the spectra. A table with the full assignment of the Raman bands 

observed, based on the scientific literature, is included in the supplementary information in Table 

S1. Peaks assignment was based on ref. 21-29. 

 

 

Figure 2. A) Average Raman spectrum of PL. B) Average Raman spectrum of lEVs. C) Average 

Raman spectrum of sEVs. D) Differential spectrum between lEVs and PL. E) Differential spectrum 

between lEVs and sEVs. F) Differential spectrum between sEVs and PL. The main line is the 

average of all samples. Shaded areas represent the standard deviation of the intensity.  
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Spectra highlighted the main differences between the three subgroups. In particular, Raman Spectra 

made clear that less intense peaks relative to carotenoids (at 1156 and 1519 cm
-1

) characterized EVs 

when compared to PL. The bands relative to carotenoids showed a trend and were less intense in 

sEVs compared to PL and lEVs. Besides, we observed a progressive increase of the peaks relative 

to beta folded proteins (at 1239 and 1675 cm-1) moving from PL to lEVs and sEVs.  

A more detailed analysis of the intensity of selected peaks showed in Figure 3, proves that sEVs 

drastically differs from lEVs. In particular, the peak of tryptophan at 760 cm
-1

 was more intense in 

sEVs but did not vary between PL and lEVs. Similarly, the band relative to CH2 of lipids at 1434 

cm
-1

 was very similar in PL and lEVs but was much less intense in sEVs. sEVs also seemed to be 

characterized by peak relative to Amide III and Amide I with a higher content in β folded proteins 

than lEVs as proved by the more intense peak at 1239 cm
-1

. 
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Figure 3: A-E) Box plot showing the different intensity of selected peaks of in the spectra of PL 

(grey), lEVs (red) and sEVs (blue). Data are shown as box and whiskers plots. Each data point 

represents a single subject acquired. Each box represents the 25th to 75th percentiles (interquartile 

range [IQR]). Lines inside the boxes represent the median. The whiskers represent the lowest and 

highest values within the boxes ±1.5x the IQR. F) Scattered plot of the first two principal 

component obtained analysing the dataset. Brackets refers to the amount of variability described by 

each PC. Asterisk report the results of the student t-test: “*" significant at p ≤ 0.05; “**” significant 

at p ≤ 0.01; “***” significant at p ≤ 0.001; “n.s” not significant p > 0.05. 

 

A similar pattern resulted from a multivariate statistical analysis. By using principal component 

analysis (PCA) to analyse the data, it appeared clear how the first two PCs distinguished sEVs from 

PL while lEVs sat in between (Figure 3F) but were more similar to PL. The spectra of the first two 

PCs are presented in the supplementary information as Figure S4. The spectra of the first two PCs 

used in the analysis confirmed that most of the variance in the dataset was associated to the peaks 

relative to carotenoids, aromatic amino-acids and to the protein folding.  

 

Raman characterization of plasma, lEVs and sEVs in SALS patients. 

Raman spectra of PL, lEVs and sEVs were collected from a cohort of 20 SALSs and of 20 HCs in 

order to explore the biochemical differences in EVs and plasma that might be associated to the 

disease.  
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Figure 4. A) Raman spectra of PL in SALS (top) and in the HC subjects (middle). At the bottom it 

is represented the differential spectra of the two groups B) Raman spectra of lEVs in SALS (top) 

and in the HC subjects (middle). At the bottom it is represented the differential spectra of the two 

groups. C) Raman spectra of sEVs in SALS (top) and in the HC subjects (middle). At the bottom it 

is represented the differential spectra of the two groups. The main line is the average of all subjects 

included. Shaded areas represent the standard deviation of the intensity. Bands shows statistically 
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significant different peaks (at least p<0.05). Light blue bands represent peaks that are more intense 

in the HC group. Pink bands represent peaks that are more intense in SALS patients. 

 

Figure 4 shows the mean spectrum of PL, lEVs and sEVs collected from SALS subjects (top) from 

the HCgroups (middle) and the differential spectra between the two groups for each preparation.  

When plasma sample of SALSs and HCs were analysed we observed variations only on the peaks 

relative to carotenoids at 1156 and 1519 cm
-1

. However, the difference between the two subjects 

groups were not statistically significant. The box plot of the difference observed on the carotenoid’s 

peaks in PL of SALSs and HCs are provided in Figure S5.  

However, lEVs from SALSs compared to lEVs of HCs were particularly rich in lipids as shown by 

the highest intensity of the peaks at 1063, 1298, and 1437 cm
-1

. In particular, the bands at 1437 and 

at 1298 cm
-1

 that appeared as shoulder in the lipids peaks suggested that, not only the amount of 

lipids was higher in lEVs of SALSs, but also the biochemical profiles of lipids could be different. 

Besides, the peaks relative to the aromatic amino acid phenylalanine at 621, 1002 and 1604 cm
-1

 

were significantly less intense in SALSs, suggesting that they are characterized by an altered 

protein content. 

The Raman analysis of sEVs (Figure 4C) showed different result from both lEVs and PL 

confirming the independent nature of the biomaterials. In particular, we observed that sEVs from 

ALS patients had slightly higher peaks relative to lipids compared to HCs (peaks at 1298 and 1437 

cm
-1

 were statistically different from the one observed in the HC) but no differences associated to 

aromatic aminoacids were detected. On the other hand, sEVs of ALS patients were associated with 

a lower peak at 1670 cm
-1

 of the Amide I bond.  

Figure 5 shows the box plot of the intensities of the peaks with statistically significative (p<0.05) 

differences between SALSs and HCs. 
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Overall, our data confirmed the differences observed between SALSs and HCs are different in the 

three set of data of three different bio-samples. 

A further analysis was done to check if differences could emerge between fast and slow SALS 

patients but no statistical significant differences was found (Figure S6). 

 

Figure 5: Box plot showing the different intensity of selected peaks of in the spectra of lEVs (top 

and middle line) and sEVs (bottom line) between SALSs (orange) and HCs (blue). Data are shown 
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as box and whiskers plots. Each data point represents a single subject acquired. Each box represents 

the 25th to 75th percentiles (interquartile range [IQR]). Lines inside the boxes represent the median. 

The whiskers represent the lowest and highest values within the boxes ±1.5x the IQR. Asterisk 

report the results of the student t-test: “*” significant at p ≤ 0.05; “**” significant at p ≤ 0.01; “***” 

significant at p ≤ 0.001; “n.s.” not significant p > 0.05. 

 

Classification of HC and SALS subjects by RS analysis 

To understand the potential of RS analysis for the classification of SALS and HC subjects, we also 

performed a principal component analysis on the dataset obtained from PL, lEVs and sEVs. For 

each bio-samples we selected the PC more able to distinguish the two groups of subjects and we 

analysed the results. Table S2 in supplementary information reports the main parameters of the first 

thee PCs calculated for each bio-samples. PC1 relative to PL (61 % of the variability) referred 

mostly to the carotenoids peaks previously identified as the most prominent difference between the 

two subjects groups. The score of PC1 however was not statistically significant difference between 

SALSs and HCs and the AUC of its ROC curve was just of 64,5%.  

In the analysis of lEVs, PC3 (11 % of the variability) was the one that could be related to the 

differences between SALSs and HCs subjects in the dataset. This was confirmed by the fact that the 

spectrum related with PC3 (Figure 6D) closely matched the difference spectrum between the two 

subjects groups. The score of PC3 resulted significantly different between the two subjects groups 

(Figure 6E) and the ROC curve obtained on these values showed an AUC of 84% suggesting the 

presence of real biochemical differences between SALSs and HCs (Figure 6F).  

     Even in the analysis performed on sEVs, PC3 (13 % of the variability) referred to the differences 

observed between SALS and HC subjects. However, given the less pronounced differences 
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observed, the results of the classification performed on sEVs was less informative and the AUC of 

the ROC curve is just of 64% (Figure 5I). 

 

Figure 6: A) Raman spectrum of PC1 from PL of SALS and HC subjects. B) Score of the PC1 

obtained by PCA analysis performed on PL. C) ROC curve obtained on the score of PC1 of PL. D) 

Raman spectrum of PC3 from lEVs of SALS and HC subjects. E) Score of the PC3 obtained by 

PCA analysis performed on lEVs. F) ROC curve obtained on the score of PC3 of lEVs. G) Raman 

spectrum of PC3 from sEVs of SALS and HC subjects. H) Score of the PC3 obtained by PCA 

analysis performed on sEVs. I) ROC curve obtained on the score of PC3 of sEVs. Data are shown 
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as box and whiskers plots. Each data point represents a single subject included in the study. Each 

box represents the 25th to 75th percentiles (interquartile range [IQR]). Lines inside the boxes 

represent the median. The whiskers represent the lowest and highest values within the boxes ±1.5x 

the IQR  

 

DISCUSSION: 

Amyotrophic Lateral Sclerosis is a fatal neurodegenerative disease that does not have diagnostic 

and prognostic biomarkers. In this work, we used Raman Spectroscopy to identify possible 

differences between types of extracellular vesicles and plasma and if any functional group could 

possibly distinguish sporadic ALS patients from healthy controls. On the first point, we 

demonstrated how lEVs, sEVs and PL were characterized by clearly different biochemical profiles 

even if we have described a partial biochemical overlap between lEVs and PL. In particular, plasma 

had more pronounced peak of carotenoids compared to EVs as they mostly travel within 

lipoproteins, lost during EVs preparation (30). On the contrary, Amide III and Amide I were 

overrepresented in EVs, in particular in sEVs compared to lEVs. This data underline that EVs were 

characterized by an increase of the peaks relative to beta folded proteins at 1239 and 1675 cm
-1

 

(26). The band relative to lipids was very similar in PL and lEVs but was much less intense in 

sEVs. sEVs were also rich in tryptophan compared to lEVs and plasma (25). 

The different biochemical profiles of PL, lEVs and sEVs confirmed the different biochemical roles 

of lEVs and sEVs and thus support the decision to analyse them independently in the case-control 

study.  

The main novelty of this manuscript was that lEVs in plasma of SALS patients have a different 

biochemical profile from HC subjects. On the contrary, plasma and sEVs resulted to be rather 

homogeneous between SALSs and HCs. 
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In fact, lEVs from SALS patients were particularly rich of lipids and had a lower amount of the 

aromatic amino acid phenylalanine, which could reflect differences in the protein content of lEVs. 

The differences referred to lipids found on sEVs of ALS patients compared to HCs were much less 

marked than the one found on lEVs. sEVs of ALS patients were also different from HCs for a slight 

lower Amide I peak. 

Interestingly, the fact that in lEVs many peaks relative to lipids had different intensity while, on the 

contrary, plasma spectra were homogeneous between cases and controls analysed support the fact 

that the difference observed are not due to protein contamination but reflect the real biochemical 

composition of lEVs. 

These results highlights the role of lipids in SALSs and are in accordance with other studies on the 

topic. Blasco et al. showed that ALS patients displayed a highly significant specific lipidomic 

signature compared to control in cerebrospinal fluid (CSF). Phosphatidylcholine PC (36:4), 

ceramides and glucosylceramides were the predominant classes in SALS patients compared to HCs 

(31). One of latest GWAS showed hyperlipidemia as a causal risk factor for ALS (32). This is 

highly supported by other authors since low IDL-B levels and the high levels of the cholesterol-rich 

LDL-1 subfraction is consistent with previously reported hypercholesterolemia (33, 34). However, 

to the best of our knowledge, our work is the first study that gives hints about different lipid 

signature in extracellular vesicles of SALS patients. We can hypothesis that the brain, the primarily 

affected organ in ALS, is the richest organ in lipids and motor neuron death might disrupt the lipid 

organization of the pre-synaptic membrane affecting membrane trafficking (35) and lEVs lipid 

cargo. In fact, one of the key pathogenic process of ALS is the endolysosomal and autophagic 

defects and since lysosomes mediate the clearance of lipids, lipid storage might be compromised 

(36). Moreover, oxysterols, mainly 25-hydroxycholesterol and its metabolites are involved (37) and 

might trigger the immune response and this can also be in line with our previous finding of 

enhanced leukocyte derived lEVs (19).  
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On the other hand, peaks relative to phenylalanine were significantly less intense in lEVs from 

SALSs. This suggest a possible altered protein content in lEVs from SALSs as we have previously 

showed (7, 18). Moreover, phenylalanine is also a precursor for tyrosine, the monoamine 

neurotransmitters dopamine, norepinephrine, and epinephrine (38). It was proven that cultured 

neurons from embryonic and mature mammalian neural tissue release EVs after stimulation with 

depolarization or excitation with Ca2+ ionophores, GABA receptor blockers, AMPA or NMDA and 

can transport neurotrasmitters (39) in the brain. In ALS it was found a significantly reduced striatal 

DA transporter expression in patients with bulbar- or limb-onset compared to controls, however, no 

differences in spinal DA concentrations were found between SALS and control subjects (40). We 

can hypothesize a decrease of neurotrasmitters release by lEVs in plasma of ALS patients, but these 

data need to be confirmed. 

In our preliminary data we also divided patients according to the progression rate of the disease in 

slow and fast progressing patients as previously described in the literature (17). No statistically 

difference was detected between these two groups, however it would be important to confirm these 

data on a bigger cohort of patients. It is also true that SALS patients requires a better stratification 

than progression rate for the development of a therapeutic approach. This was confirmed by a recent 

study which proposed a new approach for machine learning and clustering ALS patients using data 

from >10,000 patients from ALS clinical trials and patients from community-based patient registers 

(41).  

Overall, our results demonstrated that lEVs are a promising biomarker for the diagnosis of ALS. 

Besides, from the biomedical point of view, our study also supports the involvement of lipids and 

phenylalanine metabolism in lEVs of SALS patients paving the road for other studies on this topic. 

Future study will be necessary to understand better the relationship between the observed variation 

in the biochemical profile of lEVs and the pathologic processes involved in SLA. In particular, the 
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study of lEVs specifically released by neuronal cells might provide more detailed information and a 

better classification of ALS patients. 
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Graphical Abstract:  

Plasma, large extracellular vesicles (lEVs) and small extracellular vesicles (sEVs) from patients 

affected by Amyotrophic Lateral Sclerosis (ALS) and from a cohort of matched healthy controls 

were studied by means of Raman spectroscopy. The results obtained show that Raman spectroscopy 

is able to identify a specific fingerprint of each specimen and that the lEVs of ALS patients are 

characterized by a distinct biochemical composition. This study thus paves the road towards the use 

of lEVs as possible circulating biomarkers of ALS.  
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