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Abstract

Background: Detailed characterization of extracellular vesicles (EVs) is crucial for their application in medical diagnostics. However,
the complexity of their chemical composition and the heterogeneity of EV populations make their characterization challenging. Here
we describe two analytical procedures that can help overcome this challenge. Methods: Small EVs were isolated from conditioned
cell culture media using ultracentrifugation and characterized using nanoparticle tracking analysis (NTA) and transmission electron
microscopy (TEM). Raman spectroscopy was used to assess the overall composition of the isolated samples and lipids extracted from
them. Sulfophosphovanillin (SPV) colorimetric assay was used to quantify the contents of lipid. Results: Six samples of EVs were
characterized. The lipid contents measured using SPV assay was in reasonable agreement with the quantitative estimates based on the
particle size and concentration measured using NTA. The most peaks observed in the Raman spectra could be attributed to either proteins
or lipids, and their origins was confirmed by lipid extraction. The protein-to-lipid ratio was estimated based on the Raman spectra.
Conclusions: The experiential procedures described in this study will help to overcome the challenge of quick and highly informative

characterization of the EVs.
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1. Introduction

Extracellular vesicles (EVs) are membrane-
surrounded particles secreted by cells into the extracellular
space. Their key function is intercellular communi-
cation; they deliver nucleic acids, proteins, lipids and
small-molecule metabolites between cells. The molecular
composition of vesicles, including the lipid-protein com-
position of EV membranes, largely determines the fate of
secreted vesicles in body fluids as well as their functional
activity. Analysis of their biochemical composition can
help to diagnose many diseases, including cancer [1,2].
Besides, control of their biochemical composition is nec-
essary for their application in regenerative medicine and
drug delivery [3]. However, samples of EVs isolated from
cell culture media and body fluids are prone to various
contaminations [4—6]. Thus, assessment of their purity and
composition is crucial.

Optical measurements lay the technical foundation
for many biochemical assays. The measurements of ab-
sorbance, fluorescence, chemiluminescence, and other op-
tical signals can be used to determine various aspects of
sample contents [7]. Compared to sophisticated analysis
tools, such as nuclear magnetic resonance (NMR) spec-

troscopy and mass-spectrometry, optical measurements are
usually faster and cost-effective, although the advanced
ones often require fluorescence labeling [8]. In the cur-
rent work we describe two optical-based procedures for the
characterization of extracellular vesicles — lipid concentra-
tion measurement using sulfophosphovanillin (SPV) col-
orimetric assay and application of Raman spectroscopy for
the estimation of the overall sample composition and the
protein-to-lipid ratio.

Nanoparticle tracking analysis (NTA) is a commonly
used method to measure the size of the EVs as well as
their concentration [9]. The samples of EVs are intrin-
sically complex and require rigorous control, thus, addi-
tional approaches to the concentration measurement are
usually required. For example, the total protein concentra-
tion (Cprotein) is Widely used as an indirect measure of the
EVs concentration. The protein concentration can be de-
termined using a bicinchoninic acid (BCA) assay [10,11],
a Bradford assay, or a multitude of other photometric pro-
cedures, such as Qubit assay. These procedures are rela-
tively simple and straightforward. Given that EVs are lipid-
based nanoparticles, it seems more relevant to characterise
their concentration in terms of lipid concentration. How-
ever, measuring the lipid concentration (Cyipig) is relatively
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challenging; it can be assessed using either the phospho-
rus assay (determining phosphate concentration in phos-
pholipids) or the SPV assay [12]. The mechanism of the
SPV coloring reaction is based on the interaction between
the SPV reagent and the alkenyl cation produced from un-
saturated lipids during the reaction [13]. In our experience,
it has higher sensitivity than the phosphorous assay, so we
focus on SPV in the current work. The SPV colorimetric
assay can be applied to quantify the lipids extracted from
the extracellular vesicles [10,11]; however, only few works
have actually described such measurements so far. Many
alternative analytical tools can be used for the lipid quan-
tification, including NMR spectroscopy, chromatography,
and mass spectrometry [14]. However, in this study we re-
gard only the simplest ones, which rely on the commonly
available optical spectroscopy.

Raman spectroscopy is a non-destructive analytical
technique that enables the assessment of the chemical com-
position of samples. It requires a relatively small sample
volume (typically ~1-10 pL) and is suitable for the analy-
sis of biological samples [15]. The peaks present in the Ra-
man spectra indicate certain vibration modes of the chem-
ical bonds in the studied samples. Thus, analysis of the
spectra provides information about the presence of certain
chemical bonds or functional groups in the studied samples,
and it can be used to detect specific substances, e¢.g. low-
molecular weight biomarkers [16], pharmaceutical agents
[17], toxins [18] and others. Raman spectroscopy can be
applied to analyze the samples of extracellular vesicles [ 19—
22]. If combined with specific sample handling procedures
and data processing algorithms (primarily, principal com-
ponent analysis), Raman spectroscopy can distinguish be-
tween the EVs isolated from the normal and cancer cells
[20]. Besides, Raman spectroscopy can be used to as-
sess the purity of EVs at a semi-qualitative level [21,23].
The advantage of Raman spectroscopy in this context is
that it yields information about all the major classes of
biomolecules in the samples of EVs based on a minimal
sample volume. The sensitivity of Raman spectroscopy
can be drastically improved using surface-enhanced Raman
spectroscopy (SERS) [24,25]; however this approach re-
quires elaborate sample preparation and increases the over-
all difficulty of the measurements.

In the current work we describe several steps used to
characterize the EVs. Using the EVs from the cell condi-
tioned medium of H358 cell line as a model system, we
optimize the SPV assay to measure the contents of lipids in
the samples of EVs. Then we analyze the Raman spectra
of EVs from different origin to highlight the most typical
peaks observed. We compare the Raman spectra obtained
from EVs and the lipids extracted from them to confirm the
lipid extraction efficacy by the changes in the Raman spec-
tra. Finally, we calculate the ratios of certain peaks in the
spectra to estimate the protein-to-lipid ratio. The two de-
scribed optical assays can help to assess the chemical com-
position of EVs.

2. Materials and Methods
2.1 Isolation of Small EVs

EV samples were extracted from conditioned cell cul-
ture media (H358, A549 and H1299 cell lines), and two
body fluids — uterine aspirates obtained from epithelial
ovarian cancer patients and gastric juice of healthy individ-
uals. All cell lines were validated by STR profiling and
tested negative for mycoplasma.

Cells were cultured in DMEM medium (S420p,
Lot #600, PanEco, Moscow, Russia) supplemented
with 10% fetal bovine serum (FBS) (SV30160.03, Lot
#RG20210008, HyClone, Pasching, Austria), penicillin
100 U/mL and streptomycin 100 ug/mL (PanEco, Russia)
in standard conditions (37 °C and 5% CO;). The serum
was previously purified from native vesicles using ultra-
centrifugation. To do this, under sterile conditions, FBS
was diluted with DMEM in a ratio of 1:4 and unscrewed
at 100,000 x g overnight at 4 °C. The resulting supernatant
was used to prepare EV-depleted media. To collect the con-
ditioned medium, the cells were seeded into six 175 cm?
culture flasks, the next day the medium was replaced with
EV-depleted DMEM. Once the cells reached 90% conflu-
ency, the medium was collected, pooled, and used to iso-
late EVs. The clinical specimens were received from “N.
N. Blokhin National Medical Research Centre of Oncol-
ogy” of the Ministry of Health of the Russian Federation,
diluted in 5 mL of ice-cold phosphate-buftered saline (PBS)
and processed no more than two hours after the sampling.
After thorough vortexing, samples were consecutively cen-
trifuged at 300 xg, 800 xg and 2000 xg for 15 minutes
(4 °C) to remove cells and cellular debris. After that stage,
large vesicles were sedimented at 10,000 x g for 30 minutes
(4 °C) and obtained supernatant was frozen and kept at —80
°C until needed.

We slightly modified a standard protocol of differen-
tial centrifugation described in article [26]. On the first
step of preparation, 140 mL of media was centrifuged at
800 xg and 2000 xg for 15 minutes (4 °C), and the pel-
let was discarded. The obtained supernatant was subjected
to another centrifugation round at 10,000 xg for 30 min-
utes (4 °C) to clear our samples from apoptotic bodies and
large vesicles. Then, we performed first ultracentrifugation
round on cleared supernatant at 110,000 xg (4 °C) for 2 h
with a SW-28 swinging bucket rotor (k factor 245.5; Beck-
man Coulter, Brea, CA, USA). The obtained pellet (con-
taining mostly small EVs) was resuspended in 5 mL of ice-
cold PBS and centrifuged again at 110,000 x g (4 °C) for 1
h with a SW-50.1 swinging bucket rotor (k factor 154.5;
Beckman Coulter). The final pellet was resuspended in
120 pL of ice-cold 10 mM PBS, aliquoted in 2 mL tubes
(Protein LoBind #022431005, Lot #J189243G, Eppendorf,
Hamburg, Germany), frozen in liquid nitrogen and stored
at —80 °C for further analysis using transmission electron
microscopy (TEM), SPV assay, and Raman spectroscopy.
The protocol for isolating EVs from clinical samples was
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the same except that before ultracentrifugation, the samples
were diluted in 30 mL ice-cold PBS.

The following protocol was used to more rigorously
separate vesicles by size. After 2000 x g step, supernatant
was centrifuged at 8000 x g for 30 minutes (4 °C) to elim-
inate largest particles. Then, medium extracellular vesi-
cles (mEVs) were sedimented at 19,000 xg for 1 h (4 °C)
and diluted in 120 pL of ice-cold PBS. The acquired super-
natant was used to isolate cleared small extracellular vesi-
cles (sEVs) according to the protocol described above.

2.2 Nanoparticle tracking Analysis and Data Processing

The size distribution and concentration of EVs were
determined by NTA using a NanoSight LM10 HS instru-
ment (Malvern Panalytical Ltd, Malvern, UK) equipped
with a NanoSight LM 14 unit with onboard temperature con-
trol (Malvern Panalytical Ltd., Malvern, UK), a LM 14C
(405 nm, 65 mW) laser unit and a high-sensitivity cam-
era with a scientific CMOS sensor (C11440-50B, Hama-
matsu Photonics, Hamamatsu City, Japan). All measure-
ments were performed in accordance with ASTM E2834—
12(2018), with the following camera and video processing
setups optimized for EV measurement: Camera Shutter =
1500, Camera Gain = 500, Lower Threshold = 195, Higher
Threshold = 1885, Screen Gain = 10 and Detection Thresh-
old = 8 (Multi). Each sample was diluted with particle-
free PBS down to a concentration of about 1.5 x 108 parti-
cles/mL. Twelve videos 60 s long each were recorded and
processed using NTA software 2.3 build 33 (Malvern Pana-
lytical Ltd.). The results from all measurements were com-
bined to obtain a particle size histogram and the total parti-
cle concentration corrected for the dilution factor using the
NTA software feature.

2.3 TEM Imaging and Image Processing

Before imaging, all samples were diluted in PBS to
reach a concentration close to 2 x 10! particles/mL to
ensure optimal surface density of particles in sight. The
TEM grids coated with formvar and carbon (FCF200-CU-
50, Electron microscopy sciences, Hatfield, PA, USA) were
treated for 45 s using an Emitech K100X glow discharge de-
vice (Quorum Technologies Ltd., Laughton, UK) to make
the carbon surface hydrophilic and increase the adsorption
of the vesicles. The samples (V~5-10 uL) were deposited
onto grids for 2 minutes, stained with 1% uranyl acetate
twice for 2 minutes, and then dried. Images were obtained
via JEM-1400 (JEOL, Ltd., Akishima, Japan) equipped
with the Rio-9 camera (Gatan Inc., Pleasanton, CA, USA)
operating at 120 kV. Image processing was performed using
ScanEV software (https://bioeng.ru/scanev/) [5] and Im-
agel (ver. 1.53c, https://imagej.net/ij/) [27].

2.4 Lipid Extraction Protocol

The extraction mixture consisted of chloroform
(Chimmed, Moscow, Russia) and methanol (Chimmed,
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Moscow, Russia) at a 2:1 ratio by volume [28]. The ratio of
the sample volume and the extraction mixture was 1:3 [29].
We added 25 uL of the sample to the 75 L mixture of
chloroform and methanol, then vortexed it for 60 s and incu-
bated for 15 min at room temperature. After incubation, 15
pL of water was added, and the solution was vortexed and
centrifuged for 15 min at 1000 xg (20 °C). The chloroform
fraction was withdrawn and used for further analysis.

2.5 SPV-assay Protocol for Lipid Quantification

To quantify the content of lipids in the samples of
extracellular vesicles, the method of sulfophosphovanillin
assay (SPV) was applied to their extracts. The phospho-
vanillin reagent was a 17% solution of phosphoric acid
(Chimmed, Moscow, Russia) with a vanillin (Dr.Bakers,
Moscow, Russia) concentration of 1 mg/mL. A solution
of lipids in chloroform (either standard or the extract ob-
tained from the EVs) was added to test tubes (Costar,
Thermo Fisher Scientific, Waltham, MA, USA) and dried at
90 °C. Then, 160 pL of 96% H3SO, (Component-reactiv,
Moscow, Russia) was added to each tube and heated at 90
°C for 10 minutes, then the tubes were cooled at 4 °C for 5
minutes. At the final stage, 160 puL of the phosphovanillin
reagent was added to the tubes. The solutions were mixed
using a vortex and incubated at 37 °C for 30 minutes. After
incubation, the contents of each tube were placed into the
wells of a 96-well plate, and the absorbance was measured
using a Hidex Chameleon plate reader (Lablogic Systems
Limited, Sheffield, UK) at a wavelength of 546 nm. This
allowed us to measure the mean mass of the lipids using a
calibration curve. The concentration was calculated by di-
viding the mass over the sample volume used for the lipid
extraction (Vs =25 pL).

2.6 Raman Spectroscopy

Raman spectra were obtained using INTEGRA Spec-
tra (NT-MDT, Zelenograd, Russia) instruments at an exci-
tation laser wavelength of 532 nm, diffraction grading 600
lines per mm, objective 20x, laser power 5 mW, spectral
range from 600 to 3050 cm ™!, spectral resolution 4 cm—!.
Either aluminum foil or a mirror glass was used as the
substrate. Raman spectra were recorded from dried sam-
ples of EVs, as well as lipid extracts from them. When
preparing the samples, they were dried on the surface to
enhance the Raman signal by successively applying sev-
eral drops of 2 pL to the same area. Typical spectrum ac-
cumulation time was ~30-60 s after 60 s of photobleach-
ing with the same laser power to decrease the fluorescence
background. At least three spectra were collected for ev-
ery sample from the edge of the drop. Baseline subtraction
was performed using Spectragryph free software (ver. 1.2)
(https://www.effemm?2.de/spectragryph/).
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Fig. 1. The TEM images demonstrating the “cup-shaped morphology” (left panel) and the NTA size distributions of the studied

extracellular vesicles (right panel). (A,B) sEVs and mEVs isolated from H358 cell line conditioned media, respectively. (C,D) sEVs

isolated from A549, H1299 cell line conditioned media, respectively. (E,F) sEVs isolated from uterine aspirate and gastric juice, respec-

tively. The scale bar is 200 nm. sEVs, small extracellular vesicles; NTA, nanoparticle tracking analysis; mEVs, medium extracellular

vesicles; TEM, transmission electron microscopy.

2.7 Qubit Protein Assay

Quantitative determination of proteins was carried out
using the Qubit 4 fluorimeter (Thermo Fisher Scientific,
Waltham, MA, USA) according to the Qubit protein assay
protocol provided by the manufacturer. For one measure-
ment, we used 1-3 pL of sample; each sample was mea-
sured in triplicate.

3. Results and Discussion
3.1 Overall Characterization of EVs

As evidenced by NTA measurements, all the samples
of EVs contained submicron particles. The sizes of these
particles are summarised in Table 1. TEM measurements
with negative staining revealed the presence of cup-shaped
particles in all the studied samples (representative images
are shown in Fig. 1). This morphology helps to distinguish
between the EVs and some submicron contaminants that are
frequently present in the samples [4—6].

The most significant findings presented in the follow-
ing section were obtained using the two subpopulations of
extracellular vesicles (EVs) derived from H358 cells as the
model system. The isolation of the EVs was conducted

using a stepwise centrifugation process, whereby the rel-
atively large particles were sedimented at 19,000 x g, while
the relatively small particles were sedimented at 100,000
x g. The latter sample contains the sEVs, and the former
one was regarded as a population of relatively large parti-
cles called mEVs. Fig. 1A,B illustrates the results of TEM
imaging and NTA characterisation of the sEVs and mEVs
isolated from H358 cells. The mean size of the mEVs (148
=+ 17 nm) was approximately 1.5 times larger than the mean
size of the sEVs (108 £ 17 nm). This difference was evi-
dently a consequence of the interplay between the particle
size and its tendency to pellet at a specific centrifugal force.

3.2 SPV Colorimetric Assay

We adopted the protocol for assessing the concentra-
tion of lipids in the samples of sEVs, as described in [11].
The protocol indicated that the phosphovanillin reagent
(PV) should be used at 17% of phosphoric acid, with a vol-
ume ratio of sulfuric acid to the PV reagent should of 2:1.
However, we observed absorbance was low, prompting us
to vary the concentration of the SPV reagent (17% or 68%)
and proportions of sulfuric acid and the PV reagent (1:1 or
1:9) to enhance the assay sensitivity [30].
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Table 1. The list of the studied samples and their size distribution parameters determined using NTA.

Sample Mean diameter (NTA) £+ (99%) CI, nm  Median diameter, nm  Mode, nm
H358 sEVs 108 + 17 97 87
H358 mEVs 148 + 17 132 103
A549 sEVs 124 +£38 112 92
H1299 sEVs 131+ 16 115 93
Uterine aspirate sEVs 110 + 14 93 82
Gastric juice sEVs 138 + 26 126 125
CI, confidence interval.
04 T
——17% PV (1:1 sulfuric acid : PV)
503 +
m . -
ar ——68% PV (1:1 sulfuric acid : PV)
Q
‘E’ 0.2 +
5 17% PV (1:9 sulfuric acid : PV)
w
201 T
| ——68% PV (1:9 sulfuric acid : PV)
0 i i i |
0 20 40 60 80

Lipid mass per well, ug

Fig. 2. SPV assay calibration curves. The absorbance was measured at A = 546 nm. PV, phosphovanillin; SPV, sulfophosphovanillin.

Fig. 2 shows the calibration curves obtained using the
same lipid samples and the different variations of the as-
say. The lipid mixture used as the mass standard (341602G,
Avanti Polar Lipids, Alabaster, AL, USA) contains approx-
imately 70% of unsaturated lipids, so the mass of the lipid
per well was calculated by multiplying the mass of the stan-
dard by a factor of 0.7. It turned out that the highest colori-
metric signal was obtained when the 17% phosphoric acid
was used, as recommended in [11,13]. However, the ratio
of sulfuric acid to PV was selected at 1:9, as suggested in
[31].

The SPV assay is sensitive to the type of vials used
for the reaction [10]. We found that the reaction yielded a
higher signal when performed in Costar tubes than in Ep-
pendorf Safelock tubes (data not shown). This difference
could be due to the subtle variations in the plastic composi-
tion and the roughness of the inner surface of the tubes.

We used the SPV assay to measure the concentration
of lipids in the samples of sEVs and mEVs isolated from
the culture medium of H358 cells (Fig. 1A,B). SPV assay
ylelded CSPV sEVs — 0.34 +0.2 mg/mL and CSPV mEVs — 04
=+ 0.2 mg/mL. The measurement errors were relatively large
because the absolute amount of lipids was low, and the mea-
surements were carried out at the lower part of the assay
dynamic range.

Let us roughly estimate the concentration of lipids in
the samples based on their concentration Cgy, measured us-
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ing NTA. If the mean diameter d of the particles is known,
we can estimate the lipid concentration as

(42 + (d - 20)?)
sI,

Cr =CgpvsNiMp =CgyvsMp

(D
In this formula Ni and My are the mean number of
lipid molecules in a particle and the mean molecular weight
of a lipid molecule (expressed in Da), Sy is the typical area
occupied by a single molecule in a bilayer, and A is the
membrane thickness. For example, if we use d = 100 nm,
A =5 nm, My = 744 Da, Sy = 0.7 nm? [32], we get Np
2 81000, which is an estimate of the number of lipids in a
liposome.
We assume that all the vesicles can be characterized by
the same My, and Sy. In this case, for a sample of vesicles
characterized by a distribution Cgy; (d), we get

Cr = w%/om(x) (@ + (x— 202 dr ()

This is an upper-bound estimate for Cp, because the
membranes are composed of proteins as well as lipids. As-
sume that the mass fraction of proteins in a membrane is «
= 0.4 [33], all the membrane proteins are transmembrane,
they have a mean molecular weight of Mp = 100,000 Da
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and occupy a typical area of Sp = 7 nm? in the membrane.
In this case we get

M
Cp=nr———"2 _ / Cevs(z) (2° + (z — 2A)?) dz
(S L +2S5p %)

A3)
where the molar ratio of proteins and lipids in the membrane
is

Np M _a
NL_MP].—CV

“4)

These formulae can be used to estimate the concen-
tration of lipids in the samples of the two subpopulations
of EVs isolated from the H358 cells (SEVs and mEVs,
Fig. 1A,B). These estimations are based on the NTA data;
we replaced integration with sum and obtained Cp gy =
0.26 mg/mL and Cp pgyvs = 0.43 mg/mL. These data are
close to the values obtained using the SPV assay: Cgpy sgys
=0.34 + 0.2 mg/mL and Cspy mgys = 0.4 + 0.2 mg/mL.
The difference Cspy sgvs < Cspv meys 18 confirmed by the
CL sevs < CL mEvs estimates.

One of the studied samples of SEVs obtained from gas-
tric juice (Fig. 1F) had a relatively high concentration of 1.2
x 10'2 particles/mL according to NTA and a relatively high
concentration of lipids Cspy gy = 1.2 £ 0.2 mg/mL accord-
ing to the SPV assay. Based on the formula (2), one could
expect a lipid concentration of Cp gy = 2.8 mg/mL.

The discrepancy between the theoretical estimate C,
and experimental result Cspy can originate from several fac-
tors. First, the SPV assay is sensitive to the non-saturated
C=C bonds, and ignores the saturated lipids. Thus, the con-
centrations Cgpy resemble only a fraction of the total sam-
ple lipids. Second, Eqn. 1 implies perfect lipid extraction
efficacy, which is unlikely to be the case in practice. The
loss of lipids during extraction contributes to the discrep-
ancy between Cgpy and the actual concentration of lipids in
the sample. Third, the assumptions used to estimate C can
be violated. Particularly, we assumed that the fraction of
proteins in the membrane o = 0.4 is fixed, which is ob-
viously an oversimplification. Finally, the concentrations
CL can be incorrect due to the artifacts related to the NTA
measurements (low sensitivity for the smallest particles, ag-
gregation of some particles). Despite these factors, the re-
sulting values are similar, thereby confirming the overall
consistency of our approach. The SPV assay can be a valu-
able tool for the quantification of EVs in diverse samples,
the identification of various sub-populations of EVs (small
EVs, ectosomes, apoptotic bodies etc.), and the compari-
son of EVs isolated from the different origins. The precise
quantification of EVs will, in turn, facilitate the determina-
tion of their physiological functions and diagnostic poten-
tial.

According to the previously published data [10], the
SPV assay demonstrated the best performance at Cipiq
>0.05 mg/mL. In the current work, the SPV assay could
detect approximately 1 pg of lipids per well. If the exper-
iment is conducted in triplicate, a total of 3 pg of lipids is
required. Assuming that the lipids were isolated from V¢ =
25 uL of sample, this would correspond to a minimum de-
tectable concentration of Cgpy = 0.12 mg/mL. Assuming d
=100 nm, Cp = Cgpy = 0.12 mg/mL, and using Eqn. 1, we
get approximately Cgy,~10'2 particles/mL. This is consis-
tent with the typical concentration of EVs required for the
assessment using the SPV assay.

3.3 Raman Spectroscopy of Extracellular Vesicles and
Lipid Extracts

From a chemical perspective, extracellular vesi-
cles are multicomponent entities comprising a variety of
high-molecular-weight substances (lipids, proteins, nucleic
acids) in addition to small molecules. To assess the chemi-
cal composition of EVs, we used Raman spectroscopy. The
Raman spectra obtained from the sEVs of the different ori-
gins (uterine aspirate and conditioned cell culture media of
H1299 and A549 cell lines, Fig. IC-E) are compared in
Fig. 3.

At a glance, the most prominent peaks are ~1000
cm~! (phenylalanine), 1300 cm~! (CH, twisting), ~1450
cm ™! (CH; deformation vibrations), 1650 cm~* (C=C and
Amide 1) and the wide peak at 2850-3000 cm~!. The
observed spectra are generally similar to those previously
described in the literature for sEVs derived from other
sources, including blood serum [20] and cell culture media
[15,23,34]. Some sEVs, for example those isolated from the
uterine aspirate (Fig. 3A), demonstrated several additional
strong peaks at 730 and 790 cm ™!, which can be attributed
to nucleic acids. Furthermore, the spectra exhibit peaks of
high intensity in the regions 1200-1280 cm~! and 1580—
1680 cm™!, usually referred to as Amide III and Amide L.
In this case, we propose that these changes can be related
to higher non-vesicular protein concentration in the sample
(according to the Qubit assay, the protein concentration was
1.3 mg/mL).

A typical spectrum obtained from the sEVs produced
by A549 cells is presented below (Fig. 4A), and the follow-
ing peak annotations are listed in Table 2 (Ref. [35-39]).
The proteins manifest themselves in the Raman spectra by
a number of peaks, and two of them are the most intense.
The first one is the Amide I peak, which is centered around
1650-1660 cm 1. It corresponds to the stretching vibration
of the C=0 bond in the -CONH- group [40,41]. The sec-
ond one is a narrow peak at ~1000 cm~!. It corresponds to
the characteristic vibrations of the aromatic ring in the aro-
matic amino acids, mainly phenylalanine. The other pro-
tein peaks in the Amide III region (1230-1270 cm™1!) are
relatively weak, although detectable (Table 2). The nucleic
acids, although present in the samples of SEVs, yield minor
contributions to the Raman spectra [24,25]. For example, in
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The protein-associated peaks were not observed in the spectrum of the lipid extract. Excitation wavelength A = 532 nm. (B) The ratios

of the I2g934/I2880 peak intensities.

the spectrum of A549 sEVs, they appeared as small peaks
at 785, 810, and 1095 cm 1.

Peaks characteristic of lipids, for example, 1300 cm™
(CHj, group twisting vibrations), are particularly intense in
the spectra of fatty acids [35]. Additionally, the peak at
1740 cm~1, which is associated with the stretching of the
C=0 double bond, is present in the Raman spectra of tria-
cylglycerides and membrane lipids. The unsaturated lipids
have a C=C double bond, and its stretching vibration con-
tributes to the peak in the 1650-1660 cm~* region.

The extraction of lipids from the sEVs and a compar-
ison of spectra can clarify the origin of some peaks. Let us
compare the sets of Raman peaks observed in the spectra
of A549 vesicles and the lipid extract obtained from them
(Fig. 4, Table 2).

1
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The protein-related peaks (amide I peak at 1660 cm~*

and the phenylalanine ring peak at ~1000 cm~!) were not
observed in the spectra of the lipid extracts. There was also
a change in the region of 28003000 cm~*; one of the peaks
had a lower intensity compared to that of the vesicle spec-
trum. It was located at 2934 cm~!, which corresponds to
the symmetric vibrations of the terminal (-CH3) group char-
acteristic of some amino acids or triacylglycerides. The ra-
tio of the peak intensities I2934/I2850, is displayed in Fig. 4B.
Upon the lipid extraction, there were fewer molecules left
in the sample that could contribute to the intensity of the
2934 cm~! peak.

The observed trends are described for the sample of
sEVs isolated from the cell culture medium of A549 cells.
However, similar trends were observed for the sEVs of
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Table 2. Positions of Raman peaks in the spectrum of SEVs isolated from the A549 cells. The peaks were identified based on

[35-39]. The rows highlighted in grey correspond to the peaks observed in the spectra of lipid extract obtained from the SEVs.

Raman peak position, cm™t

Interpretation

701-703

720

785, 810, 1095
752-760, 1360, 1555-1558
850

890

1003

1054
1060-1095, 1127
1230-1270

1298

1330-1340
1420-1480
1650-1670
1730-1740
2830-2866
2870-2890
2910-2940
2940-2967

Cholesterol ester

Choline group

Nucleic acids

Tryptophan

Tyrosine

C-0-0O vibrations
Phenylalanine aromatic ring
C-0O and C-N in proteins
C-C stretching vibrations
Amide III region
CHotwisting

Proline lateral chains
CH3/CHs, vibrations

C=C, Amide I

C=0 ester stretching vibrations
CHz symmetric stretching
CH, asymmetric stretching
CH3s symmetric stretching
CH3z asymmetric stretching

other origin (H358 and uterine aspirate) and the lipid ex-
tracts derived from them. We observed the disappearance
of the most intensive protein-related peak in the Amide I
region. The shape of the double peak at 1436/1455 cm™!
was revealed, as well as that of the lipid-related peak at
1300 cm~!, which became cleaner and narrower. There
were also some changes in the region of 2800-3000 cm 1.
The manifestation of the double peak 1436/1455 cm™! can
be attributed to the emergence of the regular packing of the
lipid molecules [42]. Overall, the Raman spectra confirmed
the efficacy of the lipid extraction procedure.

3.4 Protein-to-Lipid Ratio Quantification

The protein-to-lipid ratio is a useful parameter for the
assessment of the purity of the vesicles [19]. This ratio
can be calculated by measuring Cprotein and Ciipig indepen-
dently, or alternatively, it can be estimated using optical
spectroscopy. Here we compare these two approaches.

We studied the vesicles isolated from H358 cell cul-
ture medium by the three methods: Raman spectroscopy,
Qubit assay for Cprotein, SPV assay for Cjipig. The former
method can be employed to estimate the Cprotein/Cripia 1a-
tio using the intensities’ ratio of the two peaks correspond-
ing to the protein and the lipid. The amount of protein
can be estimated using the signal intensity at 1000 cm ™!
(phenylalanine) or 1660 cm~! (Amide I); the amount of
lipid can be estimated using 1300 cm~! (CHstwisting) or
1440 cm~! (CH3/CH,, vibrations). The applicability of this
an approach is implicitly confirmed by the Raman spectra
obtained from the lipid extracts which do not exhibit a peak
at 1000 cm~! and have a relatively low intensity peak at

1660 cm™!. For example, the I1660/I1440 ratio was used
as an estimate for Cprotein/Cripid in [21], the ratio of amide I
band (1600-1690 cm ™) to the complex peak (27503040
cm~ ') was used in [23]. The latter approach seems con-
troversial, because the most spectrometers usually require
a mechanical rotation of the diffraction grid to change the
analyzed range from the 1600-1690 cm~! to 2750-3040
cm ™!, and it may cause an overall change in the monochro-
mator sensitivity. Therefore, it seems better to select rela-
tively close peaks for comparison.

The shape of the high-frequency region (2800-3000
cm ') can also be used to estimate the Cprotein/Clipia ratio.
It was demonstrated using infrared spectroscopy [21] and
Raman spectroscopy [43]. Obviously, there is no generally
accepted standard procedure for the selection of peaks that
are indicative of the protein and the lipid. The interpretation
is further complicated by the fact that the most intense peaks
(1440 cm™', 1660 cm~', 2800-3000 cm™!) have certain
contributions from both lipids and proteins. We compared
five ratios which can be used to assess the Cprotein/Ciipid Ta-
tio for the vesicles isolated from the H358 cells (Fig. 5).
Each of the five parameters was correspondingly higher for
the sEVs (Fig. 5C) than for the mEVs (Fig. 5B). This indi-
cated that the SEVs sample had a higher Cprotein/Ciipiq ratio
than the mEVs sample. This conclusion was confirmed by
the independent measurements of Cprorein and Ciipig using
Qubit and the SPV assay. We obtained Cprotein/Cspy = 0.7
=+ 0.46 for the SEVs and Cprotein/Cspv = 0.45 = 0.2 for the
mEVs. These values align with the spectroscopic findings,
confirming the consistency of the results across different
analytical techniques.

&% IMR Press


https://www.imrpress.com

>

SEVs

I ! 1 | I 1 ' | 1
T

T I I
2900 3000

600 800 1000 1200 1400 1600 1800 2800 2850 2950
Raman shift 1/cm
3,0 3,0
B C
25 25 - T T
*

2,0 2,0 -
o 1
,% L7 O m m e e 154 - —F
oc I _t’_

04T . 104 o T

. —3—
0,54 g 0,54 -
0,0 0,0

2934/2885 1660/1300 1000/1300 1660/1440 1000/1440

2934/2885 1660/1300 1000/1300 1660/1440 1000/1440

Fig. 5. Raman spectroscopy assessment of the H358 sEVs and mEVs. The Raman spectra of sEVs (upper row) and mEVs (lower
row) isolated from the conditioned cell culture media of H358 cells (A). The ratios of the characteristic protein and lipid peaks in Raman
spectra of the mEVs (B) and sEVs (C). Excitation wavelength A = 532 nm. Each of the five ratios was correspondingly higher for the
sEVs (C) than for the mEVs (B).

Protein Concentration (ug/mL) Lipid
- S— E— —7
- e N 15
N A 31
N +
. \ ——— 125 i
\ / \
o A0
—— 500
e AN
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500

Raman shift, cm™ Raman shift, cm™

Fig. 6. The Raman spectra of the standard samples of bovine serum albumin (BSA) and liposomes dried on aluminum foil help

to estimate of the sensitivity limit.

membrane-extruded liposomes made of soy phosphatidyl-
choline. These two samples were diluted with a two-fold

What is the minimum concentration of sEVs that can
be analyzed using Raman spectroscopy? To answer this

question, we prepared two standard samples — a pure pro-
tein sample bovine serum albumin (BSA) and a sample of
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step, deposited onto a substrate and analyzed using Raman
spectroscopy. The obtained results are shown in Fig. 6. For
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the both samples the most characteristic peaks are barely
visible at ~31 pg/mL (~0.5 uM for BSA and ~40 pM for the
lipids) and become almost indistinguishable at ~15 pg/mL.
These figures may be regarded as an estimate of the detec-
tion limit of the employed experimental setup. They might
be enhanced by using a superior optical system (higher
objective aperture, more sensitive detector, etc.) or an
improved experimental procedure (larger sample volume
used for drop coating deposition, longer signal acquisition).
However, the possible enhancement is not expected to be
drastic, and similar detection limits were reported by the
other authors. For example, Raman spectroscopy was used
to obtain spectra from the drops of 1 uM lysozyme [44],
3 uM insulin [45] or ~10 uM synthetic 1,2-dimyristoyl-
3-trimethylammonium-propane lipid [46]. Application of
SERS can decrease the detection limits further; however, it
would also increase the technical complexity of the experi-
ment.

4. Conclusions

Optical measurements are an invaluable tool due to
their accessibility and simplicity. They form the basis for
a multitude of biochemical assays, ranging from protein
concentration assessment to next-generation sequencing.
In this study, we employed two measurement procedures,
namely the SPV assay and Raman spectroscopy, to assess
the properties of EVs.

The SPV assay can be used to measure the concen-
tration of unsaturated lipids in EVs. The detection limit of
the assay was ~1 pg of lipids per well, which corresponded
to ~0.12 mg/mL of lipids in solution when the experiment
was repeated in triplicate. The SPV assay can be employed
as a supplementary technique alongside NTA and the pro-
tein concentration measurement to determine the concen-
tration of the EVs. These concentration measurements are
crucial for the control of the EVs isolation procedures, in-
vestigation of their physiological role and diagnostic poten-
tial. However, the major drawback of the SPV assay is its
focus on the unsaturated lipids.

Raman spectroscopy yielded roughly similar spectra
for all the studied samples. However, the sample of SEVs
isolated from the uterine aspirate exhibited relatively strong
protein-related peaks due to the high protein concentration.
The Raman spectra of the EVs were compared with those of
the lipids extracted from them. Only the lipid-related peaks
were observed in the latter ones, confirming the efficacy
of the lipid extraction procedure. Several ratios of peak
intensities (12934/I2880, L1660/11300, L1000/11300, I1660/11440, and
Liooo/11440) Were used to characterize the Cprotein/Ciipia ratio.
The aforementioned ratios were higher for the sSEVs sample
than for the mEVs sample, a finding that was corroborated
by the independent measurements of Cprotein and Ciipig.

The detection limit of the Raman spectroscopy was es-
timated using standard samples of BSA and liposomes. For
the both samples the most characteristic peaks are barely
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visible at ~31 pg/mL (~0.5 uM for BSA and ~40 pM for the
lipids) and become almost indistinguishable at ~15 pg/mL.
These numbers are in good agreement with the results ob-
tained by the other authors [44—46]. Raman spectroscopy
requires a little sample volume (~1-10 pL) and can quickly
assess the overall chemical composition of the isolated EVs.
However, its major limitation is the sensitivity towards the
overall chemical composition, rather than the presence of
specific biochemical markers, such as particular proteins
(e.g., GPC-1 for pancreatic cancer [47]) or miRNA (e.g.,
miR-6803-5p for colorectal carcinoma [48]).

The most informative application of Raman spec-
troscopy in the studies of EVs can rely on several factors.
Firstly, the analysis of multiple peaks instead of the individ-
ual ones can facilitate the detection of subtle yet meaning-
ful differences between the spectra obtained from the dif-
ferent samples (e.g., the patients and healthy individuals).
This analysis can be conducted using specific mathematical
procedures, such as principal component analysis [20], or-
thogonal partial least squares - discriminant analysis [49],
or artificial neural networks [34]. Secondly, the sensitiv-
ity of Raman spectroscopy is significantly enhanced when
utilising the SERS approach. However, this is achieved at
the expense of overall experimental complexity [24,25,34].
With further development, Raman spectroscopy can help
to classify the EVs and unravel the physiological func-
tions [15,23]. Furthermore, it can become a diagnostic tool,
which relies on the assessment of EVs chemical composi-
tion [16,20,34].

The samples of EVs are complex and heterogeneous,
and their characterization requires different approaches,
which rely on both ensemble assessment or single-particle
analysis. Optical assessment techniques are an essential
tool for the bulk characterisation of samples. The experien-
tial procedures described in this study can help to overcome
the challenge of quick and highly informative characteriza-
tion of the EVs.
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