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Abstract

Extracellular vesicles (EVs) have been a key focus in biomarker discovery, with urinary EVs 

(uEVs), primarily derived from cells of the urogenital tract, providing valuable insights into kidney 

and urinary tract health and disease. However, progress in uEV-based metabolomics remains 

limited by variability in EV isolation and extraction approaches. Here, we systematically evaluated 

and optimised experimental conditions for untargeted metabolite profiling of human uEVs.

We compared three different EV isolation methods, namely precipitation, size-exclusion 

chromatography, and pH-adjustment with resin separation, and found that precipitation yielded 

the highest particle count. However, the pH-adjustment with resin separation method produced 

the highest number of small EVs (30–150 nm), aligning with the primary focus of EV research. 

Transmission electron microscopy analysis confirmed the presence of well-structured exosomes 

in these isolates. Moreover, this EV isolation method generated the broadest metabolite 

coverage.

To identify the most effective metabolite extraction conditions, we compared two established 

protocols (Liu et al. 2023 and Hinzman et al. 2022) with an in-house-developed method. 

Application of the protocol of Liu et al. led to the identification of the highest number of metabolites. 

Considering EV purity, contamination risks and metabolite yield, the combination of the pH-

adjustment with resin separation method for uEV isolation with the metabolite extraction protocol 

of Liu et al. was the optimal approach for metabolomics analysis of the uEV cargo.

This study provides an experimentally validated workflow for robust untargeted metabolomics 

analysis of human uEVs and supports the development of more standardised approaches for EV-

based biomarker discovery.
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Introduction

Urine is the second most used biofluid for clinical diagnostics after blood owing to its ease of 

collection in terms of frequency, quantity and non-invasive mode of sampling [1-4]. Under normal 

physiological conditions, urine contains water, metabolic waste products such as urea and 

creatinine, salts, ions, a few epithelial cells and extracellular vesicles (EVs)[5]. EVs are lipid-

bilayer-encapsulated particles that can be released by all living cells into the extracellular 

space[6]. EVs are classified by their biogenetic origin and size into exosomes (30–150 nm), which 

arise from the endosomal pathway[7], microvesicles (100–1,000 nm), which bud from the plasma 

membrane, migrasomes (500–3,000 nm) and large oncosomes (1–10 μm), which are shed by 

migrating or cancer cells, respectively[8, 9]; apoptotic bodies (1–5 μm), which form during 

programmed cell death, and non-vesicular particles like exomeres and supermeres (<50 nm), 

which have unclear biogenesis[10].

EVs protect and stabilise their molecular cargo, which consists of DNA, mRNA, miRNAs, proteins, 

lipids and metabolites, in circulation and facilitate cell-to-cell communication. EVs mediate 

intercellular communication locally and at a distance. They circulate to distant tissues and are 

taken up by recipient cells via receptor-mediated binding, endocytosis or membrane fusion, 

delivering their molecular cargo that modulates cell signalling and phenotype[11]. Changes in EV 

properties or quantity may reflect disease progression or treatment response[12, 13]. Due to their 

diagnostic potential, EVs have become a major focus in biomarker discovery research over the 

past decade, with biofluids such as plasma, saliva, cerebrospinal fluid, and urine serving as EV 

sources[14]. For example, Logozzi et al. (2019) analysed exosomes from plasma samples of 80 

prostate cancer (PCa) patients and 80 healthy donors and showed that exosomes expressing 

both CD81 and prostate-specific antigen (PSA) achieved 100% sensitivity and specificity in 

distinguishing PCa patients from healthy individuals[15]. Similarly, Zhai et al. (2018) examined 

miR-1246 in plasma exosomes as a biomarker for breast cancer, reporting a sensitivity of 100% 

and a specificity of 92.9% at the optimal cutoff in a study involving 46 breast cancer patients and 

28 healthy controls[16]. Additionally, proteins associated with central nervous system (CNS)-

derived circulating EVs, including α-synuclein (aSyn) and leucine-rich repeat kinase 2 (LRRK2), 

have been identified as potential biomarkers for Parkinson’s disease[17]. These findings highlight 

the growing role of EVs in disease detection and monitoring.

Page 3 of 38 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
4:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6AY00002A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ay00002a


Studies about EVs also reported the potential role of urinary EVs (uEVs), which are mainly derived 

from the epithelial cells lining the urogenital tract and are believed to portray the physiology and 

pathology of the associated organs[18, 19]. Early research on urogenital tract cancers has paved 

the way for the development of uEV-based biomarkers for other urogenital tract pathologies such 

as acute kidney injury, glomerular diseases, and kidney transplantation[1, 13]. In 2019, the FDA 

granted breakthrough designation to ExoDxTM Prostate IntelliScore (EPI Test, Bio-Techne), an 

EV-based non-invasive urine test as a home collection kit for prostate cancer diagnostics. By 

measuring three RNA markers, the use of ExoDxTM has successfully reduced the number of 

unnecessary prostate biopsies and eliminated the need for digital rectal examination, yet 

increasing high-grade prostate cancer detection[20-22].

To date, there is no consensus on the optimal EV isolation method in EV research. The balance 

between EV recovery yield, purity and integrity appears to drive the choice of method among the 

different available techniques, including ultracentrifugation, density gradient centrifugation, size-

exclusion chromatography (SEC), antibody-based affinity capture, ultrafiltration, and polymer-

based precipitation[21]. This decision is further influenced by the specific requirements of 

downstream EV analyses[23, 24]. Similar challenges also arise in studies using uEVs. The 

isolation of uEVs has been complicated by contamination from non-uEV-associated proteins, 

such as uromodulin or Tamm-Horsfall glycoprotein[25]. Furthermore, selecting a particular 

isolation technique can be influenced by the type of urine sample (proteinuric or non-proteinuric) 

and the downstream analysis employed for "omics" characterisation following the uEV isolation, 

including genomics, transcriptomics, proteomics, or metabolomics[19].

Standard analytical methods and high-throughput omics technologies have revealed the 

enormous potential of EV-derived disease biomarkers[1]. In this study, we focus on metabolomics 

for the analysis of human uEVs. Potential biomarkers can be identified through untargeted 

metabolomic analysis, which demands effective EV metabolite extraction methods to maximise 

metabolite release and recovery from the uEVs[26]. This process requires EV membrane 

permeabilisation followed by metabolite extraction using an organic solvent[27]. The most widely 

used approach for achieving high metabolite coverage is protein removal via precipitation with 

cold organic solvents such as methanol, methanol/ethanol, or acetonitrile[28]. Alternative 

methods include organic solvent mixtures with water such as chloroform-methanol-water or 

methyl tert-butyl ether[29]. While solid-phase extraction is generally avoided due to its selectivity, 

it may be useful for volatile organic compounds[27, 30]. Overall, sample preparation should be 
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non-destructive and non-selective to preserve the wide variety of metabolites while ensuring 

compatibility with downstream analytical techniques for analysis[27].

Currently, there is no globally recognised standardised protocol for sample preparation from 

whole urine, uEV isolation, and metabolite extraction[1, 31]. Hence, in this study we sought to 

optimise the uEV isolation and metabolite extraction steps for an LC-MS-based untargeted 

metabolomics approach using urine samples from healthy donors. By comparing three different 

EV isolation approaches (precipitation, SEC, and pH-adjustment with resin separation) and three 

distinct EV metabolite extraction protocols (Liu 2023, Hinzman 2022, and our in-house developed 

protocol), we identified the optimal procedures for high-quality yield of uEVs for untargeted 

metabolomics.

Experimental

Materials

Urine from healthy donors was collected in 100 mL plastic sterile urine containers with a screw 

cap (Thermo Scientific Sterilin Polystyrene Container, plain label, closure material: polyethylene). 

cOmpleteTM, Mini-Protease Inhibitor Cocktail was from Merck Life Sciences, Dorset, UK. LC-MS 

grade acetonitrile, methanol, and isopropyl alcohol were from Fisher Chemical and used for all 

steps. Ultrapure water (18.2 MΩ·cm at 25 °C) was dispensed using a SLS Lab Pro PURA-Q+20 

R system (SLS, UK) and used for all sample preparations and chromatographic analyses.

Urine sample collection

This study has been reviewed and approved by the School of Pharmacy Research Ethics 

Committee (Reference number: 009-2019), University of Nottingham. Written informed consent 

was obtained from healthy donors who provided urine samples. Healthy donors were older than 

18 and had no known infection at the time of donation. Random morning urine samples (~200 

mL/each) were collected in urine containers and one cOmpleteTM, Mini-Protease Inhibitor Cocktail 

tablet was added per ≤50 mL of fresh urine. In addition to irreversible and reversible protease 

inhibitors, each tabled contains EDTA (3.7 mg per tablet; equivalent to 1 mM EDTA solution in 10 

mL).Urine samples were swirled to dissolve the tablet (Fig 1).
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Urine sample pre-processing

Urine sample pre-processing was done within 4 hours of sample collection. Urine samples were 

transferred to Falcon 50 mL conical sterile tubes for centrifugation at 800 x g at 4°C for 10 minutes 

with a swing-bucket rotor (Eppendorf Centrifuge 5810R). The supernatant was aspirated using a 

serological pipette and transferred to a Falcon 50 mL conical sterile tube and the pellet was 

discarded. The sample was divided into 15 mL aliquots for uEV isolation and 20 mL aliquots for 

uEV metabolite extraction (Fig 1). Three replicates were prepared for each protocol, and all 

samples were stored at -80°C for up to 2 weeks prior to processing.

Optimisation of urinary extracellular vesicle (uEV) isolation

uEVs were isolated using 3 commercially available kits: 1) Total Exosome Isolation Reagent 

(TEIR; InvitrogenTM) - precipitation-based, 2) qEV single/35 nm IZON column – size-exclusion 

chromatography (SEC)-based, and 3) Urine Exosome Purification Kit (UEPK; Norgen) – pH-

adjustment with resin separation-based (Fig 1).

Precipitation-based uEV isolation

15 mL of InvitrogenTM Total Exosome Isolation Reagent (from urine) (Thermo Fisher Scientific, 

Leicestershire, United Kingdom) was added to 15 mL of urine. The mixture was vortexed until the 

solution was homogenous. The sample was incubated for 1 hour at room temperature and was 

then transferred to a clean ultracentrifugation tube (Beckman polycarbonate, catalogue number: 

355630) for centrifugation at 10,000 x g for 1 hour at 4°C (Sorvall Discovery 100SE Floor Ultra 

Speed Centrifuge and rotor T-890, Thermo Fisher Scientific, United Kingdom). The supernatant 

was aspirated and discarded without disturbing the EV-containing pellet, which was resuspended 

in PBS and vortexed for subsequent analyses[32].

Size-exclusion chromatography (SEC)-based EV isolation

15 mL of urine was concentrated using a Vivaspin Turbo 15 (100 kDa MWCO PES; product 

code: VS15T41, Sartorius, Stonehouse, United Kingdom) and centrifugation at 2,000 x g at 4°C 

(Eppendorf Centrifuge 5810R – benchtop centrifuge, swing-bucket rotor, Eppendorf AG, 

Hamburg, Germany) to a final volume of 150 µL. PBS was degassed by centrifugation at 2,000 x 

g for 10 minutes at room temperature to prevent air bubbles forming in the SEC column’s gel bed. 

qEV single/35 nm – Gen 2  IZON columns and buffer (IZON Science Europe SAS Lyon, France) 

were equilibrated at room temperature for at least one hour. The top and bottom caps of the 

column were removed, and the default IZON column buffer was allowed to run through the 
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column. Next, the column was equilibrated by passing through two column volumes of buffer (a 

total volume of 6 mL of PBS)[33-35].

Once all the buffer had run through the column, 150 μL of concentrated urine sample was applied 

to the column with a pipette. The column was topped up with PBS to a total of 550 μL. The first 

700 μL of eluate (void volume) from the column were collected using an Eppendorf 1.5 mL safe-

lock microtube. Afterwards, the  column was loaded with 170 μL of PBS each time. Each 170 μL 

of eluate, called purified collection volume (PCV), was collected into one Eppendorf 1.5 mL safe-

lock microtube. Seven individual fractions of 170 μL were collected and marked as fractions 1, 2, 

3, 4, 5, 6, and 7 referring to the PCV sequence. Eluted fractions and void volumes were stored at 

4°C for downstream processing and analysis[33-35].

pH-adjustment with resin separation-based EV isolation

1.5 mL of ExoC Buffer from Norgen Urine Exosome Purification Midi kit (Geneflow, Staffordshire, 

United Kingdom) was added to 15 mL of urine, followed by 600 μL of Slurry E (Norgen). The 

mixture was vortexed for 10 seconds and incubated for 10 minutes at room temperature. The 

sample was then vortexed for 10 seconds prior to centrifugation at 800 x g for 2 minutes at room 

temperature (Eppendorf Centrifuge 5810R – benchtop centrifuge, swing-bucket rotor).

The supernatant was removed while the pellet was resuspended in 600 μL ExoR Buffer (Norgen). 

Afterwards, the sample was vortexed for 10 seconds, followed by incubation at room temperature 

for 10 minutes, and another 10 seconds of vortexing. Next, it was centrifuged at 50 x g at room 

temperature for 2 minutes. The supernatant was transferred to a mini filter spin column (Norgen). 

The spin column was centrifuged at 3,500 x g for 1 minute at room temperature (Thermo Fresco 

Scientific 17 Micro Centrifuge, Thermo Fisher Scientific, United Kingdom) to obtain the purified 

exosome flow through[36].

Nanoparticle tracking analysis of uEVs

Quantitative analysis of the uEVs was done with nanoparticle tracking analysis (NTA) to obtain 

the uEV concentration and size distribution. ZetaView PMX-220 (Particle Metrix, Germany) was 

used for the NTA, with parameter settings as described below[37]. Sample dilutions ranged from 

1:1 to 1:2500 in PBS to a final volume of 0.6 mL. Dilutions that yielded 100–200 particles per 

frame value were considered optimal. Default manufacturer’s software settings were selected. 
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EVs were detected using a scientific complementary metal oxide semiconductor (CMOS) camera 

and a 488 nm laser (blue)[38].

For every measurement, one cycle was performed with 11 cell positions scanned. Moreover, 30 

frames per position were captured with the following equipment specific settings: cell temperature 

of 25°C, autofocus, shutter value of 100, and camera sensitivity of 80. Post-acquisition 

parameters were set to 5 nm per class on the x-axis to improve data resolution. Only 

measurements with at least 8 out of 11 valid positions were accepted for subsequent analysis. 

ZetaView software 8.05.14 SP7 was utilised to analyse the videos using minimal area 10, maximal 

area 1000, and minimal brightness 30. Data analyses include the size [mean, peak, and range 

(nm)] and concentration (particles/mL)[39].

Western blotting analysis
Western blotting was performed to assess the presence of CD9 and Annexin V and the absence 

of GM130 in isolated uEVs. uEV preparations were lysed in 10X Laemmli sample buffer 

supplemented with 5% (v/v) β-mercaptoethanol. Lysates were then sonicated for 10 seconds and 

boiled at 95°C for 5-10 minutes before being placed on ice for 15 minutes. Samples were then 

centrifuged at 16,200 × g for 10 minutes at 4°C to remove insoluble debris. Supernatant (20–30 

µL) was then collected and loaded into a 12% polyacrylamide gel. SDS-PAGE was run at 15 mA 

until proteins migrated through the stacking gel, followed by 20-25 mA for separation.
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Proteins were wet transferred to nitrocellulose membranes using 1X Transfer Buffer 
containing 20% (v/v) methanol at 4°C (350 mA, 50 minutes). Membranes were 
blocked in 5% (w/v) bovine serum albumin (BSA) in tris-buffered saline (TBS) 
containing 0.1% Tween 20 (TBST) for 1 hour at room temperature, then incubated 
overnight at 4°C with primary antibodies against human CD9 (#13174), Annexin V 
(#8555), and GM130 (#12480, Cell Signalling Technology, Leiden, Netherlands). 
Antibodies were diluted 1:1000 in 5% BSA in TBST. Membranes were washed three 
times (10 minutes each) in TBST and incubated with anti-rabbit HRP-conjugated 
secondary antibodies (Dako, P0217, 1:5000) diluted in 5% milk/TBST for 1 h at room 
temperature. After three additional washes in TBST, bands were detected using 
enhanced chemiluminescence (Amersham™ ECL Western Blotting Detection 
Reagent, Cytiva, Buckinghamshire, UK) and visualised using a LAS-4000 (FujiFilm). 
Where required, membranes were stripped using 1X RE-BLOT PLUS (Millipore) 
solution and re-probed as described above.Transmission electron microscopy of 
uEVs

The morphological characterization of uEVs  was done using a transmission electron microscope 

(TEM). Standard carbon-coated mesh grids (C200Cu, EMResolutions) were used for TEM 

imaging. In order to adsorb sufficient uEVs, glow-discharged copper grids were floated on a 

suspension of uEVs fixed with 3% glutaraldehyde in cacodylate buffer. All samples were then 

negatively stained with 1% aqueous uranyl acetate (0.2 µm filtered) and examined with FEI Tecnai 

G2 12 Biotwin (Thermo Fisher Scientific, United Kingdom), 100 kV at nominal magnifications 

typically ranging from 2,900× to 49,000×.

Optimisation of uEV metabolite extraction

Metabolites were extracted from isolates obtained with the SEC-based uEV isolation method. 

Prior to extraction, uEV isolates were freeze-dried with a Thermo Scientific Heto PowerDry 

PL3000 Freeze Dryer (Thermo Fisher Scientific, United Kingdom). The weight of the dried uEV 

isolates was measured to allow for sample normalisation by the addition of an appropriate volume 

of solvent used in each of the metabolite extraction protocols described below (Fig 2).

Liu et al. (2023)-based metabolite extraction

Freeze-dried uEVs were resuspended in 50 L of PBS. The suspension was then combined with 

950 L of extraction solution composed of methanol:acetonitrile:water (2:2:1). After three freeze-

thaw cycles using liquid nitrogen, each sample was vortexed for 30 seconds, followed by 10 

minutes of sonication (Ultrawave ultrasonic bath, Cardiff, United Kingdom) with the sonication 

bath filled with ice and water to prevent overheating. The samples were then incubated at 40°C 

for an hour (Fisher Scientific DMU12 12 L Water Bath Lab, Loughborough, United Kingdom), 
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followed by centrifugation at 13,500 x g at 4°C for 15 minutes. Subsequently, 1000 μL of the 

supernatant was dried using a vacuum concentrator (Jouan centrifugal evaporator, RC10.22, 

United Kingdom). The dried pellet was then resuspended in 200 L of extraction solution 

(methanol:acetonitrile:water, 2:2:1). After 30 seconds of vortexing and 10 minutes of sonication, 

the samples were centrifuged at 13,500 x g at 4°C for 15 minutes. Finally, the supernatant was 

transferred to an LC-MS amber vial (Waters LCGC, 2 mL amber glass vial, blue polypropylene 

screw cap with polytetrafluoroethylene (PTFE)/silicone septa) for subsequent LC-MS 

analysis[40].

Hinzman et al. (2022)-based metabolite extraction

Dried uEV samples were resuspended in 50 L of PBS and were subjected to heat shock through 

three cycles of incubation in dry ice for 30 seconds, followed by incubation in a 37°C water bath 

for 90 seconds per cycle. After one minute of sonication, samples were incubated on ice for 20 

minutes. Next, 75 L of extraction solution (isopropyl alcohol:methanol:water, 4:2.5:3.5), pre-

chilled to 4°C, were added. Subsequently, samples were vortexed and kept on ice for 20 minutes. 

Following the addition of 75 L of acetonitrile pre-chilled to 4°C, the samples were vortexed for 

30 seconds and incubated at 4°C for 20 minutes. Finally, samples were centrifuged at 13,000 x g 

for 20 minutes at 4°C, and the resulting supernatants were then transferred to MS amber vials for 

MS analysis[41].

In-house developed and optimised metabolite extraction protocol

Dried uEVs were resuspended in 200 L of methanol and vortexed for 30 seconds. Samples 

underwent five freeze-thaw cycles, using liquid nitrogen for 10–20 seconds followed by thawing 

on ice to ensure complete defrosting and enhance metabolite extraction from uEVs. Samples 

were vortexed for 30 seconds between each cycle. After centrifugation at 13,000 x g for 20 

minutes at 4°C, 100 μL of supernatant was transferred to an LC-MS amber vial for subsequent 

LC-MS analysis.

Untargeted metabolomics

For untargeted metabolomics analysis, the solutions obtained using the three metabolite 

extraction protocols (Liu, Hinzman, and in-house) were collected in triplicate. 20 μL of each 

sample was mixed to prepare the quality control (QC) sample for checking instrument 

performance.
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LC-MS analysis was performed using a Q-Exactive Plus mass spectrometer (MS) equipped with 

Dionex U3000 UHPLC system (Thermo Fisher Scientific, Hemel Hempstead, UK). Metabolites in 

the samples (10 μL, 4 °C) were separated on a ZIC-pHILIC column (4.6 × 150 mm, 5 μm particle 

size, Merck Life Science UK Limited, Dorset, UK). The column was maintained at a flow rate of 

300 μL/minute and temperature of 45°C for 24 minutes. The gradient started with 20% mobile 

phase A (20 mM ammonium carbonate in water) and 80% of mobile phase B (acetonitrile) and 

increased to 95% A over 15 minutes, then the composition was returned to its initial conditions in 

2 minutes and the column was re-equilibrated for 7 minutes. The MS was operated in ESI+ and 

ESI− switching acquisition modes for LC-MS profiling of the samples. For MS parameters, spray 

voltage was 4.5 kV (ESI+) and 3.5 (ESI−), and capillary voltage was 20 V (ESI+) and −15 V 

(ESI−). The sheath, auxiliary and sweep gas flow rates were 40, 5 and 1 (arbitrary unit), 

respectively, for both modes. Capillary and heater temperatures were maintained at 275 and 150 

°C, respectively. The mass spectrometer was operated in full-MS/dd-MS2 mode. MS1 spectra 

were acquired in a scan range of m/z 70–1050. The resolution was set to 70,000 at m/z 200, and 

the automatic gain control (AGC) target was set to 3 × 106 with a maximum ion injection time of 

100 ms. Data-dependent MS/MS spectra were acquired at a resolution of 17,500 at m/z 200.

Data processing, including metabolite identification, was performed by Compound Discoverer 3.3 

(Thermo Fisher Scientific, Hemel Hempstead, UK) using a tailored untargeted metabolomics 

workflow. Metabolite identification was performed by matching accurate masses of the detected 

peaks with metabolites in BioCyc (human), the Human Metabolome Database and KEGG. 

Identification levels reported are according to the metabolomics standards initiative [40, 41]: level 

1, match of accurate mass, MS/MS fragmentation and retention time to an authentic standard; 

level 2, match of accurate mass and retention time (two orthogonal data) to the authentic standard 

or match of accurate mass and MS/MS spectrum with compound in spectral databases; level 3, 

match of accurate mass and predicted retention times or predicted MS/MS spectra or both due to 

the lack of standards; level 4, unambiguously assigned molecular formulas where insufficient 

evidence exists to propose possible structures.

We normalised all uEV isolates by dry weight, adding a proportional amount of the solvent 

depending on the extraction protocol.
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Statistical analysis

For the untargeted metabolomics data, univariate analysis was performed by Compound 

Discoverer after log10 transformation (t-test with Benjamini–Hochberg false-discovery rate 

correction) and multivariate analysis (MVA) by Simca P+16 (Umetrics AB, Umea, Sweden), with 

imported datasets mean-centred and Pareto-scaled for MVA. The permutation test was performed 

with 200 permutations.

Unless otherwise stated, the data presented in text and figures represent the mean ± standard 

error of the mean (mean ± SEM). One-way analysis of variance (ANOVA) followed by Tukey’s 

multiple comparison test was used to compare the mean of each group with the mean of every 

other group. Two-way ANOVA followed by Sidak’s post hoc test was used to compare data 

grouped by two factors. Statistical analyses were performed using GraphPad Prism (version 

10.3.1). Statistical significance was expressed as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001, and p-value > 0.05 were classified as not significant.

Results and discussion

Comparison of uEV isolation methods

In this study, we compared three uEV isolation methods: precipitation-based (TEIR; InvitrogenTM), 

SEC (IZON), and pH-adjustment with resin separation (Norgen). This comparative analysis 

evaluated yield, size distribution and morphology of the isolated uEVs. Prior to this, the presence 

of EVs and the absence of contaminating particles was assessed by Western blotting analysis of 

the uEV isolates. Detection of positive EV markers CD9, a tetraspanin, and Annexin V, a protein 

that associates with phosphatidylserine on the outer leaflet of the EV-membrane, confirmed the 

presence of EVs. The absence of the negative marker GM130, which indicates contamination 

from the Golgi apparatus, informed the purity of the different uEV isolates (Fig. 3a). 

Particle concentration and size distribution

To measure particle concentration and size distribution of the uEVs obtained with the three 

different isolation approaches, we performed NTA. The precipitation-based uEV isolation method 

yielded the highest particle concentration (3.06±2.29)x10¹¹ particles/mL, followed by SEC 

(1.45±1.28)x10¹¹ particles/mL, whereas the pH-adjustment with resin separation-based method 

yielded the lowest (3.88±2.52)x10⁹  particles/mL (Fig. 3b). As shown in Figure 3c, the size 

distribution of uEVs varied depending on the isolation method used. uEVs isolated by pH-

adjustment with resin separation included a higher proportion of smaller uEVs [peak at 105 nm, 

Page 12 of 38Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
4:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6AY00002A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ay00002a


(5.7±0.05)x106 particles/mL; range: 15–485 nm] than the precipitation-based method [peak at 115 

nm, (4.8±0.4)x106; range 15-515 nm] and SEC [peak at 125 nm, (3.7±0.7)x106; range: 15–555 

nm].

The higher total particle concentration and the broader size distribution peak observed with the 

precipitation-based method could reflect its ability to isolate EVs across a broader range of sizes. 

However, the method allows for co-precipitation of contaminants, including proteins and non-EV-

associated extracellular nucleic acids, which can compromise the purity of the isolated EVs[42]. 

A similar trend was observed in a study by Reseco et al. (2024), which analysed saliva samples 

and found that precipitation-based isolation resulted in the highest EV concentration and broader 

size distribution compared to other EV isolation methods, including pH-adjustment with resin 

separation, SEC, and ultracentrifugation[43]. Precipitation-based isolation relies solely on the 

physical process of precipitation, without additional conditioning steps such as chemical 

modifications or pH adjustments that can enhance isolation efficiency and purity. This makes it a 

straightforward and user-friendly technique. However, precipitation methods are prone to polymer 

contamination, often requiring extensive pre- and post-clean-up steps[44]. In our study, the 

precipitation-based method using TEIR requires ultracentrifugation, which can potentially result 

in EV damage. Furthermore, ultracentrifugation can result in the co-isolation of non-EV particles 

and aggregates[45].

Similar to a previous report[43], our study found that the number of particles isolated using SEC 

is higher than that obtained using the pH-adjustment with resin separation method. This could be 

explained by the intrinsic ability of SEC to separate particles based on their physical properties 

(i.e. size and shape) and thus recover a large number of particles[46]. However, this method may 

result in the co-isolation of larger vesicles or non-EV particles, reducing its specificity for exosome 

isolation. Although SEC does not create an absolute dichotomy between components such as 

lipids, exosomes, and apoptotic bodies, it remains an effective method for size-based 

separation[47]. Some SEC-based products, including qEV35 and qEV70 separation columns, 

have been favoured for their high-purity isolates, the intact structure of isolated exosomes, and 

good reproducibility. Despite its advantages, SEC is considered time-consuming[44]. While SEC 

effectively recovers many particles, our study found that it yields a peak size of 125 nm with a 

broad size distribution (15–555 nm), capturing EVs larger than exosomes. The presence of these 

larger EVs reduces the specificity of SEC for exosome isolation and increases the risk of 

contamination with unwanted particles, which can confound downstream analyses[48]. Although 
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SEC is useful for isolating a wide range of EVs, it may not be ideal for studies requiring high 

specificity in targeting small EVs. Additionally, SEC-based EV isolation from protein-rich biofluids, 

particularly blood plasma, is prone to co-isolation of soluble proteins (e.g. immunoglobulins and 

Ig-based therapeutics) due to the high abundance of albumin, which can result in protein 

saturation of the SEC column [49].

The pH-adjustment with resin separation-based EV isolation method has been shown to efficiently 

isolate smaller EVs (30–50 nm), which aligns with our findings. It isolates EVs by means of a 

Silicon Carbide (SiC) resin, which selectively binds exosomes in biofluid samples[43], yielding EV 

fractions with higher purity, lower protein contamination and higher levels of exosomal marker 

proteins and RNA content, making this method well-suited for downstream analyses such as 

RNA-seq[50]. Additionally, this method produces the purest isolates in terms of lipoprotein 

contamination, compared to SEC and precipitation-based methods, which often yield samples 

with detectable levels of ApoB[51].Based on our work in this study, we acknowledge that, 

compared to the other two EV isolation methods, a key advantage of the pH-adjustment with resin 

separation-based method is its practicality. Because it does not require specialised equipment, it 

is more cost-effective and better suited for implementation and translation into routine clinical 

practice in line with the World Health Organization’s criteria for point-of-care tests highlighting that 

effective diagnostic tools should be affordable, user-friendly, rapid, robust, and deliverable with 

minimal instrumentation, especially when they are to be deployed outside highly specialised 

laboratory settings [52-55]. A potential limitation of the pH-adjustment with resin separation 

isolation method is the relatively low yield of EVs, compared to precipitation-based and SEC 

methods, particularly when working with diluted biofluids such as urine[50].

EV morphology

Negative staining TEM was used to analyze the morphological characteristics of the uEVs that 

we isolated with the three distinct methods. uEVs obtained with both the precipitation-based 

method and SEC were clearly identifiable and their structure, which displayed the characteristic 

lipid bilayer membrane, was easily visualized with minimal background interference (Fig. 3b-c). 

Analysis also confirmed that the vesicles contained in these isolates were heterogenous in size, 

as measured by NTA (Fig. 3c), and shape (Fig. 3d-e). TEM analysis of the uEVs isolated with the 

pH adjustment and resin separation-based method revealed the presence of smaller vesicles 

(Fig. 3h-i), in agreement with the NTA measurements (Fig. 3c), with spherical morphology. 

Despite a higher background noise, which could be attributed to residual reagent interference, 
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the structure of the vesicles clearly indicated the presence of a lipid bilayer (Fig. 3h-i). Together, 

these data confirm uEV presence in all isolates and smaller-size vesicles in isolates obtained 

using the pH adjustment and resin separation-based method.

Metabolomic profiling of EVs

uEV isolation for untargeted metabolomics analysis

In order to identify which of the three EV isolation methods evaluated in this study provides optimal 

metabolite-containing uEV-rich isolates for untargeted metabolomics analysis, we subjected 

uEVs to metabolite extraction using our in-house protocol (Fig 2). uEVs isolated using the pH-

adjustment with resin separation-based method had a significantly higher number of mass ions 

(4,411) compared to precipitation-based (2,879) and SEC (167) (Table 1). Reagent blank samples 

were processed alongside all samples for each EV isolation method. Blank samples were used 

as the baseline for statistical filtering to remove non-specific signals. Only features with adjusted 

p-value <0.05, Log₂Fold Change >2, and putative annotation based on accurate mass and 

isotopic fit (in silico-predicted composition) for uEV isolates versus blanks, were retained for 

further analysis. After applying these three criteria and removing duplicate peaks based on the 

chromatogram, the number of significant putatively identified metabolites was higher for pH-

adjustment with resin separation-based (204 metabolites), followed by precipitation-based (153 

metabolites) methods (Figure 4a). In the case of uEVs isolated using SEC, no metabolites met 

the criteria (Table 1). Metabolites were annotated based on accurate m/z and isotopic fit using in 

silico formula prediction (Predicted Compositions). No MS/MS spectral matching or authentic 

standards were used; thus, identifications are reported at Metabolomics Standards Initiative (MSI) 

Level III[56]. These findings suggest that, compared to the SEC EV isolation method, the 

precipitation-based and pH-adjustment with resin separation-based methods yielded higher 

numbers of putatively identified metabolites, making it the preferred approach for comprehensive 

metabolic profiling, particularly in exosome-derived metabolomics.

Figure 4a highlights the number of unique and common metabolites that were extracted from 

uEVs isolated using either the precipitation-based method or the pH-adjustment with resin 

separation-based method, illustrating key differences in metabolite profiles amongst the two uEV 

isolation techniques. A qualitative comparison of metabolite classes revealed clear differences 

between the two viable isolation methods. Both methods yielded metabolites belonging to diverse 

chemical classes, including benzenoids, C/S/N-containing organic compounds, lipids, 
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nucleosides, nucleotides, organic acids, organoheterocyclic compounds, phenylpropanoids, and 

polyketides (Fig 4b). However, uEVs isolated by precipitation contained fewer metabolites across 

most classes with particularly poor detection of lipids, aromatic compounds, heterocyclic 

compounds, and nucleotide-related metabolites. In contrast, the pH-adjustment/resin method 

consistently produced broader chemical coverage and recovered a more comprehensive set of 

metabolites characteristic of small EV cargo. In line with this, metabolic pathway analysis returned 

commonalities and differences between the two types of uEV isolates. On the one hand, arginine 

biosynthesis, alanine, aspartate and glutamate metabolism and histidine metabolism pathways 

were represented in both types of uEV isolates. On the other hand, lysine degradation, ascorbate 

and aldarate metabolism pathways were unique to uEVs obtained by precipitation, whereas 

taurine and hypotaurine metabolism and cysteine and methionine metabolism pathways were 

enriched only in uEVs isolated via the pH-adjustment with resin separation-based method (Fig. c-

e). Together, these results demonstrate that uEVs obtained through different isolation techniques 

differ not only in quantity and size, but also in their metabolic cargo. These results also identify 

the pH-adjustment with resin separation-based method as the optimal uEV isolation approach for 

downstream metabolomics analysis, compared to the precipitation-based and SEC uEV isolation 

methods.

uEV metabolite extraction

Having identified the pH-adjustment with resin separation method as the optimal uEV isolation 

method for untargeted metabolomics, we next sought to establish a suitable uEV metabolite 

extraction protocol. This is particularly important given the small size of EVs and, consequently, 

the low abundance of cargo. For this, we compared three different extraction protocols, two 

previously reported (Liu et al. 2023 and Hinzman et al. 2022) and an in-house developed protocol. 

Figure 2 provides an illustration and side-by-side comparison of the specific methods and 

conditions used in each protocol. The total number of mass ions identified by LC-MS following 

metabolite extraction using the Liu, Hinzman, and in-house protocols were 2,118, 1,561, and 

1,162, respectively. Blanks were processed alongside all samples for each metabolite extraction 

method. These blanks were used as the baseline for statistical filtering to remove non-specific 

signals. Only features with Log₂Fold Change >2 and putative annotation based on accurate mass 

and isotopic fit (in silico-predicted composition) for uEV metabolites of each extraction protocol, 

compared to blanks, were retained for further analysis. After applying these two criteria and 

removing duplicate peaks based on the chromatogram, the number of significant metabolites was 

195 (Liu), 147 (Hinzman), and 138 (in-house) (Table 2). Metabolites were annotated based on 
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accurate m/z and isotopic fit using in silico formula prediction. No MS/MS spectral matching or 

authentic standards were used; thus, identifications are reported at Metabolomics Standards 

Initiative (MSI) Level III[56]. Despite variations in the number of detected metabolites, 71 

metabolites were common to all three protocols with further 33 metabolites shared between Liu 

and Hinzman protocols, 28 between Liu and in-house protocols and 13 between Hinzman and in-

house protocols (Fig. 5a). Globally, the Liu extraction protocol allowed the identification of the 

highest number of metabolites (Fig. 5a).

The identified metabolites spanned diverse chemical classes, including benzenoids, C/S/N-

containing organic compounds, lipids and lipid-like molecules, nucleosides, nucleotides and 

analogues, organic acids and derivatives, and organoheterocyclic compounds (Fig. 5b). Pathway 

analysis revealed the significant metabolic processes carried out by the coordinated function of 

the identified metabolites, with those extracted using the protocol of Liu being enriched in the 

highest number and type of pathways (Fig. 5c-f). Together, these comparative analyses 

demonstrate that the combination of chemical and physical methods in the protocol of Liu is the 

most effective in extracting metabolites from uEVs.

Liu et al.’s extraction protocol yielded a higher number of detected metabolites, which may be 

attributable to its more aggressive EV lysis and extraction workflow compared with that of 

Hinzman et al. and our in-house protocol[57, 58]. In particular, the combination of repeated 

sonication, a 1-hour incubation at 40°C following sonication, and the use of an 

acetonitrile:methanol:water mixture, 2:2:1 for metabolite extraction, is likely to enhance disruption 

of EV membranes and release of intraluminal metabolites. Compared with a more standard cold 

organic extraction without prolonged heating, this approach may also improve recovery of certain 

lipids and membrane-associated small molecules and modestly increase solubilisation of more 

polar metabolites due to the aqueous fraction[59, 60].

Reproducibility remains a major challenge in the application of metabolomics-based methods to 

disease biomarker discovery involving EVs as the source of metabolites. This is influenced not 

only by the difficulty in obtaining sufficiently large patient/donor cohorts, and diversity in ethnicity, 

gender, and geographical region, but also methodological variability across studies. As 

demonstrated in the present study, differences in uEV isolation, metabolite extraction, and data 

normalisation protocols can substantially influence the metabolite detected.
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A representative example is the study by Puhka et al. (2017), who analysed uEVs from healthy 

donors (n=3) using ultra-performance liquid chromatography-tandem mass spectrometer 

(UHPLC-MS-MS) and relatively large urine volumes (38-52 mL)[61]. Their workflow involved 

differential centrifugation for uEV isolation, and metabolite extraction using ACN:H2O (80:20) with 

1% FA) combined with repeated vortexing and sonication[61]. The resulting metabolite profile 

differed markedly from ours, with 10 most abundant metabolites including creatinine, L-

cystathionine, gamma-glutamylcysteine, guanidinoacetic acid, 4-hydroxyproline, kynurenic acid, 

glucoronate, pantothenic acid, 4-pyridoxic acid, and 1-methylhistamine[61]. In contrast, despite 

starting with a urine volume of 20 mL, our study obtained a higher concentration of uEVs whereas 

Puhka et al. reported 1.9 x 1010 particles/mL from 38–53 mL of urine following differential 

centrifugation[61]. These differences in uEV yield reflect key methodological distinctions between 

isolation procedures.

Puhka et al. later applied a targeted metabolomics method to prostate cancer samples, detecting 

a range of 42–51 metabolites out of 102 targeted compounds in prostate cancer patients after 

prostatectomy[61]. Using an untargeted approach, our study identified only 167 metabolites from 

uEV isolated with SEC[41], further illustrating how methodological variation, particularly in EV 

isolation, shapes metabolite coverage. Together, these examples showing inconsistencies 

highlight the urgent need for standardised workflows in uEV isolation and metabolomics to 

improve the reliability, comparability, and reproducibility of biomarker discovery studies [62].

In addition to differences in uEV isolation procedures, the methods used for metabolite extraction 

must also be considered when evaluating variability across studies. Sonication, included in Liu 

and Hinzman protocols, disrupts the integrity of vesicular membranes through high frequency 

cavitation, thereby enhancing the release of metabolites that would otherwise remain 

encapsulated[63]. While this can improve metabolite recovery, cryo-TEM studies confirm that 

sonication can deform vesicles and puncture membrane[64], and it may also reduce translocation 

of positively charged lipids to the outer membrane causing vesicle aggregation. Such aggregated 

structures can hinder solvent accessibility and, in turn, compromise extraction efficiency and 

metabolomic coverage[65].

Freeze-thaw cycling, which is incorporated into all three extraction protocols in our study, provides 

an alternative mechanism of membrane disruption, enabling the release of their internal contents, 

including metabolites, into the surrounding environment through repeated freezing and 
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thawing[40]. Organic solvents represent another widely used strategy for metabolite extraction as 

they destabilise the lipid bilayer of EVs and solubilise a broad range of metabolites. Methanol and 

acetonitrile frequently employed with Liu's extraction protocol using a combination of methanol 

and acetonitrile, Hinzman's protocol using methanol and isopropyl alcohol. Our in-house protocol, 

on the other hand, used methanol alone. Despite these methodological differences, all protocols 

rely on polar solvents, which effectively extract the molecular cargo from EVs[66]. Polar solvents 

allow EV metabolite extraction as they effectively disrupt the EV lipid bilayer owing to their ability 

to interact with the EV membrane-associated lipids, which possess a polar head with a phosphate 

group and other polar and hydrophilic chemical groups that face outwards, being attracted to 

water[67, 68]. Specifically, methanol disrupts the electrostatic interactions and hydrogen bonding 

networks between proteins and lipids[69]. However, despite being widely used, methanol can 

introduce solvent-drived artefacts during the sample extraction process, complicating 

metabolomics research, emphasising the need for careful optimisation[70]. Finally, acetonitrile, 

another commonly used solvent, has been shown to destabilise EV membranes significantly. A 

study by Yoshida et al. (2018) demonstrated that the addition of acetonitrile leads to the 

deformation of vesicles, including the bending of the lipid bilayer and, in some cases, vesicular 

bursting[71]. This destabilization effect increases with the acetonitrile concentration, with 

concentrations above 20% inducing spontaneous curvature and eventual rupture of the vesicle. 

Consequently, the selection of solvent or solvent combinations and ratios, should be tailored to 

the chemical properties of the metabolites of interest and the desired balance between extraction 

strength and EV membrane disruption.

To evaluate the reproducibility of our methodological workflow, we performed independent 

experiments utilising urine from different donors (n = 3; biological replicates). Particle 

concentration (4.63 × 10⁹ - 6.30 × 10⁹ particles/mL), number of mass ions (1167 – 1740) and 

metabolite categories were consistent across biological replicates (data not shown), indicating 

that both uEV isolation by pH-adjustment with resin separation and metabolite extraction using 

the Liu protocol followed by LC-MS analysis produce reproducible results across biological 

replicates, supporting the robustness of the proposed methodological workflow for downstream 

metabolomics applications.”
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Conclusion

This work has established an optimized workflow for untargeted metabolic profiling of human 

urinary EVs. Through a systematic comparison of three different uEV isolation methods and three 

metabolite extraction protocols from uEVs, we demonstrated that pH-adjustment with resin 

separation provides superior recovery of intact, small EVs with broader metabolite yields than 

precipitation- and SEC-based methods. Furthermore, we found that a metabolite extraction 

protocol, combining a methanol:acetonitrile:water, 2:2:1 solvent system with freeze-thaw cycles, 

vortexing, and sonication, effectively extracts metabolites from uEVs. Integration of the two 

methodological approaches provides a robust workflow for comprehensive characterisation of the 

metabolome of uEVs, thereby supporting the identification of disease biomarkers and the 

discovery of new therapeutic targets.
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List of tables

Table 1. Mass ion yield across different uEV isolation methods.

Number of Mass Ions or Metabolites

uEV Isolation Method All Mass Ions Putatively Identified 

Metabolites*

Precipitation 2879 153

SEC 167 0

pH-adjustment with resin 

separation

4411 204

*Selection criteria: adjusted p-value <0.05, log₂ fold change >2, and putative annotation based on 
accurate mass and isotopic fit (in silico-predicted composition) for uEV isolates versus blanks. 
Duplicate peaks were removed based on chromatogram.
uEV: urinary extracellular vesicles; SEC: size exclusion chromatography.

Table 2. Mass ion yield across different uEV metabolite extraction methods.

Number of Mass Ions or Metabolites

Metabolite Extraction Method All Mass Ions Putatively Identified 

Metabolites*

Liu et al. (2023) 2118 195

Hinzman et al. (2022) 1561 147

In-house protocol 1162 138

*Selection criteria: adjusted p-value <0.05, log₂ fold change >2, and putative annotation based on 
accurate mass and isotopic fit (in silico-predicted composition) for uEV isolates versus blanks. 
Duplicate peaks were removed based on chromatogram.
uEV: urinary extracellular vesicles.
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Figures

Fig 1. Workflow of the methodological approach. Urine samples containing extracellular 

vesicles (EVs) were treated with a protease inhibitor cocktail, cleared of debris by sequential 

centrifugation, and stored at -80°C. Upon thawing, EVs were isolated using precipitation , size-

exclusion chromatography (SEC), or pH-adjustment with resin separation-based methods. The 

isolated EVs were characterized by electron microscopy and nanoparticle tracking analysis and 

subjected to metabolomic profiling. Abbreviations: EV: extracellular vesicle; LC-MS: Liquid 
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chromatography–mass spectrometry; NTA: nanoparticle tracking analysis; SEC: size-exclusion 

chromatography; TEM: transmission electron microscopy. Created with https://BioRender.com.

Created in BioRender. Ambarsari, C. (2025)
https://BioRender.com/zv0rc2n
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Fig 2. Workflow of metabolite extraction methods. 1) In the protocol of Liu (left), the dried uEVs were resuspended in PBS, mixed 
with extraction solution, freeze–thawed, vortexed, sonicated, incubated at 40°C, and centrifuged. After drying, extraction solution was 
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re-added, followed by vortexing, sonication, and centrifugation. 2) In the protocol of Hinzman (middle), dried EVs were resuspended in 
PBS, heat-shocked (dry ice/37°C), sonicated, and chilled. Extraction buffer and acetonitrile were added with vortexing and incubation 
on ice and at –20°C. 3) In in-house protocol (right), dried EVs were resuspended in methanol, vortexed, and subjected to five freeze–
thaw cycles with intermittent vortexing, followed by centrifugation. *methanol:acetonitrile:water, 2:2:1 †isopropyl alcohol:methanol:water, 
4:2.5:3.5. Created with https://BioRender.com.
Created in BioRender. Ambarsari, C. (2025)
https://BioRender.com/zffm3qh
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Fig 3. Characterisation of uEVs isolated by three different isolation methods. (A) uEV 

isolates were subjected to Western blotting analysis with antibodies specific for CD9, Annexin V 

and GM130. ‘Ctrl’ indicates positive control for GM130 (human foreskin fibroblast cell lysate). (B) 

Concentration and (C) size distribution of uEVs were measured by nanoparticle tracking analysis 

(NTA). (B) Data are presented as mean ± SEM and are from seven different human donors. (C)  

Data is the average of three technical replicates from one experiment with uEVs from one human 
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donor. (D-I) Representative images of negative stain transient electron microscopy (TEM) wide 

field (left - D, F, H) and close images (right – E, G, I) show uEV morphology. Scale bar 500 nm 

for wide field (D, F, H) and 200 nm for close images (E, G, I). (D,E) uEVs isolated by precipitation, 

(F, G) uEVs isolated by size exclusion chromatography, and (H, I) uEVs isolated by pH-

adjustment with resin precipitation.
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Fig 4. LC-MS analysis of metabolites extracted from uEVs obtained using different 
isolation methods. Comparison of metabolites identified by LC-MS that were extracted from 

uEVs isolated through precipitation-based and pH-adjustment and resin-separation methods.  (A) 

Venn diagram displays number of metabolites shared and specific to uEVs isolated by 
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precipitation and pH-adjustment and resin-separation methods. (B) Number and categories of 

metabolites  (based on the Human Metabolome Database) identified in uEVs isolated by 

precipitation and pH-adjustment and resin-separation methods. (C-D) Pathway analysis of 

identified metabolites that were extracted from uEVs isolated by precipitation (C) and pH 

adjustment and resin separation (D), respectively. Circles represent pathways  with colour and 

size varying based on the p value and pathway impact value, respectively. Numbers represent 

the pathway name reported in (E). (E) Top 5 (top) and top 10 (bottom) significantly enriched 

pathways, with corresponding False Discovery Rate (FDR), p-value, and impact scores, obtained 

by metabolic pathway analysis of metabolites extracted from uEVs isolated by precipitation and 

pH adjustment and resin separation, respectively.[72]
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Fig 5. LC-MS analysis of metabolites extracted from uEVs using different extraction 
protocols. Comparison of the metabolites identified by LC-MS that were extracted from uEVs 
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using three different protocols: Liu et al. (2023), Hinzman et al. (2022), and the in-house 

developed protocol. uEVs were isolated by SEC. (A) Venn diagram displays number of 

metabolites shared and specific to each metabolite extraction protocol. (B) Number and 

categories of metabolites (based on the Human Metabolome Database) extracted from uEVs 

using different extraction protocols. (C) Pathway analysis of identified metabolites that were 

extracted from uEVs using the Liu et al., 2023 (C), Hinzman et al., 2022 (D), and in-house  protocol 

(E), respectively. Circles represent pathways with colour and size varying based on the p value 

and pathway impact value, respectively. Numbers represent the pathway name reported in (F). 

(F) Top 10 (top), top 8 (middle) and top 5 (bottom) significantly enriched pathways, with 

corresponding False Discovery Rate (FDR), p-value, and impact scores, obtained by metabolic 

pathway analysis of metabolites extracted from uEVs, respectively using the Liu et al., 2023, 

Hinzman et al., 2022, and in-house protocol, respectively.
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