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Abstract

Introduction: Extracellular vesicles (EVs) are biomolecular messengers secreted by all types of cells. It passes messages through molecular
cargoes such as proteins, nucleic acids, and lipids from the parent cell to the target cell. EVs derived from the plasma are used for minimally
invasive biopsy and as a possible biomarker to monitor the progression and severity of the disease. In this study, the matrix-assisted laser
desorption and ionization-time of flight mass spectrometry approach was used to characterize and study the protein fingerprint region of
plasma-derived extracellular vesicles.

Materials and Methods: At first, 3 ml of blood sample was collected from five boys of 5-10 years in sodium citrate tubes, and the samples were
centrifuged within an hour to extract plasma. The total exosome isolation (TEI) method was used to obtain high-yield plasma-derived EVs, and
the EVs were stored at -80 °C for further analysis. The isolated intact EVs were mixed with an optimal concentration of sinapinic acid matrix (20
mg/ml) in a 1:1 ratio for fingerprint analysis using matrix-assisted laser desorption/ionization—time of flight mass spectrometry (MALDI-TOF MS).
We found that the following operational conditions yielded good and high-resolution spectra: broad mass range (2000- 20000 m/z), detector
gain (30x), and laser shot (50, 300, and 1000) with 100% laser intensity. The obtained MALDI TOF spectral peaks of plasma EVs (pEVs) matched
the reported biomarkers.

Results: Based on the analyses, we improved the crucial experimental conditions and identified five distinct peaks at m/z = 3315, 6630, 9421,
8875, and 8917. C4A, C3, and apolipoproteins A-Il, C-1, C-1I, and C-lIl were identified by comparing MALDI-TOF MS data with existing reports.
Conclusions: MALDI-TOF MS-based EV analysis can support the development of protein biomarker screening tools for early diagnosis.
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Introduction

All types of cells actively release extracellular vesicles
(EVs), which are of various shapes, sizes, and biological
abilities.»? Depending upon where it is secreted, the lipid
composition and the mechanism of EVs vary. EVs are linked
to numerous biological processes necessary for intercellular
chemical communication.® The distinctive qualities of EVs
include molecular information delivery to reprogram the
receiving cell,* evoking a minimal immunological response
from the recipient cells.> EVs carry proteins, lipids, and
nucleic acids from the parental cells as a part of their cargo
to preserve the normal physiological condition. They are
proven to display a patient’s disease physiology. Numerous
cancers, such as breast, pancreatic, and lung cancers, can be
diagnosed using membrane epidermal growth factor receptors

(EGFRs) as markers.®® EVs from mesenchymal stem cells
move through blood vessels to the site of tumor cells and
recruit active cargoes to induce apoptosis. They are frequently
present in biological fluids and have been identified as a
source of biological markers and for liquid biopsy® for
detecting, monitoring, and comprehending diseases such as
prostate cancer,’® lung cancer,’*!? and neurodegenerative
disorders.*

The most common techniques to characterize the EVs
include TEM, SEM, DLS, zeta sizer, nanoparticle tracking
analysis, western blotting, ELISA, flow cytometry, nanoLC-
MS/MS, and sequencing,’>?* In the last decade, untargeted
strategy analyses have frequently used liquid chromatography
-mass spectrometry. Researchers have discovered new biomarkers
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and gained a deeper mechanistic understanding of the
diseases.???® These techniques can reveal EV characteristics
and biological information, but they are complicated to
use, require extensive setup, and have high equipment
requirements, which restrict their potential for clinical use.
Alpha 1-antitrypsin and histone H2B1K proteins identified in
urine have been used for the diagnosis and prognosis of
urothelial carcinoma.?* Platelet factor 4 is a plasma-derived
EV biomarker for liver diseases.”> MALDI-TOF MS has
gained increasing interest in the characterization of EVs
derived from urine and plasma due to their high-throughput,
low sample consumption, easy sample preparation, label-free
direct analysis, easy operation, and low-cost per sample.?6%7
MALDI-TOF MS, a soft ionization technique, helps detect
the EV constituents directly without lysing the samples.''?
The sturdy lipid layer of EVs is deformed and becomes soft
due to acetonitrile and strong trifluoroacetic acid in the matrix.°

EV fingerprints result from reading electric signals into the
mass spectrum of EV-associated ion peaks. With this
method, extracellular vesicles can be rapidly and thoroughly
analyzed. For the representative case, if a 384-spot MALDI
target plate is used, it can measure 384 samples in 2 h. In a
short period, we can analyze 384 samples parallelly and
rapidly using minimal sample volume to study the fingerprint
region of EVs.

This study describes the optimum parameters for obtaining
MALDI-TOF data that could be used for clinical purposes.
Although the previous literature used MALDI-TOF to
analyze the exosome proteins, a comprehensive analysis of
the operating conditions and their influence on the data
output is not reported. In this study, we tested important
operational parameters, such as the choice of matrix, pre-
analytical variables, and the preparation of the sample. This
study will be very useful for large-scale analysis of clinical
samples and automation.

Materials and Methods

Study Subjects

Five healthy pediatric children from the age group of 5-10
participated in the study, which was approved by the ethics
committee of Sri Ramachandra Memorial (SRM) medical
college hospital and research center (1886/IEC/2020) and
was carried out according to the guidelines of Helsinki.*
Each participant signed informed consent to participate in
the study. Peripheral whole venous blood was collected in
commercially available vacutainer tubes containing sodium
citrate (BD Vacutainer, BD, USA) in the morning and
processed within an hour after sampling.

Extracellular Vesicle Isolation from Plasma Samples

We used the Total Exosome Isolation (TEI) kit (Invitrogen,
USA) for exosome isolation. The protocol for isolation is
described elsewhere.3%? The clarified plasma volumes

ranging from 0.1 to 1 ml were processed with proteinase K
to remove bulk plasma proteins other than extracellular
vesicle proteins. The EV pellet was then resuspended in 1X
PBS. The EV samples were stored at -80 °C for further
downstream analysis.

Morphology of Plasma-derived Intact EVs by High-resolution
Transmission Electron Microscopy (HR-TEM)

Plasma EVs were imaged using a Jeol TEM — 2100 plus
(Tokyo, Japan). The imaging was performed with high-
resolution TEM with a magnification scale of 20 nm to 1
micron at 220KV applied voltage. The samples were laid on
a copper grid coated with carbon (200 mesh). Sample
preparation was carried out without negative staining or
fixation. The sample-coated grid was incubated in a closed
container at 37 °C overnight.

DLS and Zeta Potential Analysis of Plasma EVs

Dynamic light scattering was used to measure the particle
size, and zeta potential helped study the colloidal stability of
plasma extracellular vesicles obtained from normal individuals.
A litesizer 500 Nano Particle Analyzer (Anton-Paar, Graz,
Austria) was used to evaluate the particle size of plasma EVs
through dynamic light scattering. This analyzer can detect
particle diameters ranging from 0.3 nm to 10 ym with a
minimal concentration of 0.1 mg/ml. Plasma extracellular
vesicle suspension was tested to ensure particle stability and
uniform dispersion in the suspension. One pl of EV samples
was diluted in 1 ml of 1XPBS (1:1000 ratio) and vortexed
gently for particle size distribution analysis. The magnitudes
were read three times each, and the average spectra were
used for comparison.

The Selection of the Matrix

The choice of the matrix and its concentration are necessary
to acquire good quality spectral results from plasma-derived
extracellular vesicles in MALDI-TOF MS analysis. Commonly
used matrices for EV characterization in MALDI-TOF
MS are sinapinic acid (SA), 2,5 dihydroxybenzoic acid
(DHB), and a-cyano-4-hydroxycinnamic acid (HCCA). Two
concentrations of 5 and 20 mg/ml were tested.

MALDI-TOF MS Analysis for EV Protein Profiling

Equal volumes of EVs and the matrix were dropped on the
MALDI target plate, and 1 pl of each sample was spotted in
triplicate and measured. After that, the target plate was
subjected to a Bruker UltrafleXtreme Il MALDI-TOF MS/
MS instrument with a facilitated nitrogen laser (337 nm) for
measurement. Mass spectrometry fingerprints of plasma EVs
were generated within few minutes under pulsed laser
irradiation. The accelerating voltage for all experiments was
20 kV, and the measurement mode was positive linear. The
following criteria were established: lon source 1: 19.99 kV;
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ion source 2: 18.78 kV; lens: 6 kV; mass range m/z 2000-
20,000; positive linear mode; 100% laser intensity, 45%
offset and 30% range; 2000.0 Hz laser frequency; 20 detector
gain; suppress up to 450 Da;250 ns pulsed ion extraction:
300 laser shots through random walk movement for each
spot. Protein mixtures (PSI and PSII) provided by Bruker
were used to calibrate the instrument externally. The spectra
were then loaded into the Flex analysis 3.4 programs
(Bruker Daltonics, Bremen, Germany), where they were
baseline subtracted and smoothened.

Results and Discussion

High-resolution Transmission Electron Microscopy

The total exosome isolation method helps to extract a good
yield of extracellular vesicles than ultracentrifugation, which
can be advantageous when working with minimal clinical
samples. It is a simple method that requires minimal
equipment making it easy to perform in a clinical setting
whereas the PROSPR and ultracentrifugation are more

complex and time-consuming procedures that can take
several days to complete. TEI results in less contamination
from non-EV proteins compared to the ultracentrifugation
method. The EVs isolated using the TEI method are more
compatible than other methods with downstream applications
such as western blot, ELISA, and mass spectrometry.
HR-TEM images confirmed the morphology and size of
plasma EVs, and the micrographs were processed in ImageJ
analysis software to understand particle size distribution.
The simple air-drying method for sample preparation yielded
high-quality HR-TEM micrographs at 2000x magnification
at 220 KV. The micrographs show evenly distributed
circular vesicles, and the average size of plasma-derived
EVs is + 150 nm* (Figure 1a). ImageJ software further uses
the micrographs by calibrating their scale, converting them
to an 8-bit grayscale format and changing the threshold
values for binarization and particle tagging, as shown in
(Figure 1b). The number of EV particles in 1 pl was ~ 10400
and 1 ml of a sample contains ~ 10x10° counted manually.

Table 1. Image) Analysis of the Distribution of EV Particles Obtained Using the TEI Method

S.No TEM grid mesh EV Isolation Number of Particles in  Number of Particles in 1pl of Total number of EV-like
size Method one square the sample particles in 1 ml of sample
1. 200 TEI 52 10400 10x 106

Figure 1. (a) High Resolution-Transmission electron micrographs with a resolution of 100 nm shows the morphology and size distribution of Plasma
EVs obtained by TEI method; (b) Image ) analysis of HRTEM micrographs to study the size distribution of plasma EV particles.

DLS and Zeta Potential Analysis
Dynamic light scattering analysis shows that the heterogeneous
size of plasma EVs ranges from 100 nm to 350 nm in 1X
PBS at pH 7.2 dispersion medium. The average plasma EV
size is 150 nm, as shown in Figure 2a. The TElI method
obtained EVs with excellent stability and widespread
distribution. The physicochemical properties of EVs, such as
particle size and surface charge, determine the EV's
interaction with biological systems.®*

Plasma EVs isolated by TEI had electrokinetic potential
magnitude ranging from -125 mV to +76 mV, resulting in

polydispersity and good stability of EV particles with
significantly less agglomeration (Figure 2b).

Criteria Concerning the Analysis of EV Proteins by
MALDI-TOF MS

Sample and Matrix Preparation

The pre-analytical variables that influence the extraction of
plasma EVs are collection and handling of blood samples,
repeated freeze-thaw cycles, sample quality, non-extracellular
vesicle components, extraction, and storage conditions. Each
variable was optimized and validated for extraction of EVs
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Figure 2. (@) Dynamic light scattering analysis shows that the heterogeneous size of plasma EVs ranges from 100 nm to 350 nm; (b) Zeta potential
analysis represents the electrokinetic potential magnitude ranging from -125 mV to +76 mV, resulting in polydispersity and good stability of Plasma EVs.

from plasma.*®

The high quality and yield of EV samples are the main
requirements to sensitize MALDI-TOF MS analysis. The
polymer-based precipitation method provides highly abundant
and good-quality extracellular vesicles from plasma. As
mentioned earlier, 1 pl of the sample containing ~10,400 EV
particles is required for MALDI-TOF MS investigation. For
the analysis of EV samples, acetonitrile and water at equal
ratio (50:50) were recommended as appropriate solvents,
and they produced favorable MALDI results. 0.1% of TFA
improves the ion signals from the EV sample. The matrices
made in organic solvents are acetonitrile and trifluoroacetic
acid for best EV protein profiling (5 mg/ml or 20 mg/ml of
each matrix in 50% acetonitrile and 0.1% TFA in water).

Selection of the Suitable Matrix

One pl of the EV sample was spotted on the MALDI target
plate, allowed to air dry at room temperature (a few minutes)
and overlaid with one pl of the matrix, resulting in a
consistent coating of tiny, granular matrix crystals for
examination.® Three matrices SA, HCCA, and DHB at
concentrations of 5 mg/ml and 20 mg/ml co-crystallized
with plasma EV samples on a ground steel MTP 384 target
plate (Bruker Daltonics, Bremen, Germany) were used for
comparison of samples (Figure 3).

The EV fingerprint signature was amplified and repeated
by covering the dried sample with matrices. Prolonged
drying time, sample concentration, and diameter of matrices
improved the signal quality by adding the total number of
laser shots taken in a particular spot.

In contrast to DHB, which creates needle-shaped crystals
or no crystals on the PEVs, SA and HCCA efficiently
generate granule-like crystals with the PEV sample, as seen
in the picture at 5 mg/ml and 20 mg/ml matrix concentrations.
Recorded signals for HCCA and DHB both had low
resolution and signal-to-noise ratios. Contrarily, SA produces
significant results in granule-shaped crystal formation,
coverage, and signal quality than other matrices, as shown in

(Figure 3&4).

SA matrix solution at 20 mg/ml generates the most ion
signals with the best resolution compared to a 5 mg/ml SA
matrix solution!*" as shown in Figure 5. As a result, SA acts
mainly as a matrix for plasma EV applications, and the
higher concentration of the matrix generates high quality
coverage” and mass spectrum.

MALDI-TOF MS Parameter Optimization for Plasma-
derived Extracellular Vesicles

The ground steel MTP 384 target plate (Bruker Daltonics,
Bremen, Germany) was loaded into the UltrafleXtreme Il
MALDI-TOF MS/MS instrument (Bruker Daltonics, Bremen,
Germany) for MALDI-TOF MS measurement. We optimized
the instrument parameters and set them as follows: broad
mass range (2000- 20000 m/z), detector gain (30x), 100%
laser intensity and laser shot (50, 300, and 1000), 45%
offset, and 30% range; 2000.0 Hz laser frequency; 20
detector gain; suppress up to 450 Da; and 250 ns pulsed ion
extraction; through random walk movement to analyze the
EVs from biological fluids in positive linear mode with 20
kV accelerating voltage. Instrument parameters such as
pulse delay, profiling mode, and accelerating voltage was
optimized to achieve good resolution. Optimal settings for a
broad mass range (2000-20000 m/z) require a lower
accelerating voltage (18-20 KV) and a higher delay time
(200-800 ns). The laser shots that aggregated a single
spectrum varied between 30-750 when used in the EV
profiling mode. The protonated ions flow linearly and
are recorded by the detector.

MALDI-TOF MS Analysis of Intact Extracellular Vesicles
Derived from Plasma

The MALDI-TOF mass spectrum of plasma-derived EVs is
highly reliable, indicating stability acquired at the mass
range of 2000-20,000 and the summing of 300 shots at a
particular spot. The spectra were baseline subtracted and
spectral smoothened in Flex analysis 3.4 software (Bruker
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Figure 3. Co-crystallization of plasma EVs with the Matrix Concentration (5 mg/ml) and (20 mg/ml) of Sinapinic Acid (SA), Dihydroxy Benzoic Acid
(DHB) and alpha-Cyano-4- hydroxycinnamic Acid (HCCA).
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Figure 4. The intact plasma EVs at the matrix concentration (5 mg/ml) of Sinapinic Acid (SA), Dihydroxy Benzoic Acid (DHB), and a-Cyano-4-

hydroxycinnamic Acid (HCCA) were analyzed by MALDI-TOF where the SA provided better spectrum.

Table 2. Advantages and Limitations of Sinapinic Acid, a-cyano-4-hydroxycinnamic Acid and 2,5-dihydroxy Benzoic Acid

Matrices

Advantages

Limitations

Sinapinic Acid (SA)
a-cyano-4-hydroxycinnamic acid (CHCA)

2,5-dihydroxy benzoic acid (2,5-DHB)

Good repeatability & covers a wide mass range
(>10kDa)

Maximum sensitivity and resolution for peptide
detection.

Improve the ionization of the sample and the high
sensitivity and detection of lower mass ions.

Ability to produce small crystals but not
suitable for glycoproteins
only employed for polypeptide analysis

significant crystallization capacity, strong
polarity, and poor homogeneity

Daltonics, Bremen, Germany). In MALDI-TOF MS spectra,

the fingerprint region of intact EVs at o

shows distinct peaks with m/z = 3315,

ptimized parameters
6630, 6432, 7807,

9130, 9421, 8875, and 8917. Proteomic analysis was carried
out on plasma-derived EVs isolated from healthy individuals
to determine those peaks' molecular and biological roles. The
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hydroxycinnamic Acid (HCCA) were analyzed by MALDI-TOF MS.

biological functions of the four protein biomarkers are
displayed in Table 2 with respective mass.

These peaks represent apolipoproteins A-Il, C-I, C-1l, C-
111, C4AA (complement component 4A), and C3 (complement
component 3).383 The UniProt database shows the cellular
compartment, and biological and molecular functions of the
above proteins match the role of intact plasma EVs.

The apolipoprotein family consists of apo A-Il, C-I, C-II,
C-1Il, and C-IV. All lipoproteins, except LDL, relate to
apolipoproteins C-I and C-Il, but LDL also contains apo C-
I11. The apolipoprotein A-I1 involved in predicting coronary
artery disease, and its protective effects on atherosclerosis
have been studied.*® Apo C-l lowers the lipoprotein and
hepatic lipase rate, which indicates gastric and renal cell
carcinoma®’ and pancreatic cancer.*> Apo C-Il involves
transporting free fatty acids as energy sources to all energy-
dependent tissues. Apo C-I1I regulates the triglyceride level
and reduces the risk of cardiovascular problems, atherosclerosis,
and lipidemia.** Complement factors C3 and C4A associated
with components of serum extracellular vesicles have been
reported.* The levels of these complement proteins indicate
COVID-19 severity*® and autoimmune diseases such as systemic
lupus erythematosus.*® The proteins mentioned above are
packed inside the extracellular vesicles and are involved in
important biological functions such as vesicle-mediated
transport, signaling, lipid metabolic processes, and immune
response. Bloodborne EVs can transmit signals to distant
targets such as the CNS, and crossing the blood-brain barrier
(BBB) is the best example of vesicle-mediated transport.*”
The uptake of the molecular cargo from plasma EVs may
alter recipient cells' genetic makeup and biological

functions.#*# EVs immunomodulate and defend against
causative agents in inflammatory diseases and cancer.
Neutrophil-derived EVs promote inflammation in blood-
carrying vessels reported in atherosclerosis.*® EV channels
pathogenic or protective biological signals in an autocrine or
paracrine manner. Existing studies show that EVs involved
in the overexpression of the PI3K signal are directly linked
to many cancer types.>® Adipocyte- and hepatocyte-derived
circulating EVs are metabolic markers that track lipid and
glucose metabolism. EV levels are directly proportional to
lipid and glucose metabolism parameters.55? Estes’s group
studied the variations in lipid metabolism and abnormal
levels of EVs that influence Alzheimer's and Parkinson's
disease progression.

MALDI-TOF MS Analysis of Proteinase K and 1X RIPA
Lysis Buffer-treated Plasma Extracellular Vesicles

Salts, lipids, and high molecular weight proteins are all
present in the complex biological fluid known as plasma,
which can affect the MS profiling of EVs produced from
plasma. Proteinase K (PK) at a concentration of 20 mg/ml
degrades bulk plasma protein like albumin, which co-
precipitates along with EV extraction from plasma.5® The
MALDI mass spectrum of PK-treated EVs at the optimized
parameters: sinapinic Acid, 20 mg/ml at three different shots
of 50, 300, and 1000 showed more protein peaks compared
to the intact plasma EV profile pattern in Figure 6. The high
molecular mass protein peptides such as 10030, 13537, and
18355 might be from the EV surface proteins (CD63, CD81,
and CD9). The MALDI mass spectra are good at 50 and
1000 shots, but 300 hits show more peaks than the other two.
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Figure 7. The intact Plasma EVs treated with Proteinase K at the matrix concentration (20 mg/ml) of Sinapinic Acid at 50, 300, 1000 shots.
Proteinase K treatment improved the resolution in all the experimental conditions.

The outer membrane of EVs is 5 nm thick, and a sturdy
layer protects the molecular contents of EVs derived from
the source. The bilipid layer of EVs was distorted using 1X
RIPA lysis buffer to release the molecular content.* Figure
7 illustrates the peak pattern, which is generally similar to
that of proteinase K-treated plasma EVs, but with some
particularly intense peaks at three different shots, including
4123, 5390, 6432, and 6630. On the other hand, the peaks
2710, 8855, and 13,537 have not been reflected in the 1X

RIPA-lysed EV mass spectrum.

Comparing the plasma-borne EV proteome profile after the
treatment of Proteinase K and 1X RIPA lysis buffer, more
peaks were found in the mass spectra of Proteinase K-treated
EVs than in the EVs treated with 1X RIPA lysis buffer. The
proteome pattern was better at 50 and 300 shots at 1000
shots for PK-treated EVs. At 300 shots, the peaks are intense
and reproduce the pattern. The mass peaks of PK-treated
EVs include 2710, 4119, 5385, 5970, 6628, and 7807. In the
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Figure 8. Plasma-derived EVs lysed with 1X RIPA lysis buffer and analyzed at the matrix concentration (20 mg/ml) of Sinapic Acid at 50, 300, 1000
shots. The RIPA treatment increased the m/z range and proteins with higher molecular weight could be observed.

Table 3. List of Proteins Obtained from the Fingerprint Region of MALDI-TOF Spectra of the Plasma Extracellular Vesicles

Feature Protein Name UNIPR.OT Cellular compartment  Molecular function Biological function
Peak m/z Accession number
3315 C4A-Complement POCOL4 Endoplasmic reticulum, Hydrolase activity, molecular  Vesicle-mediated transport,
Component 4A Plasma membrane and  function regulator activity and  inflammatory and defense
extra cellular space catalytic activity response.
6630 Apolipoprotein C-1ll P02656 Extracellular space and Lipid binding, catalytic activity, Lipid metabolic processes, vesicle
9421 early endosome hydrolase activity mediated transport and signaling
8875 C3-Complement P01024 Extracellular space Hydrolase and catalytic activity Immune and defense response
component 3
8917 Apolipoprotein C-1l  P02655 Early endosome and Lipid binding, hydrolase Lipid metabolic process and
extracellular space activity and molecular function vesicle-mediated transport
regulator activity
7807 Apolipoprotein A-1l  P02652 Extracellular region, Transporter activity, lipid Immune response, lipid metabolic

extracellular space,
endosome and cytosol

binding, transferase activity,

processes, Inflammatory response,
protein modification process,

anatomical structure development,
Membrane organization, protein-
containing complex assembly

lysis buffer treatment, the mass spectra of plasma EVs were
good at 300 shots and 1000 shots. At 300 shots, the mass
spectra of lysis buffer-treated EVs covered high molecular
mass peptides such as 10296 and 12136 with fewer artifacts
as shown in Figure 8. 1X RIPA lysis buffer-treated EVs
show poor reproducible proteome patterns in  mass
spectrometry analysis.>* The salt and detergents in the 1X
RIPA lysis buffer cause artifacts in mass spectra.®®

Limitations of the Study

However, EVs and lipoproteins are abundant in biofluids,
presenting detection challenges. Furthermore, the half-life,
variability of turn-over, and heterogeneity of vesicle sources
in the body are all factors that are poorly understood,
especially in clinical populations. Although MALDI-TOF

MS profiling of plasma-derived EVs can study the protein
fingerprinting of EVs collected by the polymer-based
precipitation method, an inadequate amount of protein to do
MS/MS analysis. The technology restriction is that EV
fingerprint recognition is only possible if the spectrum
database contains peptide mass fingerprints from various cell
types. It is preferred to develop a MALDI TOF MS/MS-
based protein database for EV proteins from biological
fluids and software for MALDI-TOF analysis in the future.

Conclusion

Extracellular vesicles are attractive components in the
clinical area of diagnosis and therapeutics. Studying and
characterizing the fingerprint regions of EVs derived from
biofluids help understand the molecular composition and
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biological function. In this study, only a minimal volume of
human blood is required for the EV fingerprint detection test
from blood collection to mass spectral generation, which
takes less than 3 h due to the advent of commercial kits for
quick exosome precipitation and the use of MS for quick
extracellular vesicle analysis. The benefits of profiling
plasma extracellular vesicles in MALDI-TOF MS are
analysis of EV composition without labeling, robust detection,
and high-scalable analysis. The accuracy of the mass of the
protein measurement depends on several factors. Many
proteins are sufficiently massive that resolution is not
achieved from additional species, such as salts or matrix
adducts. Under these conditions, such species cause peak
broadening, resulting in a slight shift in the measured mass
to higher values. The matrix aids in the ionization of analyte
molecules and helps isolate analyte molecules in MALDI-
TOF MS analysis by absorbing laser energy. The specific
and predominant peaks represent protein masses in Table 2
that have a molecular and biological function. Therefore,
choosing the suitable matrix is crucial for MALDI-TOF MS
analysis. The plasma-extracellular vesicles obtained from the
TEI method show high proteome recovery with 20 mg of
sinapinic acid matrix in MALDI-TOF MS analysis.

In summary, we showed that MALDI-TOF MS fingerprinting
of EVs has excellent potential in clinical applications. The
detection and analysis of EVs will study fingerprint regions
and be used as a liquid biopsy diagnostic test. The optimized
parameters of MALDI-TOF MS can be further applied to
identify biomarkers for diseases by fingerprinting EVs
derived from other biological fluids.

Authors’ Contributions

AR performed the experiments and data analysis and wrote
the original draft. AR performed the experiments. RNS,
VM., and JM helped with data processing. AR and VV
collected the clinical samples. RNS revised the original draft
of the manuscript. JM modified the manuscript. RNS and
VM supervised all aspects of the work. All authors were
involved in the design of the study.

Ethical Approval

This study was approved by the ethics committee of SRM
medical  college  hospital and  research  center
(1886/IEC/2020) and was carried out according to the
guidelines of Helsinki. Each participant signed informed
consent to participate in the study.

Conflict of Interest Disclosures
The authors declare that they have no conflicts of interest.

Acknowledgment
We acknowledge the staff members of SRM Medical
College Hospital and Research Center for their assistance in

blood sample collection from normal samples. We would
also like to thank the SRM-DBT platform and Contemporary
Research Services and Skill Development in Advanced Life
Sciences Technologies for providing the MALDI-TOF MS
instrument facility. We also thank the children and their
parents who participated in the study.

References

1. Kalluri R, LeBleu VS. The biology, function, and
biomedical applications of exosomes. Science. 2020;367
(6478):eaau6977. doi:10.1126/science.aau6977

2. Willms E, Cabacas C, Mager |, Wood MJ, Vader P.
Extracellular vesicle heterogeneity: subpopulations,
isolation techniques, and diverse functions in cancer
progression. Front Immunol. 2018;9:738. doi:10.3389/
fimmu.2018.00738

3. Théry C. Exosomes: secreted vesicles and intercellular
communications. F1000 biology reports. 2011;3:15.
doi:10.3410/B3-15

4. Yang E, Wang X, Gong Z, Yu M, Wu H, Zhang D.
Exosome-mediated metabolic  reprogramming:  the
emerging role in tumor microenvironment remodeling
and its influence on cancer progression. Signal Transduct
Target Ther. 2020;5(1):242. doi:10.1038/s41392-020-
00359-5

5. Zhou X, Xie F, Wang L, Zhang L, Zhang S, Fang M, et al.
The function and clinical application of extracellular
vesicles in innate immune regulation. Cell Mol Immunol.
2020;17(4):323-34. doi:10.1038/s41423-020-0391-1

6. Oliveira-Cunha M, Newman WG, Siriwardena AK.
Epidermal growth factor receptor in pancreatic cancer.
Cancers. 2011;3(2):1513-26. doi:10.3390/cancers302
1513

7. Wee P, Wang Z. Epidermal growth factor receptor cell
proliferation signaling pathways. Cancers. 2017;9(5):52.
doi:10.3390/cancers9050052

8. Thomas R, Weihua Z. Rethink of EGFR in cancer with its
kinase independent function on board. Front Oncol.
2019;9:800. doi:10.3389/fonc.2019.00800

9.  Stubiger G, Nairn MD, Abban TK, Openshaw ME,
Mancera L, Herzig B, et al. MALDI-MS protein profiling
of chemoresistance in extracellular vesicles of cancer
cells. Anal Chem. 2018;90(22):13178-82. doi:10.1021/
acs.analchem.8b03756

10. Duijvesz D, Burnum-Johnson KE, Gritsenko MA,
Hoogland AM, Vredenbregt-van den Berg MS, Willemsen
R, et al. Proteomic profiling of exosomes leads to the
identification of novel biomarkers for prostate cancer.
PloS One. 2013;8(12):e82589. doi:10.1371/journal.pone.
0082589

11. Yu Z, Zhao C, Hu S, Zhang H, Li W, Zhang R, et al.
MALDI-MS-based biomarker analysis of extracellular
vesicles from human lung carcinoma cells. RSC
advances. 2021;11(41):25375-80.  doi:10.1039/D1RA
04305F

12. Niu L, Song X, Wang N, Xue L, Song X, Xie L. Tumor-
derived exosomal proteins as diagnostic biomarkers in
non-small cell lung cancer. Cancer Sci. 2019;110(1):433-
42.doi:10.1111/cas.13862

13. Winston CN, Sukreet S, Lynch H, Lee VM, Wilcock DM,
Nelson PT, et al. Evaluation of blood-based exosomes as
biomarkers for aging-related TDP-43 pathology. bioRxiv.
2022:2022-06. doi:10.1101/2022.06.03.487443

14. Palaniswamy R, Sevugan K, Sampathkumar Srisharnitha
A. Molecular signatures in exosomes as diagnostic
markers for neurodegenerative disorders. Ann Alzheimers
Dement Care. 2020;4:12-7.

http://www.biotechrep.ir

J Appl Biotechnol Rep, Volume 10, Issue 3, 2023 | 1106


http://www.biotechrep.ir/
https://doi.org/10.1126/science.aau6977
https://doi.org/10.3389/fimmu.2018.00738
https://doi.org/10.3389/fimmu.2018.00738
https://doi.org/10.3410%2FB3-15
https://doi.org/10.1038/s41392-020-00359-5
https://doi.org/10.1038/s41392-020-00359-5
https://doi.org/10.1038/s41423-020-0391-1
https://doi.org/10.3390/cancers3021513
https://doi.org/10.3390/cancers3021513
https://doi.org/10.3390/cancers9050052
https://doi.org/10.3389/fonc.2019.00800
https://doi.org/10.1021/acs.analchem.8b03756
https://doi.org/10.1021/acs.analchem.8b03756
https://doi.org/10.1371/journal.pone.0082589
https://doi.org/10.1371/journal.pone.0082589
https://doi.org/10.1039/D1RA04305F
https://doi.org/10.1039/D1RA04305F
https://doi.org/10.1111/cas.13862

Rajavel et al

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Palmieri V, Lucchetti D, Gatto |, Maiorana A, Marcantoni
M, Maulucci G, et al. Dynamic light scattering for the
characterization and counting of extracellular vesicles: a
powerful noninvasive tool. ] Nanopart Res. 2014;16:1-8.
doi:10.1007/s11051-014-2583-z

Gardiner C, Ferreira YJ, Dragovic RA, Redman CW,
Sargent IL. Extracellular vesicle sizing and enumeration
by nanoparticle tracking analysis. ] Extracell Vesicles.
2013;2(1):19671. doi:10.3402/jev.v2i0.19671

Rath A, Glibowicka M, Nadeau VG, Chen G, Deber CM.
Detergent binding explains anomalous SDS-PAGE
migration of membrane proteins. Proc Natl Acad Sci
USA.  2009;106(6):1760-5.  doi:10.1073/pnas.081316
7106

Hoshino A, Kim HS, Bojmar L, Gyan KE, Cioffi M,
Hernandez ], et al. Extracellular vesicle and particle
biomarkers define multiple human cancers. Cell.
2020;182(4):1044-61. doi:10.1016/j.cell.2020.07.009
Andaluz Aguilar H, lliuk AB, Chen IH, Tao WA.
Sequential phosphoproteomics and N-glycoproteomics of
plasma-derived extracellular vesicles. Nat Protoc.
2020;15(1):161-80. doi:10.1038/s41596-019-0260-5
Morhayim J, van de Peppel J, Dudakovic A, Chiba H, van
Wijnen AJ, van Leeuwen JP. Molecular characterization
of human osteoblast-derived extracellular vesicle mRNA
using next-generation sequencing. Biochim Biophys
Acta-Mol Cell Res. 2017;1864(7):1133-41. doi:10.101
6/j.bbamcr.2017.03.011

Lai J), Chau ZL, Chen SY, Hill }JJ, Korpany KV, Liang NW,
et al. Exosome processing and characterization
approaches for research and technology development.
Adv Sci. 2022;9(15):2103222. doi:10.1002/advs.2021
03222

Cui L, Lu H, Lee YH. Challenges and emergent solutions
for LC-MS/MS based untargeted metabolomics in
diseases. Mass Spectrom Rev. 2018;37(6):772-92.
doi:10.1002/mas.21562

Kupcova Skalnikova H, Bohuslavova B, Turnovcova K,
Juhasova J, Juhas S, Rodinova M, et al. Isolation and
characterization of small extracellular vesicles from
porcine blood plasma, cerebrospinal fluid, and seminal
plasma. Proteomes. 2019;7(2):17. doi:10.3390/proteomes
7020017

Lin SY, Chang CH, Wu HC, Lin CC, Chang KP, Yang CR,
et al. Proteome profiling of urinary exosomes identifies
alpha T1-antitrypsin and H2B1K as diagnostic and
prognostic biomarkers for urothelial carcinoma. Sci Rep.
2016;6(1):34446. doi:10.1038/srep34446

Nguyen HQ, Lee D, Kim Y, Paek M, Kim M, Jang KS, et
al. Platelet factor 4 as a novel exosome marker in
MALDI-MS analysis of exosomes from human serum.
Anal  Chem. 2019;91(20):13297-305. doi:10.1021/
acs.analchem.9b04198

Jalaludin I, Lubman DM, Kim J. MALDI-MS: a powerful
but underutilized mass spectrometric technique for
exosome research. Mass Spectrom Lett. 2021;12(3):93-
105. doi:10.5478/MSL.2021.12.3.93

Cho YT, Su H, Wu WJ, Wu DC, Hou MF, Kuo CH, et al.
Biomarker Characterization by MALDI-TOF/MS. Adv
Clin Chem. 2015;69:209-54. doi:10.1016/bs.acc.2015.0
1.001

Han Z, Peng C, Yi J, Wang Y, Liu Q, Yang Y, et al.
Matrix-assisted  laser  desorption ionization mass
spectrometry profiling of plasma exosomes evaluates
osteosarcoma metastasis. Iscience. 2021;24(8):102906.
doi:10.1016/j.isci.2021.102906

Ham BM, Jacob JT, Cole RB. MALDI-TOF MS of
phosphorylated lipids in biological fluids using
immobilized metal affinity chromatography and a solid

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

ionic crystal matrix. Anal Chem. 2005;77(14):4439-47.
doi:10.1021/ac058000a

World Medical Association. World Medical Association
Declaration of Helsinki: ethical principles for medical
research  involving  human  subjects.  JAMA.
2013;310(20):2191-4. doi:10.1001/jama.2013.281053
Skottvoll FS, Berg HE, Bjgrseth K, Lund K, Roos N,
Bekhradnia S, et al. Ultracentrifugation versus kit
exosome isolation: nanoLC-MS and other tools reveal
similar performance biomarkers, but also contaminations.
Future Sci OA. 2018;5(1):FSO359. doi:10.4155/fsoa-
2018-0088

Helwa I, Cai J, Drewry MD, Zimmerman A, Dinkins MB,
Khaled ML, et al. A comparative study of serum exosome
isolation using differential ultracentrifugation and three
commercial reagents. PloS One. 2017;12(1):e0170628.
doi:10.1371/journal.pone.0170628

Huang G, Lin G, Zhu Y, Duan W, Jin D. Emerging
technologies  for  profiling  extracellular  vesicle
heterogeneity. Lab on a Chip. 2020;20(14):2423-37.
doi:10.1039/DOLCO0431F

Midekessa G, Godakumara K, Ord J, Viil J, Lattekivi F,
Dissanayake K, et al. Zeta potential of extracellular
vesicles: toward understanding the attributes that
determine colloidal stability. ACS Omega. 2020;5(27):
16701-10. doi:10.1021/acsomega.0c01582

Gardiner C, Vizio DD, Sahoo S, Théry C, Witwer KW,
Wauben M, et al. Techniques used for the isolation and
characterization of extracellular vesicles: results of a
worldwide survey. ] Extracell Vesicles. 2016;5(1):32945.
doi:10.3402/jev.v5.32945

Cohen SL, Chait BT. Influence of matrix solution
conditions on the MALDI-MS analysis of peptides and
proteins. Anal Chem. 1996;68(1):31-7. doi:10.1021/
ac9507956

Schwartz SA, Reyzer ML, Caprioli RM. Direct tissue
analysis using matrix-assisted laser desorption/ionization
mass spectrometry: practical aspects of sample
preparation. ] Mass Spectrom. 2003;38(7):699-708.
doi:10.1002/jms.505

Zhu Y, Pick H, Gasilova N, Li X, Lin TE, Laeubli HP, et
al. MALDI detection of exosomes: a potential tool for
cancer studies. Chem. 2019;5(5):1318-36. doi:10.1016/
j.chempr.2019.04.007

Hortin GL. The MALDI-TOF mass spectrometric view of
the plasma proteome and peptidome. Clin Chem.
2006;52(7):1223-37.  doi:10.1373/clinchem.2006.0692
52

Birjmohun RS, Dallinga-Thie GM, Kuivenhoven JA,
Stroes ES, Otvos JD, Wareham NJ, et al. Apolipoprotein
A-ll is inversely associated with risk of future coronary
artery disease. Circulation. 2007;116(18):2029-35.
doi:10.1161/CIRCULATIONAHA.107.704031

Cui Y, Miao C, Hou C, Wang Z, Liu B. Apolipoprotein C1
(APOC1): A novel diagnostic and prognostic biomarker
for clear cell renal cell carcinoma. Front Oncol.
2020;10:1436. doi:10.3389/fonc.2020.01436

Takano S, Yoshitomi H, Togawa A, Sogawa K, Shida T,
Kimura F, et al. Apolipoprotein C-1 maintains cell
survival by preventing from apoptosis in pancreatic
cancer cells. Oncogene. 2008;27(20):2810-22. doi:10.1
038/sj.onc.1210951

Dib I, Khalil A, Chouaib R, EI-Makhour Y, Noureddine H.
Apolipoprotein C-lll and cardiovascular diseases: when
genetics meet molecular pathologies. Mol Biol Rep.
2021;48:875-86. doi:10.1007/s11033-020-06071-5
Tkach M, Kowal ], Zucchetti AE, Enserink L, Jouve M,
Lankar D, et al. Qualitative differences in T-cell
activation by dendritic cell-derived extracellular vesicle

1107 | ) Appl Biotechnol Rep, Volume 10, Issue 3, 2023

http://www.biotechrep.ir


http://www.biotechrep.ir/
https://doi.org/10.1007/s11051-014-2583-z
https://doi.org/10.3402/jev.v2i0.19671
https://doi.org/10.1073/pnas.0813167106
https://doi.org/10.1073/pnas.0813167106
https://doi.org/10.1016/j.cell.2020.07.009
https://doi.org/10.1038/s41596-019-0260-5
https://doi.org/10.1016/j.bbamcr.2017.03.011
https://doi.org/10.1016/j.bbamcr.2017.03.011
https://doi.org/10.1002/advs.202103222
https://doi.org/10.1002/advs.202103222
https://doi.org/10.1002/mas.21562
https://doi.org/10.3390/proteomes7020017
https://doi.org/10.3390/proteomes7020017
https://doi.org/10.1038/srep34446
https://doi.org/10.1021/acs.analchem.9b04198
https://doi.org/10.1021/acs.analchem.9b04198
https://doi.org/10.1016/bs.acc.2015.01.001
https://doi.org/10.1016/bs.acc.2015.01.001
https://doi.org/10.1016/j.isci.2021.102906
https://doi.org/10.1021/ac058000a
https://doi.org/10.4155/fsoa-2018-0088
https://doi.org/10.4155/fsoa-2018-0088
https://doi.org/10.1371/journal.pone.0170628
https://doi.org/10.1039/D0LC00431F
https://doi.org/10.1021/acsomega.0c01582
https://doi.org/10.3402/jev.v5.32945
https://doi.org/10.1021/ac9507956
https://doi.org/10.1021/ac9507956
https://doi.org/10.1002/jms.505
https://doi.org/10.1016/j.chempr.2019.04.007
https://doi.org/10.1016/j.chempr.2019.04.007
https://doi.org/10.1373/clinchem.2006.069252
https://doi.org/10.1373/clinchem.2006.069252
https://doi.org/10.1161/CIRCULATIONAHA.107.704031
https://doi.org/10.3389/fonc.2020.01436
https://doi.org/10.1038/sj.onc.1210951
https://doi.org/10.1038/sj.onc.1210951
https://doi.org/10.1007/s11033-020-06071-5

MALDI-TOF MS Analysis of Plasma Extracellular Vesicles

45.

46.

47.

48.

49.

50.

subtypes. EMBO . 2017;36(20):3012-28. doi:10.15252/
embj.201696003

Zinellu A, Mangoni AA. Serum complement C3 and C4
and COVID-19 severity and mortality: a systematic
review and meta-analysis with meta-regression. Front
Immunol. 2021;12:2184. doi:10.3389/fimmu.2021.696
085

Sandhu V, Quan M. SLE and serum complement:
causative, concomitant or coincidental?. Open Rheumatol
). 2017;11:113-22. doi:10.2174/1874312901711010113
Matsumoto ], Stewart T, Banks WA, Zhang J. The
transport mechanism of extracellular vesicles at the
blood-brain barrier. Curr Pharm Des. 2017;23(40):6206-
14. doi:10.2174/1381612823666170913164738
Ramos-Zaldivar HM, Polakovicova |, Salas-Huenuleo E,
Corvalan AH, Kogan M), Yefi CP, et al. Extracellular
vesicles through the blood-brain barrier: A review. Fluids
Barriers CNS. 2022;19(1):60. doi:10.1186/s12987-022-
00359-3

Liu Y, Gu Y, Han Y, Zhang Q, Jiang Z, Zhang X, et al.
Tumor exosomal RNAs promote lung pre-metastatic
niche formation by activating alveolar epithelial TLR3 to
recruit neutrophils. Cancer Cell. 2016;30(2):243-56.
doi:10.1016/j.ccell.2016.06.021

Shi J, Yao D, Liu W, Wang N, Lv H, Zhang G, et al.
Highly frequent PIK3CA amplification is associated with
poor prognosis in gastric cancer. BMC Cancer. 2012;

51.

52.

53.

54.

55.

12:50. doi:10.1186/1471-2407-12-50

Kobayashi Y, Eguchi A, Tempaku M, Honda T, Togashi K,
Iwasa M, et al. Circulating extracellular vesicles are
associated with lipid and insulin metabolism. Am
Physiol  Endocrinol ~ Metab.  2018;315(4):E574-82.
doi:10.1152/ajpendo.00160.2018

Estes RE, Lin B, Khera A, Davis MY. Lipid metabolism
influence on neurodegenerative disease progression: is
the vehicle as important as the cargo?. Front Mol
Neurosci. 2021;14:788695. doi:10.3389/fnmol.2021.7
88695

Diaz G, Bridges C, Lucas M, Cheng Y, Schorey ]S, Dobos
KM, et al. Protein digestion, ultrafiltration, and size
exclusion chromatography to optimize the isolation of
exosomes from human blood plasma and serum. JoVE
(Journal of Visualized Experiments). 2018;(134):e57467.
doi:10.3791/57467

Subedi P, Schneider M, Philipp J, Azimzadeh O, Metzger
F, Moertl S, et al. Comparison of methods to isolate
proteins  from  extracellular  vesicles for mass
spectrometry-based proteomic analyses. Anal Biochem.
2019;584:113390. doi:10.1016/j.ab.2019.113390
Burnsen KO. Influence of salts, buffers, detergents,
solvents, and matrices on MALDI-MS protein analysis in
complex mixtures. In: Chapman, J.R. (eds) Mass
Spectrometry of Proteins and Peptides. Humana Press,
Totowa. 2000:387-404. doi:10.1385/1-59259-045-4:387

http://www.biotechrep.ir

J Appl Biotechnol Rep, Volume 10, Issue 3, 2023 | 1108


http://www.biotechrep.ir/
https://doi.org/10.15252/embj.201696003
https://doi.org/10.15252/embj.201696003
https://doi.org/10.3389/fimmu.2021.696085
https://doi.org/10.3389/fimmu.2021.696085
https://doi.org/10.2174%2F1874312901711010113
https://doi.org/10.2174/1381612823666170913164738
https://doi.org/10.1186/s12987-022-00359-3
https://doi.org/10.1186/s12987-022-00359-3
http://dx.doi.org/10.1016/j.ccell.2016.06.021
https://doi.org/10.1186/1471-2407-12-50
https://doi.org/10.1152/ajpendo.00160.2018
https://doi.org/10.3389/fnmol.2021.788695
https://doi.org/10.3389/fnmol.2021.788695
https://dx.doi.org/10.3791/57467
https://doi.org/10.1016/j.ab.2019.113390
https://doi.org/10.1385/1-59259-045-4:387

