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Abstract

Extracellular vesicle (EV) is a unified terminology of membrane-enclosed vesicular species 

ubiquitously secreted by almost every cell type and present in all body fluids. They carry a cargo 

of lipids, metabolites, nucleic acids and proteins for their clearance from cells as well as for cell-

to-cell communications. The exact composition of EVs and their specific functions are not well 

understood due to the underdevelopment of the separation protocols, especially those from the 

central nervous system including animal and human brain tissues as well as cerebrospinal fluids, 

and the low yield of proteins in the separated EVs. To understand their exact molecular 

composition and their functional roles, development of the reliable protocols for EV separation is 

necessary. Here we report the methods for EV separation from human and mouse unfixed frozen 

brain tissues by a sucrose step gradient ultracentrifugation method, and from human cerebrospinal 

fluids by an affinity capture method. The separated EVs were assessed for morphological, 

biophysical and proteomic properties of separated EVs by nanoparticle tracking analysis, 

transmission electron microscopy, and labeled and label-free mass-spectroscopy for protein 

profiling with step-by-step protocols for each assessment.
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1. Introduction

Extracellular vesicles (EV) include exosomes (50–150nm), which are secreted into the 

extracellular space after fusion of multivesicular bodies (MVBs) with plasma membrane; 

ectosomes/microvesicles (150–1000nm), which are shed from plasma membrane; and 

apoptotic bodies (1000–5000nm), which are generated from apoptotic cells. EVs are 

produced by almost all cell types in the central nervous system [1–3]. EVs contain many 

species of nucleic acids (microRNA, ncRNA, mRNA, DNA among others), lipids, and 

proteins that can be transferred to recipient cells as a form of cell-to-cell communication [4–

10]. Several proteins are reported as markers for exosomes, such as tetraspanin protein 

(CD9, CD63 and CD81), syntenin-1, TSG101, and major histocompatibility complex 

(MHC) class I and II [11,12]. In comparison, markers for microvesicles include glycoprotein 

1b, actinin-4, heat shock protein (HSP) 90B1, mitofilin, and myosin light chain [11–14]. 

EVs are found in all body fluids, including blood, urine, saliva and cerebrospinal fluid (CSF) 

[15,16]. EVs have been extensively investigated by liquid biopsy modality for diagnosis as 

well as therapeutic vehicles for drug delivery especially in cancer fields, but much less in the 

neuroscience field [17–21]. We are, however, still in an infancy stage for standardizing the 

protocols for the separation of EVs from animal and human biospecimens [1,22]. The 

International Society for Extracellular Vesicles (ISEV) members published a guideline on 

Minimal Information for Studies of Extracellular Vesicles (MISEV) in 2014 [22], which was 

updated in 2018 [1]. In the MISEV2018 guideline, they classified the EV separation 

protocols into four categories based on recovery and specificity, and created a checklist to 

demonstrate the EV nature and the degree of purity of an EV preparation. Standardization of 

these protocols for efficient recovery of EVs with a high purity from biological samples, 

however, has not been achieved yet. In the past 10 years, there has been expanded 

investigation of physiological and pathological functions of EVs from cell culture or 

biospecimen. In addition, these studies have focused on EVs in neurodegenerative diseases 

including Alzheimer’s disease (AD), Huntington’s disease, Prion disease, Parkinson’s 

disease, and amyotrophic lateral sclerosis. It is now known that brain derived-EVs contain 

pathogenic proteins, such as tau, amyloid beta (Aβ), superoxide dismutase, transactive 

response DNA binding protein 43kDa (TDP-43) and α-synuclein [15,23–27]. These EVs 

interestingly contribute to the cell-to-cell propagation of the disease [23,25,28,29]. EVs 

containing pathogenic proteins are also detectable in CSF, serum, and plasma from patients 

with neurodegenerative diseases [30–35]. Investigation of the brain-derived EV cargo, 

therefore, is important to further understand the progression of neurodegenerative diseases. 

In addition, the CSF, serum, and plasma-derived EVs are also of particular interest as liquid 

biopsy samples for diagnosing and monitoring the progression of neurodegenerative 

diseases. In this report, we describe step-by-step protocols for the assessment of 

morphological, biophysical and proteomic properties of separated EVs by transmission 

electron microscopy, nanoparticle tracking analysis and mass-spectroscopy.
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2. Preparation for human biospecimen studies

2.1. Preparation of Institutional Review Board (IRB) submission, and the workstation and 
outfit for minimizing protein contamination

Materials and methods

Equipment:  AirClean 600 Series Ductless chemical workstation

Biological Safety Cabinet

Laboratory supplies:  3M™ 1860Healthcare Particulate Respirator and Surgical Mask (# 

18–992 Thermo Fischer Scientific)

Disposable laboratory coat (# 17–100-940 Thermo fisher Scientific)

Disposable Polypropylene Bouffant Cap (# 19–170-900 or 1 Thermo Fisher Scientific)

Disposable Filtering Facepiece Respirator, N95 (# 8511 Thermo Fisher Scientific)

Grey safety goggle (# 19–181-513 Thermo Fisher Scientific)

Regular bleach (# 30966 Clorox)

N-GEN Nitrile Gloves (# 44–101 Genesee Scientific)

Procedure:

2.1.1. Ethics: The research using human subjects will require institutional approval, 

typically from the Institutional Review Board (IRB). Researchers should confirm or consult 

the IRB before initiating any research including request of human biospecimens and 

biological data.

2.1.2. Human biospecimens: Researchers will submit requests to human biospecimen 

banks including brain tissue banks and blood banks. This normally involves approval of the 

request by the bank, followed by arrangement of the shipping of the requested materials. The 

details are beyond the scope of this article. Prior to the contact with biospecimens, they will 

need pre-screening for infectious agents, especially for the experiments not having fixation 

or sterilization steps for inactivating the potential infectivity of the biospecimens.

2.1.3. Handling of human biospecimens: Note: For human biospecimens, biosafety level 

2 procedures should be implemented for the experiment as follows.

Laboratory practices: Access to the laboratory is restricted when work is being conducted.

Safety equipment: Appropriate personal protective equipment (PPE) is worn, including lab 

coats, gloves, eye protection and face shields. All procedures that can cause infection from 

aerosols or splashes are performed within a biological safety cabinet (BSC). An autoclave or 

an alternative method of decontamination is available.
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Facility construction: The laboratory has self-closing doors. A sink and eyewash are readily 

available.

2.1.4. Preparation for mass-spectroscopy: Wear classic laboratory coat, laboratory gloves, 

safety goggles, and disposable masks and caps. Always perform the experiment in the 

AirClean workstation for minimizing the protein contamination.

3. Methods for separation and assessment of human biospecimen-derived 

EVs

3.1. Protocols for separation of EVs from unfixed frozen human and murine brain tissues

Materials and methods

Reagents:  Unfixed frozen human brain tissue

Note: The brains (1.0g) for this experiment were obtained from the Greater Los Angeles 

Veteran’s Affairs Hospital and stored at −80°C.

Unfixed frozen murine brain tissue

Note: The whole brain tissues were collected from adult C57BL/6 mouse, snap frozen in 

liquid nitrogen, and stored at −80°C.

Plastic Petri Dishes (# S33580A Thermo fisher Scientific)

Papain (# LK003178 Worthington-biochemical corporation)

Razor blade (# 12–640 Thermo Fischer Scientific)

Tweezer, Stainless Steel (# 58086-NM Ted Pella Inc)

Earle’s Balanced Salt Solution (EBSS) (# 14155063 Gibco/Thermo Fisher Scientific)

Hibernate E solution (# A1247601 Gibco/Thermo Fisher Scientific)

Halt Protease and Phosphatase Inhibitor Cocktails (# PI78443 Thermo Fisher Scientific)

Fisher Scientific Isotemp Water Bath (Thermo Fisher Scientific)

IKA RW16 Basic Electronic Overhead Stirrer (IKA)

PTFE tissue grinder (standard clearance 0.15–0.25mm, # 89026–384 VWR)

High-speed centrifuge (# 5720R Eppendorf)

High-speed centrifuge (# 5430R Eppendorf)

High-speed centrifuge (# Avanti J-E JA25–50 Beckman Coulter)

Ultracentrifuge (# Optima-XE SW41, Beckman Coulter)
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Sterile nylon mesh cell strainers (40-μm pore size, # 22–363-547 Thermo Fisher Scientific) 

Hydrophilic Polyethersulfone (PES) membrane filter (0.22-μm pore size) (# SLGP033RS 

EMD Millipore)

BD Luer-Loktm Disposable Syringes without Needles 10-mL (# 309604 Becton Dickinson)

Phosphate buffered saline (PBS, Ca/Mg free, pH 7.4) (# 10–010-049 Gibco/Thermo Fisher 

Scientific)

Note: The PBS should be filtrated twice with PES membrane filter (0.22-μm pore size).

Sucrose (# S5–3 Thermo Fisher Scientific)

Note: The sucrose should be dissolved and diluted in double-filtered PBS (dfPBS) with PES 

membrane filter (0.22-μm pore size).

Polyallomer ultracentrifuge tube with 13.2 mL capacity (# 331372 Beckman Coulter)

Olympus 15 mL Centrifuge Tubes (# 28–101 Genesee Scientific)

Olympus 50 mL Conical Centrifuge Tubes (# 28–106 Genesee Scientific)

LoBind Microcentrifuge Tubes 1.5 mL (# 022–43-108–1 Eppendorf)

LoBind Microcentrifuge Tubes 0.5 mL (# 022–43-106–4 Eppendorf)

Polycarbonate Bottle with Screw-On Cap 50 mL (# 357002 Beckman Coulter)

qEV original column (# qEV original/70nm - 5Pack IZON)

qEV Rack (# qEV Rack IZON)

LP Vortex Mixer (# 88880017 Thermo Fisher Scientific)

mySPIN™ 6 Mini Centrifugae (# 75004061 Thermo Fisher Scientific)

ProPette™ Electronic Pipette Controller (#1191K61 Thomas Scientific)

Procedure:

3.1.1. Dissection of unfixed human and mouse frozen brain tissues

1. Transfer 0.5g of unfixed frozen brain tissue to plastic petri dish on ice

2. Add 1mL of ice-cold Hibernate E solution to plastic petri dish

3. Chop the brain tissue on ice using a razor blade to generate 0.5mm3 sections

Note: In this protocol, 0.5g of frozen human cortical grey matter or whole frozen 

mouse brain tissue is used per sample.
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4. Transfer the section samples to 15-mL centrifuge tubes and add Hibernate E 

solution containing 20 units of Papain in Earle’s Balanced Salt Solution (EBSS) 

up to 3mL

Note: Enzymes such as papain, collagenase, and trypsin are commonly used for 

dissection. The enzyme should be selected with subsequent analysis.

5. Incubate in a water bath at 37°C for 15 min by stirring once every 5 min

6. Place immediately on ice and add 6mL of ice-cold Hibernate E with Halt 

Protease and Phosphatase Inhibitor Cocktails (1:100)

7. Homogenize gently the dissociated brain tissue samples (20 strokes) with a 

glass-Teflon homogenizer

Note: This homogenate step may need to utilize a Dounce homogenizer (loose 

pestle) or no homogenizer to distinguish intracellular vesicle from extracellular 

vesicle for subsequent analysis.

8. Filtrate the homogenized tissue samples with sterile nylon mesh filter (40-μm 

pore size) to new 50-mL tube

3.1.2. Differential centrifugation

1. Centrifuge the tissue samples at 300 × g for 10 min at 4°C using 5720R from 

Eppendorf

Note: This pellet contains cell debris and nucleus.

2. Transfer the supernatant to new 15-mL tube

3. Centrifuge at 2,000 × g for 10 min at 4°C using 5720R from Eppendorf

Note: This pellet contains apoptotic bodies and microsomes.

4. Transfer the supernatant to polycarbonate bottles or 1.5-mL tube

5. Centrifuge at 10,000 × g for 10 min at 4°C using Avanti J-E JA25–50 from 

Beckman Coulter or 5430R from Eppendorf

Note: This pellet contains Large EVs (microvesicles) and plasma membranes.

6. Filtrate the supernatant through a PES membrane filter (0.22-μm pore size) into a 

new polyallomer ultracentrifuge tube with 13.2-mL capacity

7. Add ice-cold Hibernate E with Halt Protease and Phosphatase Inhibitor Cocktails 

up to 12.5mL

8. Centrifuge at 140,000 × g for 70 min at 4°C using Optima-XE SW41 from 

Beckman Coulter

Note: Since the high-speed ultracentrifugation can induce the formation of EV 

aggregates, EV aggregation may be prevented by cushioning 1mL of 1.0M 

sucrose on the tube bottom.
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3.1.3. Sucrose gradient ultracentrifugation

1. After ultracentrifugation (3.1.2.- Step 8), the supernatant is completely discarded, 

and pellets are resuspended in 2mL of 0.475M of sucrose solution

2. Create the sucrose step gradient with six 2-mL steps starting from 2.0M to 1.5M, 

1.0M, 0. 825M, 0.65M, and 0.475M (containing the resuspended pellet) in a 

polyallomer ultracentrifuge tube

Note: These sucrose solutions were colored with commercially available food 

coloring to facilitate capture of the EV-rich interphase present between certain 

steps (Please see Figure 1).

3. Centrifuge at 200,000 × g (35,000 rpm) for 20 h at 4°C using Optima-XE SW41 

from Beckman Coulter

4. Collect in 2mL fractions, except for the first and last fractions, which are 1mL 

each.

Note: Fraction “III” corresponds to the 1mL removed from the tube, and 

particles in this area had a buoyant density of approximately 1.08 g/cm3. The 

area between the first (0.475M) and second (0.650M) step is collected and 

corresponded to fraction “VI” with a buoyant density of 1.08 – 1.10 g/cm3, while 

the area between the second (0.650M) and third (0.825M) steps is collected and 

correspond to fraction “V” with a buoyant density of 1.10 – 1.12 g/cm3, and the 

interphase between the third (0.825M) and fourth (1.000M) steps correspond to 

fraction “VI” with a buoyant density of 1.12 – 1.15 g/cm3. Interphase between 

the fourth (1.000M) and fifth (1.500M) steps, fraction VII; between the fifth 

(1.500M) and sixth (2.000M) steps, fraction VIII; and the 1mL remaining in the 

tube, fraction IX (please see Figure 1). The fractions V and VI (1.10 – 1.15 g/

cm3) are EV-rich fractions.

5. Dilute the V and VI fractions separately to a total volume of 12.5mL with dfPBS 

in a polyallomer ultracentrifuge tube

6. Centrifuge at 140,000 × g for 70 min at 4°C using Optima-XE SW41 from 

Beckman Coulter

7. Discard the supernatant and resuspend the final pellet from each fraction in 30μL 

of dfPBS

3.1.4. Size exclusion chromatography (qEV original column)

1. Equilibrate the qEV original column with at least 30mL of dfPBS buffer

Note: Allow to come to room temperature.

2. After ultracentrifugation (3.1.2.-step 8), the supernatant is completely discarded, 

and the pellet is resuspended in 1000μL of dfPBS. Mix by vortexing

3. Load the 1000μL of the vortexed sample to the qEV original column

4. Add in 3.0mL minus the initial sample volume of dfPBS to top of the column
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Note: Don’t load more than 2.0mL at a time. The first 6 fractions (3mL) do not 

contain vesicles (fraction 1–6).

5. Add 500μL of dfPBS at a time to top of the column

Note: It collect this completely in a tube, and then add 500μL more for the next 

fraction.

6. Collect 5 vesicle fractions of 500μL of each (fraction 7–11)

Note: It is recommended to measure the particle number and protein 

concentration of those fractions. EVs elute predominantly into fractions 7, 8 and 

9 with removal of ~99.8% of bulk proteins. If higher purity is desired, collect 

only the earliest peak fraction (fraction 7 and 8).

3.2. Protocols for separation of EVs from human cerebrospinal fluid (CSF)

Materials and Methods

Reagents:  Human cerebrospinal fluid (CSF) specimen

Note: Postmortem CSF specimens (1.0mL, 37 years old female, PMI 9h, pre-screened for 

infectious diseases, no previous cycle of freezing and thawing) were obtained from 

University of Maryland Brain and Tissue Bank and stored at −80°C. For identification of 

700 EV proteins using 1D-LC-MS/MS (Thermo Scientific Q-Exactive with Waters 

NanoAcquity UPLC), at least 500μL of human CSF is needed to collect EVs (1.6 × 1010 

particles / mL). The sample volume should be empirically optimized for this purpose.

High-speed centrifuge (# 5720R Eppendorf)

Spin-X centrifuge tube filter (cellulose acetate membrane, pore size 0.22-μm) (# CLS8160 

Millipore Sigma)

Spin-X centrifuge tube filter (cellulose acetate membrane, pore size 0.45-μm) (# CLS8162 

Millipore Sigma)

Halt Protease and Phosphatase Inhibitor Cocktails (# PI78443 Thermo Fisher Scientific)

MagCapture Exosome Isolation kit (# 293–77601 FUJIFILM Wako Pure Chemical 

Corporation)

Note: This kit can be recovered a maximum of 1–2 × 1010 particles.

LoBind Microcentrifuge Tubes 1.5 mL (# 022–43-108–1 Eppendorf)

DynaMag™-2 Magnet (# 12321D Thermo Fisher Scientific)

LP Vortex Mixer (# 88880017 Thermo Fisher Scientific)

mySPIN™ 6 Mini Centrifugae (# 75004061 Thermo Fisher Scientific)

ProPette™ Electronic Pipette Controller (# 1191K61 Thomas Scientific)
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Procedure:

3.2.1. Sample preparation

1. Thaw human CSF sample on ice

2. Transfer 600μL of CSF sample to new 1.5mL microcentrifuge tube

3. Centrifuge the CSF sample at 1,200 × g for 20 min at 4°C using 5720R from 

Eppendorf

4. Transfer the supernatant to new 1.5mL tube

5. Centrifuge at 10,000 × g for 30 min at 4°C using 5720R from Eppendorf

6. Transfer the supernatant to Spin-X centrifuge tube filter (cellulose acetate 

membrane, pore size 0.22-μm)

7. Centrifuge at 3,000 × g for 5 min at 4°C using 5720R from Eppendorf

8. Transfer the 500μL of flow-through to new low bind tube

9. Add Halt Protease and Phosphatase Inhibitor Cocktails to CSF sample (1:100)

3.2.2 Affinity capture (MagCapture Exosome isolation kit)

1. Vortex the streptavidin magnetic beads for 30sec

2. Transfer 60μL of streptavidin magnetic beads into a Reaction Tube

3. Add the 500μL of Exosome Capture Immobilizing Buffer to the tube

4. Place on the magnetic stand, and removed the supernatant after separation of 

magnetic beads

5. Resuspend the magnetic bead pellets in 500μL of Exosome Capture 

Immobilizing Buffer containing 10μL of Biotin labeled Exosome Capture and 

mix by vortexing

6. Rotate the tube at 4°C for 10 min

7. Spin down, place on the magnetic stand, and remove the supernatant after 

separation of magnetic beads

8. Wash the magnetic beads with 500μL of Exosome Capture Immobilizing Buffer

9. Spin down, place on the magnetic stand, and remove the supernatant after 

separation of magnetic beads

10. Repeat steps 8–9 twice

11. Add Exosome Binding Enhancer (1:500) to 500μL of CSF and mix by vortexing

12. Transfer the sample to the immobilized beads tube (3.2.2.1.-step10)

13. Incubate at 4°C for 3h with rotator

14. Spin down, place on the magnetic stand, and remove the supernatant after 

separation of magnetic beads
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15. Wash the bead pellets in 1mL of Washing buffer with Exosome Binding 

Enhancer (1:500) into the tube and mix by vortexing

16. Spin down, place on the magnetic stand, and remove the supernatant after 

separation of magnetic beads

17. Repeat steps 15–16 twice

18. Add 50μL of Exosome Elution Buffer to a tube

19. Allow tube to stand at room temperature for 10 min

20. Spin down, place on the magnetic stand, and transfer the supernatant to low 

binding tube

21. Repeat once (step 18–20)

22. Transfer the total 100μL of EV samples to Spin-X centrifuge tube (cellulose 

acetate membrane, pore size 0.45-μm)

Note: The eluted EVs might be contaminated with trace amounts of magnetic 

beads. If the separated EVs are analyzed by NTA, TEM, and proteomics 

analysis, the eluted EVs should be filtered by using 0.45-μm pore size filter.

23. Centrifuge at 3,000 × g for 5 min at 4°C using 5720R from Eppendorf

24. Transfer the flow-through EV samples to new low binding tube

3.3. Assessment of protein concentration by BCA

Materials and Methods

Reagents:  Pierce BCA protein assay kit (# 23225 Thermo Fisher Scientific)

BSA standards (# 23209 Thermo Fisher Scientific)

Flat Bottom Cell Culture Plates-96 well plate (# 07–200-87 Corning)

TET buffer (50mM Tris-HCl pH 7.5, 2mM EDTA, 1% Triton X-100)

Microplate reader (Biotek synergy MX)

Procedure:

1. Lyse separated EV samples (1:10 for brain-derived EV or 1:1 for plasma-derived 

EV) with TET buffer before loading into the assay

Note: The separated EV sample to be used: 3μL for brain-derived EV, 15μL for 

plasma-derived EV. Urea, guanidine or SDS may be used for misfolding 

proteins.

2. Keep on ice for 15 min

3. Dilute BSA standard with the same lysis buffer
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4. Prepare BCA Working Reagent (WR) by mixing 50 parts of BCA Reagent A 

with 1 part of BCA Reagent B

5. Add 1:8 ratio of sample to reaction components into a 96-well plate

6. Cover the plate with lid and incubate at 37°C (for standard BCA) or 60°C (for 

micro-BCA) for 30 min

7. Cool the plate to room temperature

8. Read OD562nm by a microplate reader

Note: The working concentration of BCA is 5–2000μg/mL. The samples should 

be empirically diluted for accurate measurement based on the initial reading of 

the protein concentration.

3.4. Nanoparticle Tracking Analysis (NTA)

Materials and Methods

Reagents:  DL-Dithiothreitol (# 43815 Sigma)

Phosphate buffered saline (PBS, Ca/Mg free, pH 7.4) (# 10–010-049 Gibco/Thermo Fisher 

Scientific)

Note: The PBS should be filtrated twice with PES membrane filter (0.22-μm pore size).

Ultrasonic cleaner (Brookstone)

Nanosight 300 machine (Malvern Panalytical Inc)

Nanosight NTA 3.3 software (Malvern Panalytical Inc)

Syringe pump infusion system (Harvard Laboratories/Malvern Panalytical Inc)

BD Tuberculin syringes 1.0-mL (# 309623 Becton Dickinson)

Procedure:

1. Dilute the EV samples in dfPBS to get particles within the target reading range 

for the Nanosight 300 machine, which is 10–100 particles per frame

Note: For brain-derive EV, the dithiothreitol (final: 0.1mM) is added to EV 

samples, followed by sonication for 480 sec at level 3 in an ultrasonic cleaner for 

dissociation of aggregated EVs.

2. Load the samples using a syringe pump infusion system or manual syringe

3. Set Screen Gain to 1.0 and adjust the Camera Level until the particle in the 

screen can be clearly seen

Note: The camera Level should be set at the same value during the set of 

experiment.
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4. Adjust the laser beam position and focus the field so that particles are clearly 

detectable

5. Capture five 60-second or 30-second videos for each sample at 21°C constant

6. Set a detection threshold, which has the maximum detection of the particles in 

the field

Note: The detection threshold should be fixed during the set of experiment.

7. Analyze the data with Nanosight NTA 3.3 software (Malvern Panalytical Inc)

Note: Particle counts are normalized for dilution on the machine, dilution of the 

final pellet, and starting material of the exosome extraction.

3.5. Transmission electron microscopy (TEM)

Materials and Methods

Reagents:  carbon-coated grid (# CF400-CU EMS www.emsdiasum.com)

Filter paper (# 1 Whatman)

Uranyl formate (# 22451 EMS)

JEOL 1200EX Transmission electron microscope (JEOL Solutions for innovation)

Procedure:

1. Adsorb 5μL of the EV sample for 1 min to a carbon-coated grid that had been 

made hydrophilic by a 20-second exposure to a glow discharge (25mA)

2. Remove the excess liquid with a filter paper

3. Float briefly the grid on a drop of water to wash away phosphate or salt

4. Blot on a filer paper

5. Stain with 0.75% uranyl formate for 15 sec

6. Remove the excess uranyl formate with a filter paper

7. Examine the grids in a JEOL 1200EX Transmission electron microscope and 

images are recorded with an AMT 2k CCD camera

3.6. Mass-spectroscopy for proteomic profiling

3.6.1. Mass spectroscopy for human brain-derived EVs (for Section 4.1.)

Materials and Methods

Reagents: 1M Triethylammonium bicarbonate (TEAB) (# 90114 Thermo fisher Scientific)

Tris (2-carbocyethyl) phosphine (TCEP) (# T2556 Thermo fisher Scientific)

Iodoacetamide (# A39271 Thermo fisher Scientific)

Methanol (# 34860 Millipore Sigma)
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Chloroform (# 34854 Millipore Sigma)

HLPC grade Water (# 34877 Millipore Sigma)

Mass spectrometry grade trypsin (# V5280 Promega)

Vacuum centrifugation (# SPD1010 Speedvac system Thermo Fisher Scientific)

High-speed centrifuge (# 5720R Eppendorf)

LoBind Microcentrifuge Tubes 1.5 mL (# 022–43-108–1 Eppendorf)

TMT 10-plex reagents (# 90110 Thermo Fisher Scientific)

Acetonitrile (ACN) (# 34851 Millipore Sigma)

Pierce water LC-MS Grade (# 51140 Thermo Fisher Scientific)

Trifluoroacetic acid (TFA) (# 80457 Millipore Sigma)

Ammonium bicarbonate (# 285099 Millipore Sigma)

Oasis HLB 96-well μElution plate (Waters)

Formic acid (FA) (# F0507 Millipore Sigma)

Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific)

Ultimate 3000 high-performance liquid chromatography (HPLC) (Dionex)

Procedure:

1. Add 100mM Triethylammonium bicarbonate (TEAB) with 2% SDS to the EV 

samples (25μg)

Note: The digested peptide samples are injected 2μg per injection to Nano-LC-

MS/MS.

2. Add 200mM Tris (2-carbocyethyl) phosphine (TCEP) to each sample

3. Incubate at 55°C for 1 h and cool down to room temperature

4. Alkylate with 375mM iodoacetamide (IAA) for 30 min at room temperature in 

the dark

5. Add methanol and vortex, followed by chloroform and mix thoroughly by 

vortexing

6. Add ultrapure water and mix by vortexing

7. Centrifuge at 14,000 × g for 5 min at 4°C

8. Remove the water/methanol layer and add methanol and mix by vortexing

9. Centrifuge at 14,000 × g for 5 min at 4°C
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10. Remove the supernatant and dry up the protein by vacuum centrifugation

11. Re-suspend the pellets in 50mM TEAB

12. Digest with mass spectrometry grade trypsin in 50mM ammonium bicarbonate 

(pH 7.5) for 16 h at 37°C (1:40 w/w trypsin-to-protein)

13. Equilibrate the TMT label Reagents to room temperature

14. Dissolve anhydrous acetonitrile to each TMT label reagent tube

15. Add the TMT label Reagent to digested peptides

16. Incubate the reaction for 1h at room temperature

17. Add 5% hydroxylamine to each tube and incubate for 15 min to quench the 

reaction

18. Combine all samples at equal amounts

19. Dry up the sample under vacuum centrifugation

20. Reconstitute by trifluoroacetic acid (TFA) solution

21. Desalt the samples using Oasis HLB 96-well μElution plate

22. Elute the labeled peptides using 95% ACN/water

23. Dry up the eluted peptides in vacuum centrifugation

24. Re-suspend in 5% ACN/water/0.1% formic acid (FA)

3.6.1.2. Liquid Chromatography (LC)-Tandem Mass Spectrometry (MS/MS) Analysis: 
Nano-LC-MS/MS analysis is conducted by a Q-Exactive Orbitrap mass spectrometer 

(Thermo Fisher Scientific) equipped with electrospray ionization (ESI) source and coupled 

with an Ultimate 3000 high-performance liquid chromatography (HPLC) (Dionex). The 

TMT labelled peptides were separated on a C18 reverse-phase capillary column (pepMap, 

75μm x 150 mm, Thermo Fisher) with a linear gradient of 2–35% acetonitrile in 0.1% 

formic acid. The top fifteen most abundant ions per scan were selected for MS/MS analysis 

with a full scan MS ranging 300–1800 m/z) and normalized collision energy (NCE) at 32.

3.6.1.3. Sequence Database Searching and Data Analysis: The Raw data files are 

processed with Proteome Discoverer (Thermo, version 2.1) and searched using Sequest HT 

against the UniProt Homo sapiens database for protein identification. The false discovery 

rate (FDR) at peptide and protein levels < 0.01. TMT tags on lysine residues and peptide N 

termini and carbamidomethylation of cysteine residues were set as static modifications, 

while oxidation of methionine residues was set as a variable modification. For protein 

identification, two missed trypsin cleavage sites were allowed. For TMT-based reporter ion 

quantitation, we extracted summed signal-to-noise ratio for each TMT channel.

3.6.2. Mass spectroscopy for mouse brain-derived EVs (for Section 4.2.)

Materials and Methods

Reagents: Dithiothreitol (# 165680010 Fisher Scientific)
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Iodoacetamide (# 12270050 Fisher Scientific)

Mass spectrometry grade trypsin (# 90059 Thermo Fisher Scientific)

Formic acid (FA) LC-MS Grade (# A117–50 Fisher Scientific)

Urea (# 327380010 Fisher Scientific)

Ammonium bicarbonate (# 393212500 Fisher Scientific)

Water LC-MS Grade (# 51140 Thermo Fisher Scientific)

Acetonitrile (ACN) LC-MS Grade (# 85188 Thermo Fisher Scientific)

Vacufuge plus (Eppendorf)

Centrifuge (5427R, Eppendorf)

LoBind Microcentrifuge Tubes 1.5 mL (# 022–43-108–1 Eppendorf)

C18 ZipTip (Millipore)

C18 pre-column (3 μm, 75 μm × 2 cm, Thermo Fisher Scientific)

C18 analytical column (2 μm, 75 μm × 50 cm, Thermo Fisher Scientific)

Q-ExactiveHF-X mass spectrometer (Thermo Fisher Scientific)

Easy nanoLC1200 (Thermo Fisher Scientific)

Procedure:

1. Lyse 8M urea to the EV samples (30μg)

Note: The digested peptide samples are injected 2μg per 1 injection to Nano LC-

MS/MS.

2. Reduce with 2.5mM dithiothreitol for 1 h at 37°C

3. Alkylate with 5mM iodoacetamide for 30 min at room temperature in the dark

4. Dilute the samples up to 1M urea

5. Digest with mass spectrometry grade trypsin in 50mM triethylammonium 

bicarbonate overnight at 37°C (1:20 w/w trypsin-to-protein)

6. Desalt the peptides using C-18 ziptip

7. Dry up the eluted peptides in a vacuum centrifugation

8. Resuspend in 0.1% formic acid (FA)

3.6.2.2. Liquid Chromatography (LC)-Electrospray Ionization (ESI) Tandem MS 
(MS/MS) Analysis: Analysis was performed on an Easy nanoLC1200 (Thermo Fisher 

Scientific) coupled to a Q-Exactive HF-X mass spectrometer (Thermo Fisher Scientific). A 
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2μg of peptides were loaded onto a C18 pre-column connected to a 50 cm easy spray C18 

analytical column (2 μm, 75 μm × 50 cm, Thermo Fisher Scientific) in positive mode by data 

dependent acquisition (DDA). The mobile phase was 2% ACN with 0.1% FA (A) and 80% 

ACN with 0.1% FA (B). The gradient profile was 5% B at 0 min, 30% B at 90 min, 100% B 

from 99 to 116 min, and 2% B at 117 to 120 min. The column oven was 55°C. The full scan 

range was 300 to 1650 m/z with and AGC of 3e6 followed by 15 MS/MS scans. The 

normalized collision energy was 28% and dynamic exclusion was set to 40s.

3.6.2.3. Sequence Database Searching and Data Analysis: The raw LC-MS/MS data 

were searched using MaxQuant (v1.6.7) (Max Planck Institute of Biochemistry) against the 

Uniprot/Swissprot database for Mus musculus with a 1% false discovery rate (FDR). For 

protein identification, two missed trypsin cleavage sites were allowed. 

Carbamidomethylation of cysteine residues was set as a fixed modification, while 

methionine oxidation and N-terminal acetylation were set as variable modifications.

3.6.3. Human CSF-derived EVs (for Section 4.3.)

Materials and Methods

Reagents: Acetone (# 179124 Millipore Sigma)

Laemmli sample buffer (# 1610747 Bio-Rad)

10% Mini-PROTEAN® TGX™ Precast Protein Gels (# 456–1033 Bio-Rad)

Distilled water (# 15230001 Thermo Fisher Scientific)

Vacuum centrifugation (# SPD1010 Speedvac system Thermo fisher Scientific)

High-speed centrifuge (# 5720R Eppendorf)

LoBind Microcentrifuge Tubes 1.5 mL (# 022–43-108–1 Eppendorf)

Methanol (# 179337 Millipore Sigma)

Acetic acid (# 320099 Millipore Sigma)

Fixing solution (50% methanol and 7% acetic acid)

Incubation Tray (# L-07037–002 Advansta)

GelCode™ Blue Stain Reagent (# PI24590 Thermo Fisher Scientific)

Razor blade (# 12–640 Thermo Fischer Scientific)

Trifluoroacetic acid (TFA) (# 80457 Millipore Sigma)

Formic acid (FA) (# F0507 Millipore Sigma)

Acetonitrile (ACN) (# 34851 Millipore Sigma)
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ProteaseMAX Surfactant, Trypsin Enhancer (# V2071 Promega)

Trypsin Sequencing grade (# 11418475001 Roche/Sigma)

Ammonium bicarbonate (# 285099 Millipore Sigma)

Pierce water LC-MS Grade (# 51140 Thermo Fisher Scientific)

Q-Exactive mass spectrometer (Thermo Fisher Scientific)

NanoAcquity ultra-performance liquid chromatography (UPLC) (Waters Corporation)

Procedure:

1. Add ice-cold 100% (w/v) acetone to the isolated EV fraction (final 

concentration: 20% w/v)

Note: The TCA/acetone precipitation is more effective than either TCA or 

acetone to precipitate proteins.

2. Incubate for 16 h on −20°C

3. Centrifuge at 20,000 × g for 15 min at 4°C

4. Discard the supernatant

5. Add ice-cold acetone to the pellets

6. Centrifuge at 20,000 × g for 15 min at 4°C

7. Discard the supernatant

8. Repeat (step 5–7)

9. Dry up the pellets at room temperature

Note: The pellets should not be over-dry because it may not dissolve properly.

10. Resuspend the pellet in Laemmli sampling buffer

Note: The pellets directly resuspend in Laemmli sampling buffer for In-gel 

digestion.

11. Boil the sample at 95°C for 10 min and cool to room temperature

12. Apply the samples into a 10% Mini-PROTEAN® TGX™ Precast Protein Gels

13. Run until 10 mm from the top of the gel

14. Move the gel to Incubation tray

15. Fix the gel with fixing solution for 15 min

16. Rinse the gel with distilled water three time for 5 min

17. Stain the gel with GelCode™ Blue Stain Reagent for 2 h at room temperature

18. De-stain the gel in distilled water four times for 15min by soaking
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19. Cut out bands from gel by Razor blade and place the gel slices in 1.5mL 

centrifuge tube

20. Add 1mL water and incubate for 30 min

21. Remove the water with pipette

22. Incubate in 50mM ammonium bicarbonate/acetonitrile (ACN) (1:1) for 1 h at 

room temperature

23. Replace with 100% ACN and incubate until the gel slices turned opaque white

24. Remove the ACN

25. Dry up the gel slice in a vacuuming centrifugation using SpeedVac

26. Reduce 45mM dithiothreitol in 250mM ammonium bicarbonate for 30 min at 

50°C and cool down to room temperature

27. Alkylate 100mM iodoacetamide in 100mM ammonium bicarbonate for 30 min in 

the dark

28. Remove all the liquid

29. Wash the gel twice in water

30. Replace with 100% acetonitrile

31. Remove all the liquid and dry up the gel slice in a Vacuum centrifugation

32. Rehydrate in 50mM ammonium bicarbonate containing 0.01% ProteaseMAX 

Surfactant and 2ng/μL trypsin

33. Add bicarbonate buffer to ensure complete submersion of the gel

34. Incubate for 21 h at 37°C

35. Transfer the supernatants to 1.5-mL microcentrifuge tube

36. Dehydrate the gel slices with 80% ACN/1% formic acid (FA)

37. Transfer the supernatants to same 1.5-mL microcentrifuge tube (step 35)

38. Dry up the sample in a vacuuming centrifugation

39. Re-dissolve the pellets with 5% ACN/0.1% trifluoroacetic acid (TFA)

3.6.3.2. Liquid Chromatography (LC)-Electrospray Ionization (ESI) Tandem MS 
(MS/MS) Analysis: A 2μL injection was loaded by a Waters NanoAcquity Ultra 

Performance Liquid Chromatography in 5% ACN (0.1% FA) at 4.0μL/min for 4min onto a 

100μm I.D. fused-silica pre-column packed with 2 cm of 5 μm (200Å) Magic C18AQ 

(Bruker-Michrom Inc., MA, USA). Peptides were eluted at 300nL/min from a 75 μm I.D. 

gravity-pulled analytical column packed with 25 cm of 3μm (100Å) Magic C18AQ particles 

using a linear gradient from 5–35% of mobile phase B (acetonitrile + 0.1% formic acid) in 

mobile phase A (water + 0.1% formic acid) over 60mins. Ions were introduced by positive 

electrospray ionization via liquid junction at 1.4kV into a Thermo Scientific Q Exactive 

hybrid mass spectrometer. Mass spectra were acquired over m/z 300–1750 at 70,000 
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resolution (m/z 200) with an AGC target of 1e6, and data-dependent acquisition selected the 

top 10 most abundant precursor ions for tandem mass spectrometry by HCD fragmentation 

using an isolation width of 1.6 Da, max fill time of 110ms, and AGC target of 1e5. Peptides 

were fragmented by a normalized collisional energy of 27, and fragment spectra acquired at 

a resolution of 17,500 (m/z 200).

3.6.3.3. Sequence Database Searching and Data Analysis: Raw data files were peak 

processed with Proteome Discoverer (version 1.4, Thermo Scientific, USA) followed by 

identification using Mascot Server (version 2.5, Matrix Science, UK) against the Homo 
sapiens (Swiss-Prot) FASTA file (downloaded 10/2018). Search parameters included 

Trypsin/P specificity, up to 2 missed cleavages, a fixed modification of carbamidomethyl 

cysteine, and variable modifications of oxidized methionine, pyroglutamic acid for Q, and 

N-terminal acetylation. Assignments were made using a 10ppm mass tolerance for the 

precursor and 0.05 Da mass tolerance for the fragments. All non-filtered search results were 

processed by Scaffold (version 4.4.4, Proteome Software, Inc., USA) utilizing the Trans-

Proteomic Pipeline (Institute for Systems Biology, WA, USA) with threshold values set at 

86% for peptides (1.0% false-discovery rate [FDR]) and 90% for proteins (2 peptide 

minimum, 0.2% FDR), and quantitative comparisons made using the iBAQ-quantitation 

method with all samples normalized by total ion current for the run.

Note: All mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium (http://proteomecentral.proteomexchange.org/cgi/GetDataset) via the PRIDE 

[36] partner repository with the dataset identifier PXD017273.

4. Results

4.1. Biochemical characterization of EVs separated from unfixed frozen human brain 
tissue by sucrose gradient ultracentrifugation method

The experimental workflow is summarized in Figure 1A and B. The EVs were separated 

from unfixed frozen human brain tissue using the discontinuous sucrose gradient 

ultracentrifugation (SG-UC) method. EVs were analyzed for protein concentration using 

protein assay (BCA), particle size and number using Nanoparticle tracking analysis (NTA), 

which determines the size of suspended particles based on their Brownian motion, particle 

form using Transmission electron microscopy (TEM), and protein profiling using Tandem 

mass tag (TMT)-based proteomics analysis. The EVs separated from frozen brain tissue was 

observed cap-sharped morphology by TEM (Figure 1C). Table 1 shows the protein 

concentration of collected fractions. The fraction VIII and XI were below the detection limit 

of protein assay. Figure 2A shows the NTA plot of these fractions (tissue homogenate, pellet 

at 10,000g, and sucrose fraction-III, IV, V, VI, and VII). The tissue homogenate and pellet at 

10,000g fractions represented a broad distribution of vesicle with several peaks (asterisk), 

but the sucrose fraction-V and VI was decreased to a few peaks by SG-UC. The results 

suggest the EV fraction could separate EV of the same or nearly same size from 

heterogenous size vesicles of brain tissue by buoyant density. In addition, fractions V and VI 

(1.10 – 1.15 g/cm3) are the EV fraction in which concentrated EV particles compared to 

tissue homogenate (Table 1). To check the protein profiling in these fractions, we performed 

the 10-plex TMT-based quantitative proteomics analysis for the brain tissue homogenates 
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and the separated fractions. We found that these EV fractions were enriched in tetraspanins 

including CD9 and CD81, annexins, and lysosomal markers such as Lysosome-associated 

membrane glycoprotein 2 (LAMP2) as compared to tissue homogenates, and diminished in 

non-EV molecules such as Histone H1 from nucleus, 10kDa heat shock protein (HSPE1) 

from mitochondria, calnexin from endoplasmic reticulum (ER) and Ras-related protein 

Rab-2A (RAB2A) from the Golgi apparatus, as listed in MISEV2018 guidelines [1] (Figure 

2B and Supplementary Table 1). In addition, these identified proteins were tested by Gene 

Ontology analysis in The Database for Annotation, Visualization and Integrated Discovery 

(DAVID) [37,38] for properties pertaining to the ‘cellular component’ (Figure 2C). The EV 

fraction separated by the SG-UC method was enriched in the Extracellular exosome 

category. These data indicate that EVs were successfully separated from unfixed frozen 

brain tissue using discontinuous SG-UC method.

4.2. Comparison of unfixed murine brain-derived EVs separated via sucrose gradient 
ultracentrifugation and size exclusion chromatography methods

Using the SG-UC protocol, we found that the small vesicles corresponding to exosome size 

(50–150nm) are also present in other sucrose fractions as determined by NTA (Table 1). 

These fractions also contain EV markers including CD9 and CD81 as determined by 

proteomic profiling. To collect these EVs as they migrated into fractions other than V and 

VI, we decided to test alternative methods instead of the SG-UC. We separated EVs from 

mouse brain tissue by size exclusion chromatography (SEC method; qEV original column). 

The SEC method can separate the soluble molecules, high-density lipoprotein (HDL) (5–12 

nm), low-density lipoprotein (LDL) (18–25 nm), and intermediate-density lipoprotein (IDL) 

(25–35 nm) from EV fractions [39]. We compared the EV separation methods based on the 

particle size, particle counts, protein yield, and proteomic profiling (Figure 3). The particle 

size and number of separated EVs was determined by NTA, and the protein concentration 

was determined by BCA (Figure 4A, B and Table 2). The EVs separated via the SEC 

method had fractions 8 and 9 as the EV fractions. The SEC method had higher EV particle 

numbers and protein yield compared to the SG-UC method (Table 2). The SEC method, 

however, showed a broad distribution of vesicles with several peaks (asterisk) as compared 

to the SG-UC method (Figure 4A and B). In addition, TEM imaging was shown that the EVs 

separated by the SEC method contain differently sized vesicles, such as small and medium 

size particles compared to SG-UC method (Figure 3). In addition, a label-free Nano-LC-

MS/MS analysis of these EV samples identified 933 and 1823 proteins in the EVs separated 

by SG-UC and SEC, respectively (Table 2). The SEC method separated EVs were enriched 

in molecules such as tetraspanins including CD9, CD81 and CD82, and ESCRT proteins 

including programmed cell death 6-interactting protein (PDCD6IP; Alix) and hepatocyte 

growth factor-regulated tyrosine kinase substrate (HGS) as compared to the SG-UC method. 

However, the non-EV molecules, such as MICOS complex subunit MIC60 (IMMT), 

calnexin, and Endoplasmic reticulum chaperone Bip (BIP) were also detected. This suggests 

that separated populations may contain overlap of multiple EV sub-species. These identified 

proteins in the EV samples were tested by DAVID GO analysis for properties pertaining to 

the ‘cellular component’ (Figure 4C). Both EV fractions separated by SG-UC and SEC 

methods were enriched the Extracellular exosome category. The SEC method, however, also 

enriched mitochondrion category as non-EV molecules. The SG-UC method has 
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disadvantage in work time and sample size per run, but it could recover small EVs of the 

same size with the highest enrichment between two methods (Table 2).

4.3. Characterization of EVs separated from human CSF by affinity capture method

To create the protein profiling of CSF-derived EVs, we separated EVs from CSF by affinity 

capture (AC method; MagCapture Exosome Isolation kit), which can also separate them 

from EV fractions by capturing with phosphatidylserine [40], and analyzed the secondary 

collected EVs by NTA and proteome analysis. The experimental workflow is summarized in 

Figure 5.

The particle size and number of separated EV were determined by NTA, and the protein 

concentration was determined by BCA (Figure 6A and Table 3). In addition, the separated 

EVs from CSF was showed classical EV morphology by TEM (Figure 5). The AD methods 

could successfully separate and concentrate EV of the same or nearly same size from human 

CSF (Table 3). Nano-LC-MS/MS-based protein profiling of the CSF-derived EVs identified 

a total of 700 unique proteins. The EV molecules such as tetraspanin and ESCRT, including 

PDCD6IP/Alix and syntenin-1 proteins could enrich in the EV fraction separated by AC 

method.

In addition, the EV fraction was enriched in Extracellular exosome molecules as determined 

by DAVID GO (Figure 6B). These results show that this EV separation method may be 

effective for separating EVs from biospecimens of limited availability for proteomic 

analysis. We have also separated the EV by UC and SEC method for LC-MS/MS, but we 

could not collect enough EV for proteomics analysis and the proteins mostly could not be 

identified.

5. Discussion

Here we described our recently established protocols for the separation of EVs from 

biospecimens with a specific focus on unfixed brain tissues and CSF. In the past decade, 

investigation of EV function in neurodegenerative diseases have expanded, and given rise to 

the need to separate high purity EVs from biospecimens to understand the role of EVs in 

progression of those diseases, as well as develop the biomarkers for monitoring and 

diagnostic of progression of those diseases. Previously, the protocols for separation of EV 

from brain tissues by sucrose or iodixanol density gradient ultracentrifugation have been 

reported [24–26,41]. Gonzalez et al has described the protocol to enrich EVs from frozen 

and fresh brain tissues by sucrose density gradient ultracentrifugation for the first time, and 

shown that the EVs separated from APP transgenic mouse brain tissue are contained 

neuropathogenic molecule such as full length APP, APP C-terminal fragments and amyloid-

β peptide [24]. Hurwitz et al. described the technique for the enrichment of brain-derived 

EV by iodixanol sedimentation and flotation gradient based isolation techniques [26]. They 

showed the purity of EVs with less contaminating debris by iodixanol flotation density 

isolation as compared to sedimentation gradient isolation, along with the utility of this 

method in downstream proteomic analysis. The comparison of two isolation techniques, 

however, were not normalized by the total spectral counting in label-free proteomics.
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In addition, non-specific EV protein HSC70 was detected in both sedimentation- and 

flotation-density gradient isolation by western blotting. Thus, we think that there is no 

obvious difference between sedimentation and flotation-based isolation techniques. Vella et 

al has reported a protocol to separate small EVs from human frontal cortical tissues using a 

triple sucrose cushion without homogenization and filtration [41]. The homogenization and 

filtration may reduce the purity of EVs by causing cell disruption and release of intracellular 

vesicles such as the mitochondria, endoplasmic reticulum (ER) and Golgi apparatus. In 

addition, they utilized collagenase type III to dissociate cells from these tissues, and 

minimize cell disruption. The separated EV fraction without the cell disruption was enriched 

in proteins related to the exosome biogenesis, the endosomal pathway and endosomal 

trafficking pathways, and less contamination non-EV molecules. Our method separated EVs 

from human unfixed brain tissue by papain dissociation, homogenization with standard 

tissue grinder and sucrose gradient ultracentrifugation. The separated EV fractions are 

enriched with tetraspanins and ESCRT proteins as compared to tissue homogenates, and less 

contamination of non-EV molecules such as the nucleus, mitochondria, ER, Golgi-related 

proteins by TMT-based the proteomics dataset (Figure 2 B and Supplementary Table 1). On 

other hand, the EV fraction was also enriched myelin sheath-related molecules compared to 

published proteomics datasets for separation of brain EVs. This result suggests that the EVs 

separated by this method contained myelin related protein and lipid, presumably from 

oligodendrocytes [42,43]. In our proteomics data, CD9 and CD81 were also detected in 

fraction III (1.06 – 1.08 g/cm3), IV (1.08 – 1.10 g/cm3) and VII (1.15 – 1.18 g/cm3). In 

addition, small EVs were observed in fraction III and IV by NTA, when DTT was added to 

the EV fraction to dissociate aggregated EVs. Based on the findings, fraction VII may 

contain the large EVs and aggregated EVs generated by ultracentrifugation [44]. The 

fraction III and IV, on the other hand, may contain small EVs, LDL, IDL or HDL [39,45]. 

We separated brain-derived EVs using the SEC method instead of SG-UC after 

ultracentrifugation because the SEC method can avoid EVs from SG-UC-related 

aggregation, and could separate EVs from soluble proteins, HDL, LDL and IDL [46], which 

were frequently contaminated in EVs separated by the DC-UC or SG-UC methods [47–50]. 

Several reports, however, have shown SEC method failed to separate soluble proteins, 

apolipoproteins, HDL and LDL from EVs [51–59]. This could be due to the pooling of 

fractions from 7 to 9 or 10 in those studies. If fractions 7 to 8 or 9 were used, according to 

manufacturer’s instructions, this could be avoided. The SEC methods can collect more EVs 

and identify more EV marker molecules than SG-UC method in our study. The SEC method, 

however, also enriched in non-EV molecules (such as mitochondrion category) and 

contained more particles at various sizes than conventional EV size of around 100 nm 

compared to the SG-UC method (Figure 3 and 4). Thus, we suggest that SG-UC method is 

suitable for EV proteomic analysis. However, the sucrose cushion should be used for 

ultracentrifugation before SG-UC to avoid aggregation of EVs. In summary, we could 

collect 166μg of EVs from 0.5g of frozen human cortical grey matter or whole frozen mouse 

brain tissue using our separation protocol for brain-derived EV. The protein yield is 

sufficient for NTA, protein assay, TEM, western blot and proteomic profiling by mass-

spectroscopy (Table 1 and 2).
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Previously, protocols for separation of EVs from human CSF using ultracentrifugation, high-

resolution flow cytometric sorting or size exclusion chromatography in downstream 

proteomic analysis have been reported [30,60–66]. Chiasserini et al have reported the EV 

were separated from 6mL of human CSF by ultracentrifugation and a sucrose cushion, and 

they represent the largest and most comprehensive dataset by proteomics analysis [61]. The 

separated EVs were highly enriched with the brain cell-type specific molecules and EV 

molecules such as the Alix, syntenin, and Rab proteins. This method, however, needs a very 

large volumes of CSF per sample and lengthy procedure lasting 16–24 h. This is unsuitable 

for scaling up larger population of the human study. Pieragostino et al on the other hand, 

reported EVs could be directly separated from 100μ of CSF using high-resolution flow 

cytometry sorting, and characterized the protein profiling of EVs by mass spectrometry [63]. 

This method, if reproducible, could be suitable for the larger clinical studies and can avoids 

any preparation steps, which may reduce the yield. One caveat is that the size of CSF-

derived EVs is in the range 333–1326 nm, which we didn’t observe in our TEM study of 

CSF-derived EVs. The actual size of FACS-isolated EVs should be independently validated. 

The AC method can separate small EVs compared with FACS and does not require large 

volume of CSF samples. In our proteomics data, the AC method could enrich EV molecules 

such as tetraspanins and ESCRT proteins, but serum proteins such as an albumin and 

apolipoprotein were also identified. This is minor contamination, as Patel et al reported that 

EVs separated from culture media by the AC method were of good quality to remove the 

serum protein contamination for proteomic analysis [52]. In summary, using the AC method, 

high purity EVs can be separated from as low as 500 μL of CSF within 5 h for proteomics 

profiling (Table 3). In addition, multiple clinical samples (20–30 samples) can be processed 

at one time.

In conclusion, it is important to develop protocol standard operation procedure for EV 

separation from brain tissue and CSF samples for future development of EV-based 

diagnostics, and to investigate the biological function for progression of neurodegenerative 

disorders using a large volume of human biospecimens. The protocols we provided for 

separation of EVs from unfixed brain tissue and CSF samples and mass spectroscopy as a 

downstream application may respond to the urgent unmet needs.
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Highlights

This review presents the step-by-step protocols for EV separation methods from brain 

tissue

This review describes EV separation methods from human cerebrospinal fluids

This review compares the quality control measures of separation protocols by biophysical 

and proteomic characterizations
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Figure 1. Flowchart of EV separation from unfixed human brain tissue via SG-UC method
A) Sucrose gradient ultracentrifugation (SG-UC) protocol for separation of EVs from 

unfixed human frozen brain tissue. See section 3.1 for detailed method. Red square shows 

gray matter in brain cortex. B) Representative example of sucrose gradient before and after 

ultracentrifugation. C) Transmission electron microscopy (TEM) image of frozen human 

brain tissue-derived EVs (pooled fractions V and VI). Scale bar; 100 nm.
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Figure 2. Characterization of EVs separated from unfixed human brain tissues by SG-UC 
method
A) NTA plot of mode size and concentration of separated EVs (tissue homogenate, pellets 

after 10,000g, fraction III, IV, V, VI, VII after SG-UC); The black line shows the fitting 

curve. Red line represents the error bar. Y axis: EV particle counts [/mL], X axis: EV 

particle size [nm]. A peak was indicated with black asterisk. B) The bar charts of EV protein 

or non-EV protein in separated EV. Y axis: EV marker protein or non-EV marker protein, X 

axis: log2 fold change (EV/brain tissue homogenates). Red bar shows the proteins are 
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enriched in EVs. Green bar shows the proteins are enriched in brain tissue homogenates. C) 
DAVID (Bioinformatics Resources 6.8) GO terms of Top10 ‘Cellular Components’ with -

log10(FDR p-value).
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Figure 3. Flowchart of EV separation from unfixed murine brain tissue via SG-UC and SEC 
methods
Sucrose gradient ultracentrifugation (SG-UC) or Size exclusion chromatography (SEC) 

protocols for separating of EVs from unfixed mouse frozen brain tissue. See section 3.1 for 

detailed methods. TEM image of frozen mouse brain-derived EVs (pooled fractions V and 

VI for SG-UC and pooled fraction 8 and 9 for SEC). Scale bar; 100 nm.
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Figure 4. Characterization of EV separated from unfixed murine brain tissues by SEC and SU-
GC methods
A-B) NTA of EVs separated from unfixed frozen murine brain tissues. The black line shows 

the best-fitting curve. Red line represents the error bar. Y axis: EV particle counts [/mL], X 

axis: EV particle size [nm]. A peak was indicated with black asterisk. A) SG-UC fraction V 

and VI. B) SEC_qEVoriginal column fraction 8 and 9. C) DAVID GO terms of Top10 

‘Cellular Components’ with -log10(FDR p-value).
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Figure 5. Flowchart of EV separation from human Cerebrospinal fluid via AC method
Affinity capture (AC) protocol for separating and concentrating of EVs from human CSF. 

See section 3.1 for detailed methods. TEM image of human CSF-derived EVs. Scale bar; 

100 nm.
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Figure 6. Characterization of EVs separated from human CSF by AC method
A) NTA plot of mode size and concentration of separated EVs by AC method; The black 

line shows the best-fitting curve. Red line represents the error bar. Y axis: EV particle counts 

[/mL], X axis: EV particle size [nm]. B) DAVID GO terms of Top10 ‘Cellular Components’ 

with - log10(FDR p-value).
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Table 1.

Assessment of tissue homogenates, pellet at 10,000g, sucrose fraction III, IV, V, VI and VII separated from 

human brain tissue by SG-UC method

Tissue 
homogenates

Pellet at 
10,000g

Fraction III Fraction IV Fraction V Fraction VI Fraction VII

Mode size (nm)
a 113 139 172 148 138 139 119

Particle number
a,b

1.31E+12 3.21E+11
5.09E+10 1.42E+11 1.52E+11 6.77E+10 1.12E+10

Total protein (μg)
b,c

3672 352.1
25.6 56.1 80.3 85.1 24.3

Particles/proteins 
(μg)

3.57E+08 9.12E+08 1.99E+09 2.53E+09 1.89E+09 7.96E+08 4.61E+08

a
Particle number and size of separated EVs were measured by Nanoparticle Tracking Analysis (NTA)

b
The starting material is 0.5g of human brain cortex grey matter

c
The total protein levels were measured by BCA assay.
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Table 2.

Assessment of EVs separated from unfixed frozen murine brain tissue by SG-UC and SEC methods

SG-UC Fraction V SG-UC Fraction Vl SEC Fraction 8 SEC Fraction 9

Mode size (nm)
a 135 139 90 127

Particle number
a,b 1.06E+10 / 30μL 1.09E+10 / 30μL 6.80E+10 / 500μL 7.80E+10 / 500μL

Total protein (μg)
b,c 43.3 41.1 44.1 59.3

Particles/proteins (μg) 2.44E+08 2.65E+08 1.54E+09 1.31E+09

Protein identificationd 933 1823

Extracellular Exosomee 489 (52.4%) 827 (45.4%)

a
Particle number and size of separated EVs were measured by Nanoparticle Tracking Analysis (NTA)

b
The starting material is 0.5g of human brain cortex grey matter

c
The total protein levels were measured by BCA assay.
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Table 3.

Assessment of EVs separated from human CSF by AC method

Human CSF EV Fraction

Mode size (nm)
a 162 114

Particle number
a,b

7.9E+9 / 500μL CSF 2.15E+9 / 100μL

Total protein (μg)
b,c 1125.73 1.78

Protein identification
d - 700

Particles/proteins (μg) 7.02E+06 1.21E+09

a
Particle number and size of separated EVs were measured by Nanoparticle Tracking Analysis (NTA)

b
The starting material is 500ml of human CSF

c
The total protein levels were measured by BCA assay

d
The proteins were identified by LC-MS/MS for EV fraction, but CSF was not analyzed by LC-MS/MS.
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