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ABSTRACT: Extracellular vesicles (EVs) are membranous particles Quad

released by cells and are considered to be promising sources of nESI P——

biomarkers for various diseases. Mass spectrometry (MS) analysis of '= charge
EVs requires a sample of purified and detergent-lysed EVs. ] detector

Purification of EVs is laborious, based on size, density, or surface m/z 5% 10
nature, and requires large amounts of the source material (e.g,
blood, spinal fluid). We have employed synthetically produced large
unilamellar lipid vesicles (LUVs) as analogs of EVs to demonstrate
an alternative approach to vesicle separation for subsequent mass
spectrometry analysis of their composition. Mass-to-charge ratio m/ :

) vesicles , , . ; :
z separation by frequency-controlled quadrupole was employed to o0 100 150 200 '280
filter narrow-size distributions of LUVs from a water sample. Lipid Diameter, [nm]
vesicles were positively charged with nanoelectrospray and trans-
ferred into a vacuum using two wide m/z-range frequency-controlled quadrupoles. The m/z, charges, and masses of individual
vesicles were obtained by the nondestructive single-pass charge detector. The resolving mode of the second quadrupole with m/z
RSD < 10% allowed to separate size selected distributions of vesicles with modal diameters of 88, 112, 130, 162, and 190 nm at
corresponding quadrupole m/z settings of 2.5 X 10%, 5 X 10%, 8 X 10% 1.5 X 10° and 2.5 X 105, respectively with a rate of 20—100
counts per minute. The distributions of bioparticles with masses between 10® and 10'° Da were separated from human blood serum
in the pilot experiment. The presented approach for lipid vesicle separation encourages the development of new techniques for the
direct mass-spectrometric analysis of biomarkers in MS-separated EVs in a vacuum.

xtracellular vesicles (EVs) are membranous particles' 100—1000 nm with a single outer lipid bilayer and enclosed

released by diverse cell types. EVs participate in aqueous core, are an established model system of EVs,
intercellular transport and communication.” Their cargo may particularly because of size and shape similarity and the fact
include proteins, nucleic acids, lipids, and cell metabolites, they mimic mechanical and structural properties of the
which can be valuable biomarkers of human diseases or membrane and its functionalization with proteins.””"" I-
metabolic changes.‘%’4 Mass spectrometry (MS) analysis of the palmitoyl-2-oleoyl-glycero-3-phosphocholine used for syn-
EVs’ cargo composition requires isolated and lysed (membrane thetic vesicle preparation for this study is a common lipid
disintegration) vesicles.” The EVs’ isolation from biological mimicking cellular membrane in model systems.'”> The
samples (e.g, blood plasma, urine) is laborious and time- characterization of charged liposomes based on their gas-
consuming and includes ultracentrifugation, filtering, = size- phase mobility was introduced as a nanoelectrospray gas-phase

exclusion chromatograéphy, or affinity-based purification on electrophoretic mobility molecular analyzer (nES GEMMA)
functionalized beads.” Established separation techniques

usually require larger amounts of material, which can be
limited in samples from children or in the case of cerebrospinal
fluid. The size of isolated vesicles is then characterized by
dynamic light scattering, nanoparticle tracking analysis, flow
cytometry, or transmission electron microscopy, which further
reduces the yield of EV separation.” The size of the analyzed
EVs is a critical parameter. There is a large variety of EVs
produced by cells, and those within a smaller range (50—300
nm in diameter) are considered more informative about the
cell state or the local environment than larger EVs.® Large
unilamellar vesicles (LUVs), i.e., synthetic liposomes of size

and was applied as a separation stage for Raman and mid-
infrared spectroscopy."

Recently, joint efforts of Jarrold and Clemmer groups at
Indiana University have yielded a new approach to studying
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Figure 1. SELINA schematic representation with the main components denoted: nanoelectrospray emitter with the sample (nESI), 20 mm
sampling capillary with resistive heating (SC), flow tube (FT), plenum chamber (PC), upstream quadrupole with slanted wires (UQ), downstream
quadrupole (DQ), charge detector (CD), turbomolecular pumps (TP). The electric potential levels are shown at the top, and the exemplary signals
from the CD, recorded by an oscilloscope, are on the right; the x-axis for signals is time in ps, and the y-axis is voltage in mV.

intact EVs (ie, EVs with structurally undamaged mem-
branes).'*"® In particular, the intact EVs were characterized
using charge detection mass spectrometry (CDMS) with
nanoelectrospray.'* The precisely measured charge and mass-
to-charge ratio m/z of the EVs transported into the vacuum
and characterized by the charge detector provided exact mass
and charge distributions, with the last one reflecting structural
and surface information. CDMS enabled distinguishing
keratinocytic exosomes in diabetic and nondiabetic mice
based on the charge distribution subpopulations retrieved by
a Gaussian mixture model."> The CDMS instrument used in
these studies consisted of multipole nonresolving ion guides,
acting simultaneously as a high-pass filter to transfer charged
particles generated in nanoelectrospray from atmospheric
pressure toward a multipass charge detector in vacuum.'*'®

In other investigations, charged particles with m/z > 10°
were also analyzed using electrodynamic traps, includin%
several Paul’s designs'’ and linear quadrupole traps.'®™”
The former were shown to be suitable for the analyses of high-
mass microparticles, e.g., polystyrene particles and cell
particles.”' ~** It is noteworthy that MS using transmission
linear quadrupoles is generally limited to m/z < 10° with
usually subunit resolution.”> The resolving power can reach
thousands, albeit at the cost of ion transmission. For even
higher m/z, the quadrupole driver electronics must feature
extraordinary specifications, and a few special approaches to
the quadrupole operation were introduced, i.e., the frequency-
swept,”® frequency and amplitude scanned,”’ and digitally
driven”®*™* modes. All rely on the frequency variation of the
periodic waveform applied to pairs of quadrupole rods. The
‘frequency scanned’ mode utilizes a constant or semiconstant
ratio of AC and DC components at a selected frequency to
establish a stability zone for a certain m/z. In the digitally
driven mode, the stability zone is defined by varied frequency
and duty cycles of square waveforms without a DC
component. In the case of linear ion traps, frequency of an
axial or radial excitation periodic potential may be scanned to
resonantly eject ions with different m/z.*"**

Here, we use the term ‘frequency-controlled’ because for the
present application only the frequency of AC voltage is
changed, and the resolution is defined by the ratio of constant
AC and DC components. While quadrupoles are used in this
work at fixed m/z settings, a frequency scan is necessary to
obtain a mass spectrum.

The Selected Ice Nanoparticle Accelerator (SELINA)
instrument was originally designed to produce mass-selected
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beams of highly charged water ice nanoparticles with 50—1000
nm diameter mimicking space dust found in the vicinity of
several icy moons in our Solar system. Impact mass
spectrometry of such particles accelerated electrostatically to
hypervelocity is supposed to be the best terrestrial analogue
experiment for past and future space missions with impact
ionization MS instrumentation onboard. Moreover, it is the
first step toward developing novel, high-resolution space
probes based on impact ionization MS.** The SELINA design
is also suitable for the production and mass measurement of
submicrometer solid particles from liquid samples nebulized by
electrospray. Special care must be taken to fully desolve the
particles. This procedure was successfully carried out for 300
and 600 nm polystyrene beads during the charge detector
validation experiments.

In this Technical Note, we showcase the operation of the
SELINA apparatus when the resolving mode of the frequency-
controlled quadrupole in the range of m/z 10°—10° is used to
identify different mass (size) of LUV fractions upon electro-
spraying a liquid sample of LUVs with a broad distribution.
After quadrupole separation, positively charged LUVs were
detected using a single-pass charge detector, which provided
m/z, charge, and mass of an individual vesicle. Finally, in a
proof-of-concept experiment, the technique was adopted to
investigate a sample of the human blood serum, aiming to
assess the underlying mass distribution fractions of bioparticles
from the present heterogeneous sample. Considering the
current advances in CDMS technology, i.e., electrostatic ion
trap designs with a single elementary charge detection limit
and superior resolution of m/z, charge, and mass, we
deliberately use the ‘quadrupole mass sensor’ name for our
setup to underline its application as a technique primarily used
for vesicles separation from a sample, not for their thorough
characterization, which could be otherwise possible by
application of the state-of-the-art CDMS.

B EXPERIMENTAL SECTION

SELINA Instrument. A detailed description of SELINA
(shown schematically in Figure 1) has been published
previously.”” Briefly, charged particles from a nanoelectrospray
pass through a 20 mm long sampling capillary (SC) heated to
approximately 200 °C for vesicle desolvation and continue
moving through an aerodynamic system consisting of a flow
tube with a plenum chamber (PC) by gradually losing their
initial momentum in collisions with gas molecules. The
particles are subsequently dragged by the jet of air into a
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first upstream quadrupole (UQ). This quadrupole is equipped
with slanted wires between rods to impose an electric drift field
(~0.4 V cm™) at a pressure of 1 hPa of lab air flowing through
the PC. The charged particles are further thermalized in
collisions with air molecules and drift in the UQ toward an
orifice with a diameter of 1 mm into a differentially pumped
chamber (5 X 1075 hPa), which accommodates a linear
quadrupole trap operated as a downstream quadrupole filter
(DQ). The third differentially pumped chamber contains a
single-pass charge detector (CD) to measure the particle’s
charge and m/z. The charged particles leave the DQ through a
2 mm ID orifice and fly about 5 cm toward the 2 mm ID
differential pumping orifice into the charge detector vacuum
chamber and then an additional $ cm toward the 2 mm ID
entrance orifice into the charge detector. The potentials set
were 205 V for the UQ, 195 V for the slanted wires, 205 V for
the entrance DQ_electrode, 200 V for the DQ and its
enclosure, and 195 V for the exit DQ_electrode.

Charge Detector. The same CD as in ref 33 and ref 34 was
utilized here, with the previously done charge calibration being
38 elementary charges (e) for 1 mV of the entrance peak
amplitude of preamplifier response transient output for square
pulse input. The procedure and corrections related to the
shape of the transient signal and particle velocity are described
in detail in ref 33. Briefly, the signal with amplitudes down to a
few millivolts was pulsed through the calibration capacitor (0.8
pF), resulting in a minimum accessible injected charge of
20000 e. The linear dependence of the CD response on the
injected charge is assumed valid down to the lower inaccessible
values. This low charge’ region was verified by polystyrene 300
nm beads measurement, where detected charges were in the
range of 1000—5000 e. The CD electronics placed in a vacuum
amplifies and shapes an image charge induced by a particle
flying through a 50 mm long charge pick-up stainless steel
tube. The resulting transients are recorded by an oscilloscope
(PicoScopeS000, Pico Technology, UK) at 16-bit resolution
and sent to PC software for processing and storage. For vesicle
measurement, the trigger was set to 20 mV, and the sampling
rate and range were 50 kS/s and 1600 us. Processed transients
allow assessment of particle velocity (detector length divided
by the time difference between entrance and exit peaks) and
charge (average of amplitudes of entrance and exit peaks
multiplied by 38 e/mV and velocity correction coefficient) and
thus calculation of m/z (from known acceleration potential
and velocity) and mass (as product of charge and m/z). An
acceleration potential was defined by the potential of the DQ
and was kept constant at 200 V.

The CD charge measurement error obtained from the blank
signal is 328 e (see details in Figure S1), while the noise root-
mean-square (RMS) is 131 e. Thus, for a particle with charge
600 e and m/z 2.5 X 10° the relative standard deviation
(RSD) is 66% for mass and 22% for diameter using charge
measurement error 328 e. When noise is used, RSD values are
38% and 13%, respectively. The limit of charge detection of
used CD is approximately 600 e, which is considerably higher
than the usual value of 250 e for single-pass detectors.”> This is
not an issue for the measurement of highly charged ice
nanoparticles in SELINA, but just at the detection limit for
vesicles.

Quadrupoles. The mechanical assemblies of the ion-
guiding UQ_and the mass-resolving DQ were repurposed from
commercial mass spectrometers (Thermo Scientific). The UQ
has 250 mm long hyperbolic rods with a 6 mm field radius
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(distance from the axis to the rod), and the DQ_is a part of the
linear quadrupole trap assembly, which has 60 mm long
hyperbolic rods and a 4.75S mm field radius. The DQ is
enclosed and has entrance and exit electrodes. Its inner volume
is filled at a flow rate of 1 sccm with lab air, which results in a
pressure of 107°~1072 hPa in the enclosure. Both quadrupoles
are powered by two dedicated voltage sources (JanasCard,
Czechia) that can float at a potential of up to + 1 kV. A direct
digital synthesis chip is used to generate a harmonic signal with
0.03725 Hz resolution. The choice of harmonic potential
simplifies the design of the sources and is advantageous in that
m/z settings are calculated for the first stability region of the
Mathieu diagram. The sources have slightly different opera-
tional parameters. The UQ_source provides harmonic voltages
in the 1-300 kHz range with a constant amplitude of 50 or
100 V, ensured via the automatic gain control loop. The DQ
source operates in the 0.5—200 kHz with a constant nominal
amplitude of 100 or 200 V corrected with the internal
calibration table of peak-to-peak amplitudes depending on the
frequency from 200.594 V at 500 Hz to 206.099 V at 200 kHz
for the nominal amplitude 100 V, and from 401.862 V at 500
Hz to 400.437 V at 100 kHz for the nominal amplitude 200 V.
The calibration table is sufficient for the quadrupole
application presented here. However, high-precision measure-
ment of the peak-to-peak voltage at each frequency would be
necessary to obtain an exact m/z value of transmitted ions.*®
Both sources provide variable DC components of 0 to & 35V
with 16-bit resolution. The voltage parameters for certain m/z
are calculated by a software (see below) accounting for the
calibration table if necessary and sent to the voltage sources via
USB. The m/z settings accessible for the present combination
of quadrupole physical dimensions and voltage source
characteristics allow to set m/z 1 X 10°—4 x 107 for UQ
and m/z 2 X 10°—4 X 10® for DQ. The quadrupoles were used
in two modes of operation: the nonresolving one (DC
component for UQ and DQ was 0 V) and the resolving one
(DC component for UQ was 0 V and + 30.07 for DQ). For
the sake of clarity, we will further mention only the m/z
settings of DQ_(m/zpq), assuming that the UQ_is always set to
the same m/z with the DC component equal to 0 V. The DC
component of the DQ_for the resolving mode is calculated
from the apex of the first stability region of the Mathieu
diagram, being ~0.168 of the AC amplitude and taken at the
90% percent tune. The voltage and frequency values for all m/z
settings used are provided in Table SI in the Supporting
Information.

LUVs Preparation. The suspension of LUVs was prepared
as described below. The 100 uL aliquot of chloroform (Merck,
Darmstadt, Germany) solution of POPC (1-palmitoyl-2-oleyl-
sn-glycero-3-phosphocholine; Avanti Polar Lipids, Alabaster,
AL) was transferred to a glass test tube. The solvent was
evaporated under a stream of nitrogen, and the lipid film was
kept under a vacuum overnight. The dry lipid film was
hydrated with Mili-Q water (Millipore, USA). After 4 min of
continuous vortexing, the suspension of multilamellar vesicles
(MLVs) was extruded with a mini extruder (Avestin, Ottawa,
Canada) through a polycarbonate membrane (Whatman;
Little Chalfont, UK) with a nominal pore diameter of 200
nm. The lipid concentration was 1 mM, and the LUVs
suspension was used at different dilutions.

The size distribution of LUVs suspension was measured
using dynamic light scattering (DLS) setup Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK) consisting of a
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Figure 2. Histogram distributions of m/z (a), charge (b), mass (c), and diameter (d) of vesicles as measured by the charge detector at three
different frequencies (color coded) of DQ in the nonresolving mode. The DLS measurement is plotted in panel (d) inset for comparison. The
numbers of CD detection events used to plot histogram distributions are 2454, 2585, and 3141 for fpq values of 24.7, 15.6, and 7.8 kHz,
respectively; bin number in each histogram is 100 with equal widths (b, d) and varying widths spaced evenly on a log scale (a, c).

He—Ne laser (633 nm) and an avalanche photodiode detector
(APD). To get the optimal scattering intensity, the sample was
diluted to the 0.2 mM final lipid concentration, transferred to a
plastic disposable cuvette (Brand, Wertheim, Germany), and
measured after 2 min of equilibration time at 298 K. Scattered
light was collected at the angle of 173° and intensity-weighted
size distribution was obtained using Zetasizer Software 7.11.
Nanoelectrospray Emitters Preparation and Vesicles
Measurement. Nanoelectrospray emitters were pulled with
the P-2000 laser-based micropipette puller (Sutter Instrument,
CA) from the 10 cm length 1 mm OD, 0.78 mm ID
borosilicate glass with filament (Sutter Instrument, BF100—
78—10). The puller settings resulted mostly in a 4 mm taper
with a closed tip. After the sample was loaded, the emitter was
conditioned by gently touching the metal surface of the
sampling capillary (SC) until the signal could be registered and
no corona discharge was visible at a 1.5—2 mm distance from
the SC. After the experiments, the emitters were inspected with
a light microscope (Olympus FluoView 1000 MPE), as shown
in Figure S2. The tip ID varied from 3 to 20 um. The
electrostatic potential was supplied to the platinum wire (0.05
mm diameter) within the emitter that was filled with the
sample liquid. The emitters were first loaded with 300 nm latex
beads in 100 mM ammonium acetate solution to find the
suitable operating parameters of the nanoelectrospray (i.e.,
electric potential, distance toward SC, desolvation temperature,
and the tip diameter) and to get rid of the solvent
nanodroplets (larger than SO nm in diameter). For 300 nm
particles, the following parameters were found: the distance
between the emitter and SC of 1.5—2 mm, the emitter
potential of +1.2 kV and the SC temperature of 200 °C.
Vesicle samples were then measured at identical conditions.
After the latex beads sample was consumed, the sample with
vesicles was loaded with a syringe into the emitter without
changing its position and sprayed at the same potential. In this
manner, polystyrene beads in a 100 mM ammonium acetate
solution sample acted as a negative control, ensuring the
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absence of detectable solvent droplets at the defined
nanoelectrospray conditions. The measurement procedure
was repeated for three different emitters with freshly prepared
vesicle samples each time (200 mM ammonium acetate
aqueous solution and original vesicle sample 1:1 by volume).
The transients recorded from the charge detector at different
quadrupole settings were processed using Python with
Numpy,”” Scipy,”™ and Matplotlib®” libraries, and details are
provided in the caption of Figure S4. Postprocessing was
necessary to exclude invalid transients (e.g., when signals of
two or more particles overlapped). While in the nonresolving
mode with a high count rate, 49% of the transients had to be
discarded, only 14% of transients were found invalid in the
resolving mode having substantially lower count rates (see
Table S2 for details). Processed results for all three emitter-
sample couples are also provided in the SI (Figures S6—S9).
Since the resulting m/z, charge, mass, and diameter
distributions belonging to the different emitters did not differ
substantially, we focus on the data acquired with the second
emitter sample in the next section.

Blood Serum Measurement. The 6 mL of blood was
sampled from the veins of the volunteer into a blood-collection
tube containing sodium citrate (final concentration of 3.8% w/
V). The sample was left to separate erythrocytes (red blood
cells) and platelets from serum by standing still at room
temperature for 3 h. The upper yellow-brown supernatant was
transferred into a new 15 mL tube with a conical bottom and
centrifuged for 10 min at 1500g at room temperature to
remove debris and white blood cells. The supernatant (blood
serum) was transferred into 3 new 1.5 mL Eppendorf tubes
and stored in a fridge at +8 °C for S days in a vertical position.

The 20 uL of serum was taken from the upper half of the vial
and mixed with 800 xL of 100 mM ammonium acetate
solution. The emitter distance from SC was about 2 mm and
nanoelectrospray potential +1.3 kV. The size distribution of
the blood serum sample was measured using the same DLS
setup and experimental conditions as those used for the LUVs

https://doi.org/10.1021/acs.analchem.4c05730
Anal. Chem. 2025, 97, 9131-9138


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c05730/suppl_file/ac4c05730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c05730/suppl_file/ac4c05730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c05730/suppl_file/ac4c05730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c05730/suppl_file/ac4c05730_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05730?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05730?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05730?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05730?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c05730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

Technical Note

o 1.07 a) m/z 2.5x10° ] b) n |'|[:I
'g 0.8 m/z 5x10° . i"tlr-
o
2 06- m/z 8x10° ] I Jﬂ
v miz 1.5x106 | .!1'}]
=R miz2.5x106 | ] \L 9
o] 0.2 7 r|ﬂ ﬂhqq}
00 —_— — . ; o "-!:“1“‘ —
10° 107 0 250 500 750 1000 1250 1500 1750 2000
m/z Charge, [e]
« 1.0 J
= 0.8 <) d)
E . 1 —
S
c 0.6 i
(&)
> 04+ -
-+t
©
o | [
S m, _ | _J 1y i
0.0 T T T T T T
108 1010 0 25 50 75 100 125 150 175 200 225 250 275 300
Mass, [Da] Diameter, [nm]

Figure 3. Histogram distributions of m/z (a), charge (b), mass (c), and diameter (d) of vesicles as determined by the charge detector with the DQ
quadrupole in a resolving mode at five different m/z settings (color-coded). Numbers of CD detection events used to plot histogram distributions
are 646, 705, 897, 748, and 503 for m/zpq 2.5 X 10% 5 X 10°% 8 X 10% 1.5 X 10% and 2.5 X 10° respectively; bin number in each histogram is 100
with equal widths (b, d) and varying widths spaced evenly on a log scale (a, c).

suspension. Before being transferred to a plastic disposable
cuvette, the blood serum was diluted with water in a 1:1 (v/v)
ratio.

B RESULTS AND DISCUSSION

LUVs Sample. After loading the emitter with the vesicle
sample, the DQ_in nonresolving mode was used to transfer all
charged vesicles from nanoelectrospray toward the charge
detector. To transmit the full range of LUVs with initially
unknown m/z distribution, the DQ_frequencies were set to
24.7, 15.6, and 7.8 kHz. These values correspond to m/zDQ
settings 2 X 10°%, 5 % 10°% and 2 X 10° with 0 DC component,
respectively, and comply with the lower m/z limit in the
stability diagram. Each frequency setting was repeated in cycles
with 30 s dwell time for 40 min to collect a sufficient number
of detection events while keeping enough amount of the
sample in the emitter for the subsequent measurements in the
resolving mode. Upon passage through the CD, the charged
vesicle generates a transient signal. Once digitized, the signal
allows us to obtain the charge and the velocity; the latter
provides m/z for a known accelerating potential (i.e, DQ
potential of 200 V). The mass was calculated as a product of
the mass-to-charge ratio and the charge; the diameter of the
vesicle was derived from the mass, assuming the spherical
shape of LUVs and a density of water (997 kg/m?). All
experimental and derived values of m/z, charge, mass, and
diameter at each nonresolving DQ setting are plotted in Figure
2 as histogram distributions. Figure 2a shows that the vesicle
m/z distributions roughly span the range from 2 X 10° to 3 X
10° Because of the close similarity of the three charge
distributions (Figure 2b), the shape of the corresponding mass
distributions resembles that of m/z (Figure 2c). In comparison
with the DLS measurement (inset in Figure 2d), the diameter
distributions are slightly shifted to lower values, but most
abundant diameters are in the same range between 100 and
200 nm.
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To acquire separate narrower mass distributions of LUV,
the DQ was used in resolving mode, and five specific m/zpq
were selected from the range obtained in the nonresolving
mode. The resulting m/z, charge, mass, and diameter
distributions are shown in Figure 3. Again, due to the
similarity of charge distributions (Figure 3b), the mass
distributions (Figure 3c) are determined primarily by that of
m/z (Figure 3a). The m/z resolving power calculated as a ratio
of the m/z peak position and its Full Width at Half Maximum
(fwhm) is about S and did not change substantially at higher
DQ resolution settings (see Figure.S10). This means, in turn,
that the peak fwhm is defined not by the quadrupole but by the
error of the m/z measurement with the charge detector. The
relative standard deviation (RSD) can be estimated from
Gaussian fits to m/z distributions, and it ranges from 12% for
m/z 2.5 X 10° to 7% for m/z 2.5 x 10°.

The charge distributions at different m/zDQ settings are
generally similar, with their modal values in the range of 750—
900 e, and various tailings toward higher charges. The
detection limit of the present CD is about 600 e, as mentioned
in the Experimental section, and careful signal processing was
required, especially when several charged particles were
recorded simultaneously in one transient (see Figure S4).
Additionally, heatmaps of the charge versus mass dependence
are shown in Figure S12 for both nonresolving and resolving
modes of operation. All charges measured are smaller than the
Rayleigh charge limit for water, and their number does not
show any substantial increase with the diameter (mass). On
the other hand, distinct charge distributions may indeed be
observed with CDMS. This was the case in the studies of
lipoproteins and exosomes, where different particle structures,
geometries, and molecular cargos located on the surface
resulted in several distinct charge subpopulations.*’ The
reduction of a charge of electrosprayed spherical-shaped
bacterium Staphylococcus aureus (500—1000 nm) with
increasing sampling capillary temperature was explored by
Shao-Yu Liang et al. using a charge-sensing particle detector.*'
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They discovered that at 200 °C, the bacterium was fully
desolvated from methanol and bears a mean charge of 1046 e,
which is compatible with values obtained here.

Figure 4 shows the time series of the vesicle detection count
rate in the resolving mode for five m/zpq settings. Though a
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Figure 4. Measurement time series of the vesicle count rate as
detected by the charge detector at various m/z settings of DQ_in
resolving mode.

gas-filled DQ focuses charged vesicles on the instrument axis,
some divergence is expected downstream so that the number
of detection events is lower compared to the number of
vesicles leaving the DQ. Assuming an average flow rate in the
nanoelectrospray being S0 nL min~’, we can roughly estimate
the total number of vesicles emitted in front of the SC as 10°
per minute (see SI for the calculation details). It is, however,
not clear how many of them were sampled into SELINA.

Blood Serum Sample. The measurement of the blood
serum was done in the same manner as that for the LUVs
samples. First, the DQ was used in the nonresolving mode to
get broad m/z distributions of charged particles at fr,q values
of 24.7 kHz, 15.6 kHz, and 7.8 kHz. The m/z values of
detected particles during these initial measurements with
different emitters were roughly in the 10°—10" range (see
Figure S14). The detection of particles with m/z > 10° atfpq =
7.8 kHz was unstable and occurred in short bursts, probably
affected by some processes in the nanoelectrospray ion source.
Unlike LUVs, the DLS analysis of the serum sample shows a
much wider, multimodal size distribution with diameters from
4 nm to 6 um featuring three peaks around 10, 40, and 500 nm
(see Figure S13).

In the resolving mode, DQ was set to six different values of
m/zpq (ie, 2 X 10°, 3 X 10 5.5 X 10°, 7 X 10°, 1.2 X 105, 3 X
10°) based on m/z distributions obtained in the nonresolving
mode. While Figure 5 shows histograms for m/z and mass
obtained with the CD at four m/zpq values (i.e., 2 X 10%, 5.5 %
10%, 1.2 X 10% 3 X 10°), all of them are depicted in Figure S15.
The diameter distributions are not evaluated here, as the
nature of the detected particles and thus their shape and
densities are not known. Instead masses of spherical water
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Figure S. Histogram distributions of m/z (top) and mass (bottom)
for serum sample particles as detected by CD at m/zpq 2 X 10%, 5.5 X
10% 1.2 X 10% 3 x 105 In the bottom plot, the gray vertical lines
denote mass values equivalent to spherical particles with a density of
997 kg m™* for different diameters in nanometers. The bin number in
each histogram is 100, with varying widths spaced evenly on a log
scale.

particles with various diameters are depicted in Figure S for the
sake of comparison. The count rates in the resolving mode
were lower than in the LUVs experiment and covered the
range from 6 min™"' at m/zpq 3 X 10° to 30 min~" at m/zpq 2
X 10°. We also observed that after about 30 min, a visible film
was formed near the orifice of the sampling capillary and
partial clogging of the latter started after an even longer period
of operation.

B CONCLUSIONS AND OUTLOOK

We have demonstrated that LUVs with a 100—200 nm
diameter can be charged in nanoelectrospray from aqueous
solutions, transferred into the vacuum, and thermalized to a
defined electric potential in the SELINA instrument. The
combination of two wide m/z-range frequency-controlled
quadrupoles, where the first one was used in nonresolving
mode while the second one in resolving mode, facilitates the
mass filtering of vesicles based on their m/z. As a result, we
have succeeded in separating a broad initial distribution (fwhm
of 200 nm, see Figure 2d) into distinct LUV fractions having
fwhm of 20-30 nm. The charged LUVs were mass
characterized by a single-pass charge detector operated in the
current study near its detection limit of 600 e. In future
investigations, we will apply an improved design of the charge
detector based on electrostatic trappin§ with a detection limit
down to tens of elementary charges.”” It will enhance the
precision of the mass measurements and allow us, for instance,
to investigate smaller vesicles.

It is well established that real biological samples containing
EVs feature a high degree of particle (vesicle) heterogeneity.
Therefore, both m/z and the mass correspondence may not be
unique due to the broad charge and density distributions of the
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bioparticles under study. Nevertheless, quadrupole presepara-
tion performed in this work can be used to select a relatively
narrow mass fraction for a detailed mass spectrometric
characterization of the content carried by the selected vesicles.
If needed, a deflection stage synchronized with the charge
detector can be added to single out particles with a desired
mass or charge as it was applied in dust particle accelerators.*

The present pilot investigation with blood serum demon-
strated that quadrupole-based mass separation of particles from
a highly heterogeneous sample is indeed feasible. We found
out that separation efficiency was not compromised due to the
broader charge distribution of the blood serum sample with
respect to LUVs. Currently, the main limitations are the
stability of the nanoelectrospray source and a low count rate of
the separated particles in resolving mode. In particular, for
larger particles the count rate achieved was only 6 min™". The
modifications of the ion source, atmospheric pressure interface,
and use of additional ion optics could help to increase the
count rate at least several times. Moreover, lower quadrupole
resolution settings could further increase the transfer rate of
vesicles, although the resulting size distribution will be broader.

Comparing our findings to those obtained by other
separation techniques so far, the obvious advantage of the
presented approach is its selectivity since the mass and charge
are measured for each individual particle. However, we
consider the short (millisecond) time scale needed for
separation and mass characterization of an individual vesicle
to be the main benefit of our approach. It enables a direct and
contamination-free selection of vesicles that can be subjected
to additional analyses. Particularly, in an electrodynamic trap
placed downstream, selected vesicles could be accumulated
and irradiated by short mid-IR laser pulses inducing the
desorption of (charged) proteins and peptides from the vesicle
membrane,** which can then be analyzed using e.g, a TOF
mass spectrometer. A dedicated power supply allowing
simultaneous storage of both the vesicles and desorbed species
would be necessary for such a trap.'” For example, to trap ions
with m/z from 200 to 2 X 10° in a linear quadrupole trap with
a 0.475 cm effective radius, a harmonic voltage with frequency
of 1 MHz and an amplitude of 400 V would be required.” To
this end, the count rate of 26 min™' achieved for the serum
sample at m/zpq 5.5 X 10° makes us confident that such
trapping experiment coupled with desorption MS analysis may
be worth trying. Our future development of the current
concept will therefore aim at the separation of individual EVs
from real biomedical samples, with the main objective of
obtaining EVs’ signatures (e.g., mass and charge distributions)
together with the mass spectra of cargo proteins.

B ASSOCIATED CONTENT
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