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Abstract

Extracellular vesicles (EVs) require complementary methods for their comprehensive char-
acterization. This study investigates the potential of attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopy to provide orthogonal information on alter-
ations in EV preparations subjected to different processing conditions. EVs were isolated 
using a previously established nanobody-based immunoaffinity approach, and further sub-
jected to lyophilization, repeated freeze–thawing, or heat treatment followed by sonication. 
The EV preparations were characterized using nanoparticle tracking analysis, transmission 
electron microscopy, biochemical assays, flow cytometry and ATR-FTIR spectroscopy. Al-
though the overall FTIR spectral profiles remained broadly similar, multivariate and targeted 
spectral analyses revealed differences in the heat-and-sonicated preparation, which also 
showed the most pronounced changes observed by complementary characterization meth-
ods. The findings provide proof-of-concept evidence that ATR-FTIR can provide orthogonal 
information for the assessment of processing-induced changes in EV preparations.

Keywords: extracellular vesicles; ATR-FTIR spectroscopy; extracellular vesicle characteriza-
tion; label-free analysis; processing-induced alterations

1. Introduction
Extracellular vesicles (EVs) are phospholipid bilayer-enclosed nanoparticles released 

by cells [1] and can be found in a wide range of biological fluids [2–7]. They have an impor-
tant role in intercellular communication by transferring proteins, lipids, nucleic acids, and 
other bioactive molecules between cells [8]. Due to their distribution in biological fluids and 
their diverse molecular cargo, EVs have been recognized as potential non-invasive biomark-
ers [9,10], as well as promising therapeutic agents and drug delivery systems [11–13].

With the increasing translation of EV research into clinical and industrial applica-
tions, maintaining the quality, stability and comparability of EV preparations has become 
a crucial requirement [14]. However, processing and storage procedures—such as freez-
ing, freeze–thaw cycles, lyophilization, and mechanical or thermal stress—may affect their 
physicochemical properties, resulting in changes to the particle integrity, molecular com-
position, or biological function [15–17]. Hence, robust analytical approaches—capable 
of detecting processing-induced changes—are required for quality control during EVs’ 
manufacturing, handling and storing.
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The characterization of EV preparations is still challenging due to their complexity 
and heterogeneity [18]. Accordingly, the Minimal Information for Studies of Extracellular 
Vesicles (MISEV) guidelines [19] recommend the combined use of different complementary 
analytical approaches for the characterization of EV preparations. Particle size and concen-
tration are usually determined using nanoparticle tracking analysis (NTA), dynamic light 
scattering (DLS) and nano-flow cytometry [20,21], while electron microscopy and atomic 
force microscopy provide information on particle morphology [22]. Molecular characteriza-
tion relies on techniques such as Western blotting, flow cytometry, proteomics, lipidomics 
and nucleic acid analysis [23,24], allowing the identification of distinctive EV-associated 
biomolecules. Although each of these techniques provides important information, it as-
sesses only specific aspects of EV preparation, highlighting the need for combined use of 
the multiple orthogonal approaches for comprehensive characterization.

Among the label-free analytical techniques, vibrational spectroscopic techniques such 
as Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR) have been 
employed for the characterization of complex biological samples [25,26]. These methods 
create characteristic spectral fingerprints that reflect molecular composition through the 
interaction of electromagnetic radiation with molecular vibrations in the sample [27]. In EV 
research, Raman spectroscopy has been applied for the characterization of EV preparations 
from different biological sources, as well as for the assessment of EV preparation purity 
and related functional properties [26,28,29]. The application of the FTIR spectroscopy, 
in particular, has been facilitated by the integration with the rapid sampling techniques, 
such as attenuated total reflectance (ATR) [25]. Due to its fast analysis, minimal required 
sample preparations, and its label-free nature, ATR-FTIR has emerged as an attractive 
tool for the characterization of EVs, where it has been mostly used for the biochemical 
characterization of isolated EV samples [30,31] and assessment of their purity [29], as well 
as the discrimination of EV populations according to their cellular origin and pathological 
state [30,32–35]. Despite these applications, to the best of our knowledge, only a few studies 
have explored the potential of ATR-FTIR for analyzing biochemical alterations associated 
with the processing and storage of EV preparations [36].

In this controlled proof-of-concept analytical study, we aimed to investigate whether 
ATR-FTIR spectroscopy could provide orthogonal information on alterations in plasma-
derived EV preparations subjected to different processing conditions. A pooled EV prepa-
ration was divided into untreated, lyophilized, freeze–thawed, and heat-and-sonicated 
aliquots, with heat-and-sonicated included as an intentionally harsh disruptive treatment. 
Processing-induced changes were examined using complementary EV characterization 
methods together with ATR-FTIR to determine if the alterations were also reflected in the 
spectral fingerprints of the EV preparations. The study was designed as an initial analyt-
ical feasibility assessment to explore the potential of ATR-FTIR for detecting changes in 
EV preparations.

2. Results
2.1. Physicochemical and Morphological Characterization of EV Preparations

EV preparations were isolated from human plasma using the previously established 
nanobody-based immunoaffinity approach [37] and further subjected to the different pro-
cessing conditions.

Nanoparticle tracking analysis (NTA) was performed for the evaluation of different 
processing methods on particle concentration and their size and distribution (Figure 1, 
Table 1). Heat-and-sonication was associated with an approximately 100 times increase 
in NTA-detectable particle concentration compared to untreated EV preparation, whereas 
lyophilization produced a slight increase in particle concentration. Freeze–thaw treatment 
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showed a similar particle concentration compared to the untreated preparation. (Figure 1A). 
Heat-and-sonication treatment was also associated with an increase in the mean particle 
diameter from 136 nm to 149 nm, whereas no changes in particle size were observed 
following lyophilization or repeated freeze–thaw cycles (Figure 1B).

Figure 1. Effect of different processing methods on the physicochemical properties of EV preparations 
determined by NTA. (A) Particle concentration and (B) median diameter of differently processed EV 
preparations. (C) Representative particle size distribution for each experimental group. Statistical 
analysis was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test 
against untreated EV preparation. Observed differences were considered statistically significant at 
p < 0.05. Statistical significance is indicated as ** p < 0.01, **** p < 0.0001, and ns, not significant 
(p ≥ 0.05). Data are presented as mean ± SD of technical replicates (n = 3). Statistical comparisons 
reflect technical measurement-level differences and should be interpreted as exploratory.

Table 1. Nanoparticle tracking analysis (NTA) particle size distribution parameters of untreated and 
differently processed EV preparations.

EV Preparation D10 (nm) D90 (nm) Span <150 nm 
(%)

>150 nm 
(%)

<200 nm 
(%)

>200 nm 
(%)

150–200 nm 
(%)

Untreated 76.7 ± 1.0 253.0 ± 0.8 1.3 56 44 76 24 19
Lyophilized 79.5 ± 0.3 243.0 ± 2.5 1.2 59 41 78 22 19
Freeze–thawed 77.5 ± 0.7 240.1 ± 0.4 1.2 56 44 78 22 22
Heat-and-sonicated 90.1 ± 0.2 247.8 ± 5.1 1.1 49 51 74 26 26

Note: D10 and D90 represent the particle diameters below which 10% and 90% of the particle 
population are detected, respectively. Span represents the width of the particle size distribution. The 
percentages represent the proportions of detected particles within the indicated size ranges.
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Following heat-and-sonication, the lower diameters side of the size distribution curve 
shifted slightly towards larger diameters (Figure 1C), consistent with an increase in D10 
from 76.7 to 90.1 nm. Compared with the untreated preparation, the heat-and-sonicated 
preparation showed a lower share of detected particles smaller than 150 nm (49% vs. 56%), 
whereas the proportion of particles smaller than 200 nm remained relatively similar (74% 
vs. 76%). Notably, the heat-and-sonicated preparation also showed a higher proportion of 
particles in the 150–200 nm range (26%) compared with the untreated (19%), lyophilized 
(19%), and freeze–thawed (22%) preparations (Table 1). D90 also remained relatively 
unchanged, while span decreased from 1.3 to 1.1 (Table 1). Together, these findings indi-
cate a modest narrowing of the measured particle size distribution in heat-and-sonicated 
preparation, primarily associated with changes at its lower-size end.

Transmission electron microscopy (TEM) was used for the morphological characteri-
zation of three representative EV preparations—the untreated preparation as a control; the 
heat-and-sonicated preparation, which showed the most pronounced changes across com-
plementary methods; and the freeze–thawed preparation, which was selected to represent a 
processing condition associated with limited changes. Untreated and freeze–thawed prepa-
rations showed mostly rounded vesicle-like structures with broadly similar morphology. In 
contrast, the heat-and-sonicated preparation displayed greater morphological heterogeneity, 
including larger irregular, clustered structures in addition to smaller vesicle-like particles 
(Figure 2).

 

Figure 2. Representative transmission electron microscopy (TEM) images showing the size and struc-
tural heterogeneity of plasma EV preparations. (A) Untreated EV preparation. (B) EV preparation 
subjected to repeated freeze–thaw cycles. (C) EV preparation subjected to combined heat-and-
sonication treatment. Scale bar = 200 nm. Arrows indicate round vesicle-like structures, while 
triangles indicate larger irregular clustered structures observed in the heat-and-sonicated preparation.

2.2. Biochemical Characterization of EV Preparations
Proteins and lipids in each EV preparation were determined with Bradford and sulfo-

phospho-vanillin (SPV) assays, respectively (Figure 3). Lyophilized preparation showed 
a lower Bradford-derived protein measurement, whereas freeze–thawed and heat-and-
sonicated preparations showed similar values as the untreated one (Figure 3A). In contrast, 
heat-and-sonicated preparation had a higher SPV-derived signal than the untreated one, 
while smaller differences were observed for the other processing conditions (Figure 3B).

2.3. EV Surface Markers Analysis with Flow Cytometry
The flow cytometry analysis of common EV surface protein markers was performed by 

immobilization of EV preparations onto latex beads and further staining with fluorescently 
labeled monoclonal antibodies against CD9, CD63 and CD81. Equal protein amounts of 
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each EV preparation were used for the coupling of latex beads. All samples produced a clear 
positive fluorescence shift relative to the autofluorescence of latex beads alone, confirming 
the presence of all three surface markers.

Figure 3. Bradford-derived protein and SPV-derived lipid measurements using colorimetric assays. 
(A) Bradford-derived protein measurement in untreated and processed EV preparations. (B) SPV-
derived lipid signal in untreated and processed EV preparations. Statistical analysis was performed 
using one-way ANOVA followed by Dunnett’s multiple comparisons test. Statistical significance was 
defined as p < 0.05. Statistical significance is indicated as * p < 0.05 and ns, not significant (p ≥ 0.05). 
Data are presented as mean ± SD of technical replicates (n = 3). Statistical comparisons reflect 
technical measurement-level differences and should be interpreted as exploratory.

However, differences in the proportion of tetraspanin-positive beads were observed 
among the processing conditions. In the untreated sample, 14.6%, 24.7%, and 44% of beads 
were positive for CD9, CD63, and CD81, respectively. After lyophilization, the proportions 
of positive beads were 21.6%, 36.6%, and 55.6%, while freeze–thaw treatment resulted in 
31.9%, 26.3%, and 51.9% positive beads for CD9, CD63, and CD81, respectively. Heat-and-
sonication processing produced the highest apparent marker detection, with 45.3%, 44.5%, 
and 58.7% of beads staining positive for CD9, CD63, and CD81, respectively (Figure 4).

Figure 4. Detection of EV-associated surface markers using flow cytometry analysis. Representative 
histograms showing the detection of the common EV surface markers, CD9, CD63 and CD81 in 
(A) untreated, (B) lyophilized, (C) freeze–thawed, and (D) heat-and-sonicated EV preparations. 
Dotted histograms represent the fluorescence shifts obtained after staining with fluorescently labeled 
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anti-CD9, anti-CD63 and anti-CD81 antibodies, while solid-line histograms represent the fluorescence 
shifts obtained after detergent (triton X-100) treatment. Detergent treatment was included to support 
that the detected fluorescence originated from lipid membrane structures. Statistical analysis was 
performed between EV preparations before and after detergent treatment within each processing 
condition using one-way ANOVA followed by Tukey’s multiple comparisons test. Differences were 
considered statistically significant at p < 0.05. Statistical significance is indicated as **** p < 0.0001. Data 
are presented as mean ± SD of technical replicates (n = 3). Statistical comparisons reflect technical 
measurement-level differences and should be interpreted as exploratory. Comparisons between 
processing groups were interpreted semi quantitatively and were not subjected to statistical analysis.

Detergent treatment significantly reduced the percentage of positive beads in all sam-
ples for all three surface markers, supporting that detected fluorescence shifts were associ-
ated with lipid membrane structures.

2.4. Molecular Characterization of EV Preparations by ATR-FTIR Spectroscopy
2.4.1. ATR-FTIR Spectral Analysis

FTIR spectra of untreated and processed EV preparations are shown in Figure 5. All 
four preparations have highly similar spectral profiles, with prominent absorption bands 
commonly found in extracellular vesicle samples [30].

Figure 5. Representative ATR-FTIR spectra of untreated and differently processed EV preparations. 
Spectra represent the mean of nine acquired spectra per each group. Shaded regions correspond to 
the C-H stretching region (red), the protein amide I and amide II regions (green), and the fingerprint 
region (blue).

A wide band between ~3800 and ~3000 cm−1  is assigned to overlapping O-H and N-H 
stretching vibrations predominantly originating from carbohydrates and proteins [38]. The 
C-H stretching region (~2985–2835 cm−1 ) is commonly associated with the symmetric and 
asymmetric stretching vibrations of CH2  and CH3  groups present in membrane lipids [39].

The protein region is dominated by the amide I and amide II bands, originating from 
the C=O stretching and N–H bending/C–N stretching vibrations of the peptide bonds [40]. 
Additionally, the spectra exhibit the amide A band (~3300 cm−1 ) originating from N-H 
stretching vibrations of the peptide bonds [40].

The fingerprint region (~1300–900 cm−1 ) contains absorption bands originating from 
phospholipids, carbohydrates and nucleic acid [41].
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Overall, the spectra profiles seemed mostly conserved across all processing conditions, 
with no obvious differences between all four EV preparations. Therefore, principal com-
ponent analysis (PCA) was performed to determine whether subtle spectral alterations 
could be identified with multivariate analysis (Figure 6). Pairwise PCA comparison of 
untreated EV preparations with each processing method demonstrated varying degrees 
of discrimination between each group. The clearest separation was observed between the 
untreated and the heat-and-sonicated groups, suggesting that this type of processing pro-
duced the greatest alteration in their spectral profile (Figure 6C). In contrast, comparison 
of the untreated group with the lyophilized (Figure 6A) and freeze–thawed EV prepa-
rations (Figure 6B) showed greater overlap between the groups. The first two principal 
components explained 87.96%, 75.77% and 84.89% of the total variance for the untreated ver-
sus lyophilized, untreated versus freeze–thawed and untreated versus heat-and-sonicated 
groups, respectively. Pairwise PCA comparisons among processed EV preparations are 
presented in Supplementary Figure S1. Since the highest separation was obtained between 
untreated and heat-and-sonicated preparations, PC1 loading analysis was performed for 
this comparison to examine the spectral regions contributing to the observed separation 
(Figure 6D). The PC1 loading profile showed prominent features in the C-H stretching, 
amide I and II regions associated with proteins, and the fingerprint region, indicating that 
spectral variations from these domains contributed to the separation between these two 
groups. Additional PCA of untreated and heat-and-sonicated preparations was performed 
using the C–H stretching region (3000–2800 cm−1 ), the Amide I/II region (1700–1500 cm−1 ), 
and their concatenation. Separation between the two preparations was observed in all three 
analyses, although some overlap remained in the C–H stretching region (Supplementary 
Figure S2).

Figure 6. Pairwise PCA of FTIR spectra and PC1 loading plot. PCA score plots comparing untreated 
EV preparation with (A) lyophilized, (B) freeze–thawed and (C) heat-and-sonicated EV preparations, 
with 95% confidence ellipses. The percentages on the axes correspond to the variance explained by 
PC1 and PC2. Each point represents one spectrum (n = 9 spectra per processing-treatment) (D) PC1 
loading plot for the untreated versus heat and sonicated groups, which showed the clearest group 
separation. Shaded regions indicate regions typically associated with lipids (red), proteins (green) 
and carbohydrates/nucleic acids (blue).
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To further examine processing-associated differences in protein-related spectral fea-
tures, the shapes of the Amide I and Amide II bands were compared (Figure 7A). The 
spectra showed broadly similar profiles across all four EV preparations. However, the 
heat-and-sonicated preparation exhibited a slightly broader and flatter Amide I band, with 
slight differences on the lower-wavenumber side, whereas the Amide II profiles remained 
largely comparable among the preparations.

Figure 7. Detailed comparison of protein-associated ATR-FTIR spectral regions in untreated and 
processed EV preparations. (A) Overlaid Amide I and Amide II spectral profiles. (B) Second-
derivative spectra of the Amide I region. Spectra represent the mean of nine technical measurements 
per processing condition.

To further resolve subtle differences within the Amide I region, second-derivative 
analysis was performed (Figure 7B). The heat-and-sonicated preparation showed the most 
pronounced differences relative to untreated EVs, while the lyophilized and freeze–thawed 
preparations retained more similar derivative profiles.

2.4.2. Comparison of Colorimetric and Spectroscopic Protein-to-Lipid Ratios
To compare the protein-to-lipid relationships obtained using two different analytical 

approaches, a biochemical P/L ratio and FTIR-derived spectroscopic P/L index were calcu-
lated for each EV preparation (Figure 8A,B; Supplementary Table S1). The biochemical P/L 
ratio was calculated from the Bradford-derived protein and SPV-derived lipid measured 
signals, using BSA and cholesterol as calibration standards. Spectroscopic P/L index was de-
fined as the ratio of the integrated Amide I band area to the integrated C-H stretching band 
area (Section 4.5). The spectroscopic P/L index reflects the relative contributions of these 
two spectral regions and should not be interpreted as a direct measure of protein-to-lipid 
mass composition.

The biochemical P/L ratio was highest in the untreated EV preparation and decreased 
upon processing methods, with the largest reduction observed after heat-and-sonication 
(Figure 8A). In contrast, the spectroscopic P/L index showed minor changes among pro-
cessing conditions. Untreated EV preparation had the lowest index, while higher indices 
were observed after freeze–thaw and heat-and-sonication treatment (Figure 8B). Although 
both analytical approaches detected processing-dependent changes, the biochemical P/L 
ratio and spectroscopic P/L index exhibited opposite trends across the treatment groups.

To investigate spectral contributions underlying these changes, the integrated ab-
sorbance areas of the amide I band and the C-H stretching region were analyzed separately 
(Figure 8C,D). The integrated amide I area had a modest increase upon lyophilization 
compared to untreated EV preparation, while no significant differences were noticed for 
other two processing conditions (Figure 8C). Conversely, the integrated C-H stretching 
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area showed a decreasing trend, and this integrated region was lower in the freeze–thawed 
and heat-and-sonicated preparations (Figure 8D).

Figure 8. Comparison of biochemical and spectroscopic protein-to-lipid measurements and integrated 
FTIR band areas in untreated and processed EV preparations. (A) Biochemical P/L ratio calculated 
from Bradford-derived protein and SPV-derived lipid measurements, using BSA and cholesterol as 
calibration standards, respectively. (B) Spectroscopic P/L index, defined as the ratio of the integrated 
Amide I band area to the integrated C–H stretching band area. (C) Integrated absorbance area of the 
Amide I band. (D) Integrated absorbance area of the C–H stretching region. The biochemical P/L ratio 
is a mass-based ratio expressed as mg/mg, whereas the spectroscopic P/L index is a dimensionless 
ratio of integrated spectral areas; the two measures are not directly equivalent.” Statistical analysis 
was performed using one-way ANOVA followed by Dunnett’s multiple-comparisons test. Statistical 
significance was defined as p < 0.05. Statistical significance is indicated as * p < 0.05, ** p < 0.01, 
*** p < 0.001, and ns, not significant (p ≥ 0.05). Data are presented as mean ± SD of technical replicates. 
Statistical comparisons reflect technical measurement-level differences and should be interpreted as 
exploratory.

3. Discussion
Through the integration of complementary analytical techniques, this study examined 

the effects of different processing conditions within a common plasma-derived EV prepa-
ration. In addition, the study investigated whether these changes were also reflected in 
the ATR-FTIR spectral fingerprints, thereby assessing its potential to provide orthogonal 
analytical information alongside conventional EV characterization methods.

Among the processing methods investigated in this study, repeated freeze–thawing 
and lyophilization produced limited changes in the physicochemical properties of EV prepa-
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rations. Similar observations were reported, where a single freeze–thaw cycle had minimal 
effects on plasma-derived EV concentration and size [42]. Although their experimental 
design differed from ours, in which EV preparation was subjected to ten freeze–thaw cycles, 
in both studies NTA did not detect any significant changes regarding their concentration 
and diameter under freezing conditions. In contrast, other studies reported a progressive 
reduction in EV recovery, with an increase in particle size upon multiple freeze–thaw cycles, 
indicating membrane damage and vesicle aggregation [43]. Similarly, lyophilization did 
not significantly affect particle concentration or mean particle diameter in the present study, 
although in the literature it has been reported that lyophilization in the absence of cryo- or 
lypo-protectants resulted in significantly lower particle concentration, while particle size 
remained mainly unchanged [44]. Together, these findings indicate that the response of EVs 
to freeze–thawing and lyophilization is not universal and may be influenced by multiple 
factors, including different EV sources, plasma processing, and isolation methodology, as 
well as experimental and analytical protocols [16,19,45,46].

Unlike freeze–thawing and lyophilization, heat-and-sonication was included in this 
study as an intentionally harsher disruptive processing method to evaluate the ability of 
the analytical workflow to detect pronounced alterations in EV preparations. Notably, 
membrane-disruptive approaches such as freeze–thaw cycling and sonication have also 
been used for exogenous cargo loading into EVs, highlighting the relevance of assessing 
their effects on EV physicochemical and molecular properties [47,48]. In the present study, 
heat-and-sonication treatment was associated with approximately 100 times higher NTA-
detectable particle concentration, together with an increase in particle diameter upon this 
treatment. Additional analyses of the size distribution parameters indicated that the shift 
towards larger particle diameters was most evident at the lower-diameter end of the distri-
bution, as well as in 150–200 nm particle diameter range, with a modest overall narrowing in 
the heat-and-sonicated preparation (Table 1). An increase in NTA-measured particle diame-
ter in EV preparations upon sonication has been previously reported in sonication-based EV 
loading studies [47,48]. Haney et al. observed an increase in the NTA-measured diameter 
of sonicated EVs and attributed this change to the substantial reformation and reshaping of 
exosomal membranes [47]. Similarly, Kim et al. reported larger NTA-measured particle 
size of EVs after sonication and likewise suggested that sonication may promote membrane 
reorganization [48]. Sonication may also affect the number of particles detected by NTA. 
Recently, it has been reported that mild water bath sonication significantly increased the 
measurable particle concentration, which was explained through disaggregation of EVs and 
therefore an increased particle recovery during NTA [49]. However, in the present study, 
considerably harsher thermal and mechanical conditions were applied. The magnitude of 
the increase reported in that study was considerably smaller than the approximately 100-
fold difference observed here, suggesting that disaggregation alone is unlikely to account 
for the present result.

The obtained increase in both NTA-detectable particle concentration and particle 
diameter therefore suggests that heat-and-sonication harsh treatment considerably altered 
the physical organization of the EV preparation. This may be a result of several processes 
occurring simultaneously, such as the disruption of EV membranes, formation of membrane 
fragments, aggregation, disaggregation of pre-existing clusters, and reorganization of lipid 
components into new membrane-associated assemblies. Since NTA cannot distinguish 
intact EVs from other particles with similar size [50], the exact structural identity of the 
NTA-detected particles in heat-and-sonicated cannot be determined by NTA alone. TEM 
analysis of representative untreated, freeze–thawed, and heat-and-sonicated preparations 
revealed however greater morphological differences in the heat-and-sonicated preparation, 
including larger irregular clustered structures together with smaller vesicle-like particles. 
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The presence of such structures may reflect membrane reformation and reshaping upon 
sonication, as previously suggested [47,48]. In addition, considering the higher SPV-derived 
lipid signal (Figure 3B) and higher apparent detection of membrane associated tetraspanins 
upon heat-and-sonication (Figure 4), it is plausible that such structural changes could have 
influenced lipid accessibility in the colorimetric assay and the accessibility of tetraspanin 
epitopes during flow cytometry analysis.

Flow cytometry showed that the highest apparent detection of all three tetraspanins has 
been observed after heat-and-sonication, while modest increases were also observed upon 
lyophilization and freeze–thaw cycles. However, bead-based flow cytometry provides only a 
semiquantitative assessment of EV surface markers, where fluorescent signal represents the 
cumulative detection of multiple vesicles captured on individual beads [51]. The measured 
signal can therefore be influenced by several factors, including the number of particles 
captured on individual beads, their interaction with the bead surface, and the accessibility 
or presentation of membrane-associated epitopes. Accordingly, the increased apparent 
detection of membrane surface markers may reflect changes in all of these parameters. 
Detergent treatment markedly reduced fluorescence signal in all processing groups, sup-
porting that the detected tetraspanin signal originated mostly from membrane-associated 
structures instead of non-membranous protein aggregates [52].

After assessment of the physicochemical, morphological and molecular effects on the 
investigated processing methods by conventional characterization techniques, ATR-FTIR 
was further examined as an orthogonal method for detecting processing-associated changes 
in the same EV preparations. ATR-FTIR has recently emerged as a promising analytical 
technique for EV characterization due to its rapid, label-free nature and its ability to provide 
a comprehensive biochemical fingerprint of the EV preparations using minimal sample 
preparation and small sample volumes [53]. Accordingly, it has been proposed for the 
characterization and quality control of EV preparations through the evaluation of spectral 
profiles and spectroscopic protein-to-lipid ratios [29,30,34,38,53]. However, despite growing 
interest in this technique, to the best of our knowledge, only a limited number of studies 
have investigated its ability to detect molecular alterations induced by different processing 
methods [36].

Representative ATR-FTIR spectra in this study showed comparable spectral profiles 
for all processing conditions. This is not surprising since EV spectra contain many over-
lapping bands from proteins, lipids, nucleic acids, and carbohydrates, which may make 
it hard to identify subtle molecular differences visually. Therefore, multivariate statistical 
analysis is widely used to reveal hidden spectral fluctuations [34,41,54]. In the present 
study, PCA of lyophilized and freeze–thawed EV preparations showed considerable over-
lap, whereas heat-and-sonication formed a distinct cluster in comparison to the untreated 
sample. Similar separation of the heat-and-sonicated group from other processed groups 
was also observed in pairwise PCA comparison (Supplementary Figure S1), indicating 
that this processing method introduced detectable changes in the molecular fingerprint 
of the EV preparations. Because the EV preparations were measured after drying from 
PBS and a matched dried PBS spectrum was not available, a contribution of residual buffer 
components to the fingerprint region cannot be completely excluded. Accordingly, spectral 
features within this region were interpreted cautiously and were not assigned exclusively to 
EV-derived molecular components. In addition, the observed changes in the Amide I band 
shape and second derivative profiles indicate that the harsh processing condition affected, 
to a certain extent, protein-related spectral features. Given the well-established sensitivity 
of the Amide I region to protein backbone conformation and secondary structure [40], this 
region may be particularly informative for the further investigation of processing-related 
protein structural changes. Future studies should examine these changes in greater detail 
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across independent EV preparations to determine if they correspond to specific protein 
secondary-structure changes and to establish which Amide I-derived parameters could pro-
vide sufficient information for detecting different degrees of processing-associated changes 
in EV preparations.

Interestingly, the biochemical protein-to-lipid ratios and spectroscopic protein-to-lipid 
indices showed opposite trends after processing. These opposite trends most likely originate 
from different analytical principles of the two approaches and should not be considered 
directly equivalent. Bradford and SPV assays detect proteins and lipids through reagent-
based chemical reactions with the analytes [55,56]. Therefore, the measured amounts may 
be influenced by the accessibility of these biomolecules to the assay reagents and should 
not be interpreted directly as corresponding changes in absolute protein or lipid mass. In 
contrast, the ATR-FTIR-derived P/L index is calculated from the integrated areas of the 
amide I and C-H stretching bands. Hence, the spectroscopic P/L index is a dimensionless 
parameter that reflects the relative spectroscopic contributions of these spectral regions. 
In the present study, no calibration between the integrated spectral areas and protein or 
lipid mass was established, therefore the spectroscopic P/L index should be interpreted as 
a relative spectral parameter, rather than a direct biochemical protein-to-lipid mass ratio. In 
addition, because the integrated spectral parameters were derived from spectra subjected 
to scale normalization, their absolute values may depend on the applied preprocessing 
procedure and normalization range. Therefore, the integrated band areas and the derived 
spectroscopic P/L index should be interpreted only as relative parameters for comparison 
among spectra processed under identical conditions.

Integrated band analysis revealed that the increased spectroscopic P/L index was 
predominantly a result of a reduced relative contribution of C-H stretching region upon 
processing, while the integrated amide I region remained largely unchanged (Figure 8C,D). 
The C–H stretching region has been widely used in FTIR studies of EVs as a lipid-associated 
spectral region because of the strong contribution of CH2  and CH3  stretching vibrations 
from membrane lipid acyl chains [30,38]. Lipid-associated C-H stretching bands may be 
influenced not only by lipid abundance, but also by the conformational state and packing 
of lipid acyl chains [57]. Heat-and-sonication could alter membrane packing or organi-
zation and modify the spectral contribution of lipid-associated hydrocarbon chains while 
simultaneously changing the accessibility of lipid-containing material to the SPV reagent. 
However, interpretation of C-H stretching region should remain cautious, as these vibra-
tions are not exclusively derived from lipids and may also reflect contributions from other 
biomolecular components.

Taken together, several limitations should be considered during the interpretation of 
these findings. All processing conditions were applied to aliquots derived from a single 
pooled EV preparation; therefore, they do not illustrate biological variability between in-
dependent EV preparations. The design of the study was a proof-of-concept comparison 
within the same starting EV preparation, which is why the observed processing-induced 
differences should not be generalized across EV sources or isolation workflows. In addi-
tion, heat-and-sonication was intentionally selected as a severe disruptive condition and 
does not represent routine EV storage or handling. Under the present experimental condi-
tions, spectral differences were observed for the processing method that exhibited the most 
pronounced changes using complementary EV characterization methods. However, the 
ability of ATR-FTIR to detect more subtle processing-induced changes remains to be estab-
lished. Therefore, future studies should include independent EV preparations, additional 
processing treatments, and predefined analytical performance criteria to establish the re-
producibility, sensitivity, and broader applicability of ATR-FTIR for EV quality assessment.
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4. Materials and Methods
4.1. Purification of EV from Human Plasma

Extracellular vesicles are isolated from a healthy donor human plasma using a pre-
viously reported nanobody-based immunoaffinity approach [37]. Three nanobody-eGFP 
constructs labeled as NA8, ND101  and ND102  were used. Production and purification of the 
constructs, as well as human plasma collection and EV isolation, were done as previously 
described with some minor modifications [37]. Nanobodies were coupled to the polymer 
by incubating 250 μL of wet polymer with 80 μg of each nanobody. Immobilized polymer 
(250 μL) was incubated with 900 μL of 3 x diluted plasma with PBS for 1 h at RT with light 
rotating. EVs are further purified as already described [37]. Four separate isolations were 
performed to obtain sufficient material for the following analytical workflow. The resulting 
EV preparations were dialyzed against 0.2 μm filtered PBS.

4.2. Processing of EV Preparations
After dialysis, the four EV isolates were pooled into one fraction to generate a common 

starting EV preparation for comparison across processing conditions. Pooling was used so 
that all processing conditions could be applied to aliquots derived from the same starting 
matrix, thereby avoiding additional between-isolation variability in the treatment compari-
son. The pool of EV preparation was further divided into four aliquots corresponding to 
the untreated, lyophilized, freeze–thawed, and heat-and-sonicated conditions.

One aliquot was divided into smaller aliquots, frozen at −80 °C and lyophilized using 
a Martin Christ Alpha 2–4 LD plus freeze-dryer (Martin Christ Gefriertrocknungsanla-
gen GmbH, Osterode am Harz, Germany) at a chamber pressure of 0.080 mbar for 17 h 
(ice condenser temperature: −85 °C). Prior to analysis, the lyophilized EV samples were 
reconstituted with Milli-Q water to the original starting volume.

The second aliquot was subjected to repeated freeze–thaw cycles. EV preparation was 
frozen at −80 °C, then thawed in lukewarm water. This process was repeated 10 times.

The third aliquot was heated at 95 °C for 15 min and then sonicated using a BANDELIN 
SONOPULS HD 2070 ultrasonic homogenizer (BANDELIN electronic GmbH & Co. KG, 
Berlin, Germany; 20 kHz). Sonication was performed for 5 min at 50% amplitude using a 
pulsed regime of 20 s on/40 s off.

The fourth aliquot was left untreated and served as the reference preparation for all 
processing conditions. All four aliquots were further subdivided into smaller aliquots to 
avoid repeated freeze–thaw cycles and stored at −80 °C until further analysis.

4.3. Determination of Protein and Lipid Concentration in EV Preparations
Protein concentration was calculated with the Bradford assay [56] by mixing 200 μL of 

work reagent with 5 μL of the sample. BSA was used as a standard, and the absorbance 
was measured at 595 nm.

Sulfo-phospho-vanillin (SPV) assay was used as previously described for the deter-
mination of lipid concentration [57], using cholesterol as the calibration standard. The 
resulting SPV-derived lipid values are therefore expressed as cholesterol equivalents rather 
than absolute total lipid concentrations.

4.4. Nanoparticle Tracking Analysis (NTA) of EV Preparations
The size distribution and median diameter of the EV preparations were evaluated with 

a ZetaView Quatt PMX-430 (Particle Metrix, Inning am Ammersee, Germany) nanoparticle 
tracking analyzer and ZetaView software version 8.05.16. Before the analysis, the camera 
and laser were subjected to an automatic cell verification, with focus optimization using 
100 nm polystyrene beads as outlined in the manufacturer’s instructions. EV preparations 
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were diluted in particle-free 0.05 M PBS, pH 7.2 (dPBS) to achieve an optimal particle count 
per frame. Measurements were performed with a blue laser (488 nm) in light scatter mode, 
with washing steps with dPBS between each measurement. The video capture parameters 
comprised a shutter speed of 100 and a frame rate of 30 per cycle, with sensitivity adjusted 
to 78. The settings for post video capture were a minimum area of 10, a maximum area of 
1000, and a minimum brightness of 30. Each EV isolate was assessed three times at up to 
11 positions.

4.5. Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR)
Spectra were measured using Nicolet Summit FTIR Spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA) in ATR mode equipped with a DTGS KBr detector (Thermo 
Fisher Scientific, Waltham, MA, USA).

Aliquots (2 μL) of each EV preparation suspended in PBS were layered on a diamond 
crystal and dried under a gentle stream of nitrogen. Spectra (400–4000 cm−1 ) were collected 
in 32 scans with a resolution of 4 cm−1 . For each EV preparation, 9 separate measurements 
were obtained. Between each measurement, the crystal was cleaned with methanol and 
background was measured against air. All ATR-FTIR spectra were subjected to automated 
ATR correction, automated baseline correction, and scale normalization using OMNIC 
7.3 software. Scale normalization was performed over the full recorded spectral range 
(400–4000 cm−1 ), using identical preprocessing settings for all spectra. Spectragryph 1.2 
software was used for the integration of the areas under the amide I (1725–1575 cm−1 ) and C–
H stretching (2985–2840 cm−1 ) regions as previously reported [37]. These integrated values 
were used for relative comparison of spectral contributions between processing conditions 
and were not interpreted as absolute quantitative measures of protein or lipid content.

For comparison of protein-associated spectral features, mean spectra for each process-
ing condition were examined in the Amide I/II region. For exploratory second-derivative 
analysis of the Amide I region, spectra were interpolated to uniform wavenumber spacing 
and second derivatives were calculated using a Savitzky–Golay procedure with a third-order 
polynomial and a 21 cm−1  window.

4.6. Flow Cytometry Analysis of Surface EV Markers
Surface EV markers were analyzed in all four preparations with latex bead flow cy-

tometry. Latex beads (Sigma-Aldrich, St. Louis, MO, USA: 4% w/v, 4 μm) were diluted 
1:10 in PBS. For each of the four EV preparations, an amount corresponding to 30 μg of 
Bradford-derived protein amount was immobilized onto 30 μL of diluted latex beads by 
overnight incubation at 4 °C with gentle rotating. Then, the beads were first blocked with 
200 mM glycine (pH 7.0) for 30 min at room temperature with light rotating, followed by 
incubation with 5% (w/v) skimmed milk in PBS under the same conditions. The beads 
were then washed repeatedly with PBS after blocking until all residual milk was removed. 
Primary antibodies were diluted 1:5 in PBS with 1% BSA and 30 μL of antibodies was incu-
bated with the EV-coated beads for 1 h at RT with gentle agitation. Antibodies were from 
Biolegend (San Diego, CA, USA): anti-CD-9 Phytoerythrin (PE)-labeled (clone MM2/57), 
Alexa Fluor®  488 anti-human CD63 (clone H5C6) and PE/Dazzle™ 594 anti-human CD81 
(TAPA-1) antibody (clone 5A6). After washing the beads with PBS, they were resuspended 
in 300 μL of PBS. Samples were analyzed with a BD FACS Calibur flow cytometer (BD 
Biosciences, San Jose, CA, USA) equipped with a 488 nm blue laser. Fluorescence emis-
sions were detected at 525 nm (Alexa Fluor 488), 561 nm (PE), and 620 nm (PE/Dazzle). 
Fluorescence-positive events were determined relative to control beads that were treated 
in the same way but were not coated with EVs. As a negative control, Triton X-100 was 
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added to each sample to a final concentration of 0.5% (v/v) and incubated for 30 min 
before analysis.

Data analysis was performed with FlowJo v10.07 software.

4.7. Transmission Electron Microscopy (TEM)
TEM was performed as previously described [58]. Briefly, 10 μL of the EV preparation 

was applied to 300-mesh Formvar-coated copper grids by grid flotation and incubated 
at room temperature for 45 min. The grids were then fixed with 2% formaldehyde for 
10 min and washed three times (2 min each) with PBS. Post-fixation was performed with 
2% glutaraldehyde for 5 min, followed by rinsing with deionized water for 5 min. The grids 
were air-dried at room temperature, and TEM images were acquired using a JEM-1400 
transmission electron microscope (JEOL Ltd., Tokyo, Japan) operated at 120 kV.

4.8. Statistical Analysis
Data analysis and visualization were performed in GraphPad Prism 10.4.2 software. 

Differences among groups were evaluated using one-way analysis of variance (ANOVA) 
followed by Dunnett’s multiple comparisons test. Untreated EV preparation was used as the 
control group. A p value < 0.05 was considered statistically significant. For each processing 
condition, fluorescence signals in flow cytometry obtained before and after Triton X-100 
treatment were compared using one-way analysis of variance (ANOVA) followed by Tukey’s 
multiple comparisons test. Differences were considered statistically significant at p < 0.05.

Principal component analysis (PCA) and calculation of mean spectra were performed 
in Pycharm using the NumPy v2.1.3, pandas v2.2.3., SciPy v1.16.3., Matplotlib v3.10.0, and 
scikit-learn v1.6.1.

Statistical analyses of repeated measurements were performed to describe differences 
observed at the technical measurement level. Since all processing conditions originated 
from a single pooled EV preparation and each treatment was applied to one aliquot, these 
analyses should be considered exploratory and do not represent statistical inference across 
independent biological replicates.

5. Conclusions
This study provides proof-of-concept evidence supporting ATR-FTIR as a source of 

orthogonal information for assessing changes in EV preparations associated with different 
processing conditions. Although the overall spectral profiles remained largely conserved, 
multivariate and targeted spectral analyses could identify the processing condition that 
also showed the most pronounced changes using NTA, TEM, biochemical assays and flow 
cytometry. The limited effects observed after repeated freeze–thawing and lyophilization, 
compared with the most pronounced alterations induced by combined heat and sonication, 
support the ability of analytical workflow to identify EV preparation subjected to the highest 
degree of processing stress. At the same time, the relatively modest changes observed with 
the milder processing conditions, both by conventional characterization methods and 
ATR-FTIR, indicate that the sensitivity of ATR-FTIR to more subtle alterations remains 
to be established. Future studies should therefore include independent EV preparations, 
different EV sources and isolation procedures, and a broader range of processing conditions 
to evaluate reproducibility, sensitivity, and broader applicability for EV quality assessment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27219482/s1.

Author Contributions: Conceptualization, M.P.; Formal analysis, M.T.; Funding acquisition, M.P.; 
Methodology, M.T., N.M. and L.F.; Supervision, L.F.; Writing—original draft, M.T.; Writing—review 

https://doi.org/10.3390/ijms27219482

https://www.mdpi.com/article/10.3390/ijms27219482/s1
https://www.mdpi.com/article/10.3390/ijms27219482/s1
https://doi.org/10.3390/ijms27219482


Int. J. Mol. Sci. 2026, 27, 9482 16 of 19

and editing, M.T., L.F., N.M. and M.P. All authors have read and agreed to the published version of 
the manuscript.

Funding: This research was supported by the Science Fund of the Republic of Serbia, Grant PRISMA 
No. 4747, Project title: Advancing REversible immunocapture toward SCALablE EV purification—
RESCALE-EV and the European Union under Grant Agreement No. 101182851.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration 
of Helsinki and approved by the Ethics Committee of University of Belgrade, Faculty of Chemistry 
(2–6/24, 16 July 2024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 
Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: Data can be found within the article and Supplementary Materials.

Acknowledgments: The authors would like to thank Lazar Popović and Stefan Lekić for their assis-
tance with ATR-FTIR spectra acquisition. During the preparation of this manuscript, the authors 
used ChatGPT (OpenAI) and Quillbot for language editing. These tools were not used for data 
generation, data analysis, interpretation of results, or scientific decision-making. Following the use of 
these tools, the authors reviewed and edited the manuscript as necessary and take full responsibility 
for its content.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
 The following abbreviations are used in this manuscript:

ATR-FTIR Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
DLS Dynamic Light Scattering
EV(s) Extracellular Vesicle(s)
MISEV Minimal Information for Studies of Extracellular Vesicles
NTA Nanoparticle Tracking Analysis
PCA Principal Component Analysis
P/L Protein-to-Lipid
SPV Sulfo-Phospho-Vanillin
TEM Transmission Electron Microscopy

References
1. Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome 

Isolation and Analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]
2. Caby, M.P.; Lankar, D.; Vincendeau-Scherrer, C.; Raposo, G.; Bonnerot, C. Exosomal-like vesicles are present in human blood 

plasma. Int. Immunol. 2005, 17, 879–887. [CrossRef] [PubMed]
3. Pisitkun, T.; Shen, R.F.; Knepper, M.A. Identification and proteomic profiling of exosomes in human urine. Proc. Natl. Acad. Sci. 

USA 2004, 101, 13368–13373. [CrossRef] [PubMed]
4. Iwai, K.; Minamisawa, T.; Suga, K.; Yajima, Y.; Shiba, K. Isolation of human salivary extracellular vesicles by iodixanol density 

gradient ultracentrifugation and their characterizations. J. Extracell. Vesicles 2016, 5, 30829. [CrossRef] [PubMed]
5. Chiasserini, D.; van Weering, J.R.; Piersma, S.R.; Pham, T.V.; Malekzadeh, A.; Teunissen, C.E.; de Wit, H.; Jiménez, C.R. Proteomic 

analysis of cerebrospinal fluid extracellular vesicles: A comprehensive dataset. J. Proteom. 2014, 106, 191–204. [CrossRef] 
[PubMed]

6. Mirza, A.H.; Kaur, S.; Nielsen, L.B.; Størling, J.; Yarani, R.; Roursgaard, M.; Mathiesen, E.R.; Damm, P.; Svare, J.; Mortensen, H.B.; 
et al. Breast Milk-Derived Extracellular Vesicles Enriched in Exosomes from Mothers with Type 1 Diabetes Contain Aberrant 
Levels of microRNAs. Front. Immunol. 2019, 10, 2543. [CrossRef] [PubMed]

7. Kupcova Skalnikova, H.; Bohuslavova, B.; Turnovcova, K.; Juhasova, J.; Juhas, S.; Rodinova, M.; Vodicka, P. Isolation and 
Characterization of Small Extracellular Vesicles from Porcine Blood Plasma, Cerebrospinal Fluid, and Seminal Plasma. Proteomes 
2019, 7, 17. [CrossRef] [PubMed]

8. El Andaloussi, S.; Mäger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular vesicles: Biology and emerging therapeutic opportunities. 
Nat. Rev. Drug Discov. 2013, 12, 347–357. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27219482

https://doi.org/10.3390/cells8070727
https://www.ncbi.nlm.nih.gov/pubmed/31311206
https://doi.org/10.1093/intimm/dxh267
https://www.ncbi.nlm.nih.gov/pubmed/15908444
https://doi.org/10.1073/pnas.0403453101
https://www.ncbi.nlm.nih.gov/pubmed/15326289
https://doi.org/10.3402/jev.v5.30829
https://www.ncbi.nlm.nih.gov/pubmed/27193612
https://doi.org/10.1016/j.jprot.2014.04.028
https://www.ncbi.nlm.nih.gov/pubmed/24769233
https://doi.org/10.3389/fimmu.2019.02543
https://www.ncbi.nlm.nih.gov/pubmed/31708933
https://doi.org/10.3390/proteomes7020017
https://www.ncbi.nlm.nih.gov/pubmed/31027284
https://doi.org/10.1038/nrd3978
https://www.ncbi.nlm.nih.gov/pubmed/23584393
https://doi.org/10.3390/ijms27219482


Int. J. Mol. Sci. 2026, 27, 9482 17 of 19

9. Phan, N.D.; Sharma, R.R.; Subramanian, S.; Kartha, R.V.V. Extracellular vesicles as minimally invasive biomarkers and therapeutic 
platforms in rare neurological diseases. Front. Aging 2026, 7, 1813553. [CrossRef] [PubMed]

10. Li, J.; Wang, A.; Guo, H.; Zheng, W.; Chen, R.; Miao, C.; Zheng, D.; Peng, J.; Wang, J.; Chen, Z. Exosomes: Innovative biomarkers 
leading the charge in non-invasive cancer diagnostics. Theranostics 2025, 15, 5277–5311. [CrossRef] [PubMed]

11. Elliott, R.O.; He, M. Unlocking the Power of Exosomes for Crossing Biological Barriers in Drug Delivery. Pharmaceutics 2021, 13, 
122. [CrossRef] [PubMed]

12. Kumar, M.A.; Baba, S.K.; Sadida, H.Q.; Marzooqi, S.A.; Jerobin, J.; Altemani, F.H.; Algehainy, N.; Alanazi, M.A.; Abou-Samra, 
A.-B.; Kumar, R.; et al. Extracellular vesicles as tools and targets in therapy for diseases. Signal Transduct. Target. Ther. 2024, 9, 27. 
[CrossRef] [PubMed]

13. Zhang, H.; Wang, S.; Sun, M.; Cui, Y.; Xing, J.; Teng, L.; Xi, Z.; Yang, Z. Exosomes as smart drug delivery vehicles for cancer 
immunotherapy. Front. Immunol. 2022, 13, 1093607. [CrossRef] [PubMed]

14. Lundy, D.J.; Chau, Z.L.; Chen, S.; Fujisawa, N.; Hill, J.J.; Hsu, B.M.; Liu, J.K.; Mai, K.W.; Lai, J.J. Beyond Extracellular Vesicle (EV) 
Hype: Practical Solutions and Remaining Hurdles in EV Research, Manufacturing, and Clinical Translation. Adv. Sci. 2026, 13, 
e21913. [CrossRef] [PubMed]

15. Ahmadian, S.; Jafari, N.; Tamadon, A.; Ghaffarzadeh, A.; Rahbarghazi, R.; Mahdipour, M. Different storage and freezing protocols 
for extracellular vesicles: A systematic review. Stem Cell Res. Ther. 2024, 15, 453. [CrossRef] [PubMed]

16. Sivanantham, A.; Jin, Y. Impact of Storage Conditions on EV Integrity/Surface Markers and Cargos. Life 2022, 12, 697. [CrossRef] 
[PubMed]

17. Yuan, F.; Li, Y.M.; Wang, Z. Preserving extracellular vesicles for biomedical applications: Consideration of storage stability before 
and after isolation. Drug Deliv. 2021, 28, 1501–1509. [CrossRef] [PubMed]

18. Wang, Z.; Zhou, X.; Kong, Q.; He, H.; Sun, J.; Qiu, W.; Zhang, L.; Yang, M. Extracellular Vesicle Preparation and Analysis: A 
State-of-the-Art Review. Adv. Sci. 2024, 11, 2401069. [CrossRef] [PubMed]

19. Welsh, J.A.; Goberdhan, D.C.I.; O’DRiscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks, T.A.P.; 
Erdbrügger, U.; et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches. 
J. Extracell. Vesicles 2024, 13, e12404. Correction in J. Extracell. Vesicles 2024, 13, e12451. https://doi.org/10.1002/jev2.12451. 
[CrossRef] [PubMed]

20. Szatanek, R.; Baj-Krzyworzeka, M.; Zimoch, J.; Lekka, M.; Siedlar, M.; Baran, J. The Methods of Choice for Extracellular Vesicles 
(EVs) Characterization. Int. J. Mol. Sci. 2017, 18, 1153. [CrossRef] [PubMed]

21. Kwon, Y.; Park, J. Methods to analyze extracellular vesicles at single particle level. Micro Nano Syst. Lett. 2022, 10, 14. [CrossRef]
22. Hartjes, T.A.; Mytnyk, S.; Jenster, G.W.; van Steijn, V.; van Royen, M.E. Extracellular Vesicle Quantification and Characterization: 

Common Methods and Emerging Approaches. Bioengineering 2019, 6, 7. [CrossRef] [PubMed]
23. Kreimer, S.; Belov, A.M.; Ghiran, I.; Murthy, S.K.; Frank, D.A.; Ivanov, A.R. Mass-Spectrometry-Based Molecular Characterization 

of Extracellular Vesicles: Lipidomics and Proteomics. J. Proteome Res. 2015, 14, 2367–2384. [CrossRef] [PubMed]
24. Kumari, S.; Lausted, C.; Scherler, K.; Ng, A.H.C.; Lu, Y.; Lee, I.; Hood, L.; Wang, K. Approaches and Challenges in Characterizing 

the Molecular Content of Extracellular Vesicles for Biomarker Discovery. Biomolecules 2024, 14, 1599. [CrossRef] [PubMed]
25. Rohman, A.; Windarsih, A.; Lukitaningsih, E.; Rafi, M.; Betania, K.; Fadzillah, N.A. The use of FTIR and Raman spectroscopy in 

combination with chemometrics for analysis of biomolecules in biomedical fluids: A review. Biomed. Spectrosc. Imaging 2020, 8, 
55–71. [CrossRef]

26. Zhang, H.; Silva, A.C.; Zhang, W.; Rutigliano, H.; Zhou, A. Raman Spectroscopy characterization extracellular vesicles from 
bovine placenta and peripheral blood mononuclear cells. PLoS ONE 2020, 15, e0235214. [CrossRef] [PubMed]

27. Baker, M.J.; Hussain, S.R.; Lovergne, L.; Untereiner, V.; Hughes, C.; Lukaszewski, R.A.; Thiéfin, G.; Sockalingum, G.D. Developing 
and understanding biofluid vibrational spectroscopy: A critical review. Chem. Soc. Rev. 2016, 45, 1803–1818. [CrossRef] [PubMed]

28. Gualerzi, A.; Kooijmans, S.A.A.; Niada, S.; Picciolini, S.; Brini, A.T.; Camussi, G.; Bedoni, M. Raman spectroscopy as a quick 
tool to assess purity of extracellular vesicle preparations and predict their functionality. J. Extracell. Vesicles 2019, 8, 1568780. 
[CrossRef] [PubMed]

29. Zini, J.; Saari, H.; Ciana, P.; Viitala, T.; Lõhmus, A.; Saarinen, J.; Yliperttula, M. Infrared and Raman spectroscopy for purity 
assessment of extracellular vesicles. Eur. J. Pharm. Sci. 2022, 172, 106135. [CrossRef] [PubMed]

30. Mihály, J.; Deák, R.; Szigyártó, I.C.; Bóta, A.; Beke-Somfai, T.; Varga, Z. Characterization of extracellular vesicles by IR spectroscopy: 
Fast and simple classification based on amide and C H stretching vibrations. Biochim. Biophys. Acta (BBA) Biomembr. 2017, 1859, 
459–466. [CrossRef] [PubMed]

31. Szentirmai, V.; Wacha, A.; Németh, C.; Kitka, D.; Rácz, A.; Héberger, K.; Mihály, J.; Varga, Z. Reagent-free total protein quantifi-
cation of intact extracellular vesicles by attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. Anal. 
Bioanal. Chem. 2020, 412, 4619–4628. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27219482

https://doi.org/10.3389/fragi.2026.1813553
https://www.ncbi.nlm.nih.gov/pubmed/42421744
https://doi.org/10.7150/thno.113650
https://www.ncbi.nlm.nih.gov/pubmed/40303340
https://doi.org/10.3390/pharmaceutics13010122
https://www.ncbi.nlm.nih.gov/pubmed/33477972
https://doi.org/10.1038/s41392-024-01735-1
https://www.ncbi.nlm.nih.gov/pubmed/38311623
https://doi.org/10.3389/fimmu.2022.1093607
https://www.ncbi.nlm.nih.gov/pubmed/36733388
https://doi.org/10.1002/advs.202521913
https://www.ncbi.nlm.nih.gov/pubmed/41944393
https://doi.org/10.1186/s13287-024-04005-7
https://www.ncbi.nlm.nih.gov/pubmed/39593194
https://doi.org/10.3390/life12050697
https://www.ncbi.nlm.nih.gov/pubmed/35629364
https://doi.org/10.1080/10717544.2021.1951896
https://www.ncbi.nlm.nih.gov/pubmed/34259095
https://doi.org/10.1002/advs.202401069
https://www.ncbi.nlm.nih.gov/pubmed/38874129
https://doi.org/10.1002/jev2.12451
https://doi.org/10.1002/jev2.12404
https://www.ncbi.nlm.nih.gov/pubmed/38326288
https://doi.org/10.3390/ijms18061153
https://www.ncbi.nlm.nih.gov/pubmed/28555055
https://doi.org/10.1186/s40486-022-00156-5
https://doi.org/10.3390/bioengineering6010007
https://www.ncbi.nlm.nih.gov/pubmed/30654439
https://doi.org/10.1021/pr501279t
https://www.ncbi.nlm.nih.gov/pubmed/25927954
https://doi.org/10.3390/biom14121599
https://www.ncbi.nlm.nih.gov/pubmed/39766306
https://doi.org/10.3233/bsi-200189
https://doi.org/10.1371/journal.pone.0235214
https://www.ncbi.nlm.nih.gov/pubmed/32614841
https://doi.org/10.1039/c5cs00585j
https://www.ncbi.nlm.nih.gov/pubmed/26612430
https://doi.org/10.1080/20013078.2019.1568780
https://www.ncbi.nlm.nih.gov/pubmed/30728924
https://doi.org/10.1016/j.ejps.2022.106135
https://www.ncbi.nlm.nih.gov/pubmed/35121019
https://doi.org/10.1016/j.bbamem.2016.12.005
https://www.ncbi.nlm.nih.gov/pubmed/27989744
https://doi.org/10.1007/s00216-020-02711-8
https://www.ncbi.nlm.nih.gov/pubmed/32472144
https://doi.org/10.3390/ijms27219482


Int. J. Mol. Sci. 2026, 27, 9482 18 of 19

32. Mishra, A.; Zehra, S.; Bharti, P.K.; Mathur, S.R.; Ranjan, P.; Batra, A.; Inampudi, K.K.; Modi, G.P.; Nikolajeff, F.; Kumar, S. 
Spectroscopic insight into breast cancer: Profiling small extracellular vesicles lipids via infrared spectroscopy for diagnostic 
precision. Sci. Rep. 2024, 14, 9347. [CrossRef] [PubMed]

33. Zlotogorski-Hurvitz, A.; Dekel, B.Z.; Malonek, D.; Yahalom, R.; Vered, M. FTIR-based spectrum of salivary exosomes coupled 
with computational-aided discriminating analysis in the diagnosis of oral cancer. J. Cancer Res. Clin. Oncol. 2019, 145, 685–694. 
[CrossRef] [PubMed]

34. Sevinis Ozbulut, E.B.; Hoshino, K.; Furushima, Y.; Yoshida, Y.; Yamamoto, T.; Reßin, H.; Chatterjee, S.; Münch, J.; Mizaikoff, B.; 
Groß, R.M.; et al. Spectroscopic fingerprinting of extracellular vesicles from diverse cellular origins by ATR-FTIR for vibrational 
biomarkers of vector–host interactions. Sci. Rep. 2026, 16, 9195. Correction in Sci. Rep. 2026, 16, 12581. https://doi.org/10.1038/s4
1598-026-47422-9. [CrossRef] [PubMed]

35. Uthamacumaran, A.; Elouatik, S.; Abdouh, M.; Berteau-Rainville, M.; Gao, Z.-H.; Arena, G. Machine Learning Characterization 
of Cancer Patients-Derived Extracellular Vesicles using Vibrational Spectroscopies. Appl. Intell. 2021, 52, 12737–12753. [CrossRef]

36. Su, K.-Y.; Klementieva, O.; Lee, W.-L.; Sim, S.F.; Lixandru, L.-M.; Spadafora, C.; Brebu, M.; Stoleru, E.; Hasan, M.M.; Guillot, 
P.V.; et al. ATR-FTIR analysis of temperature-dependent changes in extracellular vesicles and associated released components. 
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2026, 358, 127891. [CrossRef] [PubMed]

37. Tursunović, M.; Filipović, L.; Mitić, N.; Stevanović, S.; Savković, M.S.; de Marco, A.; Popović, M. Implementation of a Novel 
Nanobody Panel for the Efficient Capture of Extracellular Vesicles from Human Plasma. Molecules 2025, 30, 3677. [CrossRef] 
[PubMed]

38. Branca, C.; Paterna, A.; Rao, E.; Raccosta, S.; Zekri, M.; Picciotto, S.; Gargano, P.; Adamo, G.; Pulvirenti, L.; Siracusa, L.; 
et al. Expanding the Analytical Toolbox for Extracellular Vesicle Biochemical Profiling: A Multiplatform Spectroscopic and 
Chromatographic Strategy. Anal. Chem. 2026, 98, 13434–13449. [CrossRef] [PubMed]

39. Abdelrazzak, A.B.; Hezma, A.M.; El-Bahy, G.S. ATR-FTIR spectroscopy probing of structural alterations in the cellular membrane 
of abscopal liver cells. Biochim. Biophys. Acta (BBA) Biomembr. 2021, 1863, 183726. [CrossRef] [PubMed]

40. Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys. Acta (BBA) -Bioenerg. 2007, 1767, 1073–1101. [CrossRef] [PubMed]
41. Vaz, M.; Martins, T.S.; Leandro, K.; de Almeida, L.P.; Silva, O.A.B.d.C.e.; Nunes, A.; Henriques, A.G. Fourier Transform Infrared 

Spectroscopy Analysis as a Tool to Address Aβ Impact on Extracellular Vesicles. Molecules 2025, 30, 258. [CrossRef] [PubMed]
42. Yuana, Y.; Böing, A.N.; Grootemaat, A.E.; van der Pol, E.; Hau, C.M.; Cizmar, P.; Buhr, E.; Sturk, A.; Nieuwland, R. Handling and 

storage of human body fluids for analysis of extracellular vesicles. J. Extracell. Vesicles 2015, 4, 29260. [CrossRef] [PubMed]
43. Gelibter, S.; Marostica, G.; Mandelli, A.; Siciliani, S.; Podini, P.; Finardi, A.; Furlan, R. The impact of storage on extracellular 

vesicles: A systematic study. J. Extracell. Vesicles 2022, 11, e12162. [CrossRef] [PubMed]
44. Susa, F.; Limongi, T.; Borgione, F.; Peiretti, S.; Vallino, M.; Cauda, V.; Pisano, R. Comparative Studies of Different Preservation 

Methods and Relative Freeze-Drying Formulations for Extracellular Vesicle Pharmaceutical Applications. ACS Biomater. Sci. Eng. 
2023, 9, 5871–5885. [CrossRef] [PubMed]

45. Suresh, P.S.; Zhang, Q. Impact of preanalytical factors on plasma extracellular vesicles and human plasma proteome. Clin. Proteom. 
2026, 23, 15. [CrossRef] [PubMed]

46. Poupardin, R.; Wolf, M.; Maeding, N.; Paniushkina, L.; Geissler, S.; Bergese, P.; Witwer, K.W.; Schallmoser, K.; Fuhrmann, G.; 
Strunk, D. Advances in Extracellular Vesicle Research over the Past Decade: Source and Isolation Method are Connected with 
Cargo and Function. Adv. Healthc. Mater. 2024, 13, 2303941. [CrossRef] [PubMed]

47. Haney, M.J.; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z.; Patel, T.; Piroyan, A.; Sokolsky, M.; Kabanov, A.V.; et al. 
Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release 2015, 207, 18–30. Correction in J. Control. 
Release 2021, 339, 232–234. https://doi.org/10.1016/j.jconrel.2021.09.027. [CrossRef] [PubMed]

48. Kim, M.S.; Haney, M.J.; Zhao, Y.; Mahajan, V.; Deygen, I.; Klyachko, N.L.; Inskoe, E.; Piroyan, A.; Sokolsky, M.; Okolie, O.; et al. 
Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 
655–664. [CrossRef] [PubMed]

49. Kim, S.; Oh, I.; Kim, J.; Lee, N.; Go, J.; Jin, Y.; Kim, W.J.; Lee, H. Efficient dispersion of aggregated extracellular vesicles: A 
comparative study of water-bath sonication and regular pipetting. Sci. Rep. 2025, 15, 25261. [CrossRef] [PubMed]

50. Su, Y.; He, W.; Zheng, L.; Fan, X.; Hu, T.Y. Toward Clarity in Single Extracellular Vesicle Research: Defining the Field and 
Correcting Missteps. ACS Nano 2025, 19, 16193–16203. [CrossRef] [PubMed]

51. Suárez, H.; Gámez-Valero, A.; Reyes, R.; López-Martín, S.; Rodríguez, M.J.; Carrascosa, J.L.; Cabañas, C.; Borràs, F.E.; Yáñez-Mó, 
M. A bead-assisted flow cytometry method for the semi-quantitative analysis of Extracellular Vesicles. Sci. Rep. 2017, 7, 11271. 
[CrossRef] [PubMed]

52. György, B.; Módos, K.; Pállinger, E.; Pálóczi, K.; Pásztói, M.; Misják, P.; Deli, M.A.; Sipos, A.; Szalai, A.; Voszka, I.; et al. Detection 
and isolation of cell-derived microparticles are compromised by protein complexes resulting from shared biophysical parameters. 
Blood 2011, 117, e39–e48. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27219482

https://doi.org/10.1038/s41598-024-59863-1
https://www.ncbi.nlm.nih.gov/pubmed/38654096
https://doi.org/10.1007/s00432-018-02827-6
https://www.ncbi.nlm.nih.gov/pubmed/30603907
https://doi.org/10.1038/s41598-026-47422-9
https://doi.org/10.1038/s41598-026-47422-9
https://doi.org/10.1038/s41598-026-44338-2
https://www.ncbi.nlm.nih.gov/pubmed/41839948
https://doi.org/10.1007/s10489-022-03203-1
https://doi.org/10.1016/j.saa.2026.127891
https://www.ncbi.nlm.nih.gov/pubmed/42035703
https://doi.org/10.3390/molecules30183677
https://www.ncbi.nlm.nih.gov/pubmed/41011574
https://doi.org/10.1021/acs.analchem.5c07632
https://www.ncbi.nlm.nih.gov/pubmed/42032802
https://doi.org/10.1016/j.bbamem.2021.183726
https://www.ncbi.nlm.nih.gov/pubmed/34375629
https://doi.org/10.1016/j.bbabio.2007.06.004
https://www.ncbi.nlm.nih.gov/pubmed/17692815
https://doi.org/10.3390/molecules30020258
https://www.ncbi.nlm.nih.gov/pubmed/39860128
https://doi.org/10.3402/jev.v4.29260
https://www.ncbi.nlm.nih.gov/pubmed/26563735
https://doi.org/10.1002/jev2.12162
https://www.ncbi.nlm.nih.gov/pubmed/35102719
https://doi.org/10.1021/acsbiomaterials.3c00678
https://www.ncbi.nlm.nih.gov/pubmed/37671648
https://doi.org/10.1186/s12014-026-09590-8
https://www.ncbi.nlm.nih.gov/pubmed/41723353
https://doi.org/10.1002/adhm.202303941
https://www.ncbi.nlm.nih.gov/pubmed/38270559
https://doi.org/10.1016/j.jconrel.2021.09.027
https://doi.org/10.1016/j.jconrel.2015.03.033
https://www.ncbi.nlm.nih.gov/pubmed/25836593
https://doi.org/10.1016/j.nano.2015.10.012
https://www.ncbi.nlm.nih.gov/pubmed/26586551
https://doi.org/10.1038/s41598-025-10050-w
https://www.ncbi.nlm.nih.gov/pubmed/40652033
https://doi.org/10.1021/acsnano.5c00705
https://www.ncbi.nlm.nih.gov/pubmed/40271998
https://doi.org/10.1038/s41598-017-11249-2
https://www.ncbi.nlm.nih.gov/pubmed/28900146
https://doi.org/10.1182/blood-2010-09-307595
https://www.ncbi.nlm.nih.gov/pubmed/21041717
https://doi.org/10.3390/ijms27219482


Int. J. Mol. Sci. 2026, 27, 9482 19 of 19

53. Ramos-Garcia, V.; Ten-Doménech, I.; Moreno-Giménez, A.; Gormaz, M.; Parra-Llorca, A.; Shephard, A.P.; Sepúlveda, P.; Pérez-
Guaita, D.; Vento, M.; Lendl, B.; et al. ATR-FTIR spectroscopy for the routine quality control of exosome isolations. Chemom. 
Intell. Lab. Syst. 2021, 217, 104401. [CrossRef]

54. Paolini, L.; Federici, S.; Consoli, G.; Arceri, D.; Radeghieri, A.; Alessandri, I.; Bergese, P. Fourier-transform Infrared (FT-IR) 
spectroscopy fingerprints subpopulations of extracellular vesicles of different sizes and cellular origin. J. Extracell. Vesicles 2020, 9, 
1741174. [CrossRef] [PubMed]

55. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 
pro-tein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

56. Osteikoetxea, X.; Balogh, A.; Szabó-Taylor, K.; Németh, A.; Szabó, T.G.; Pálóczi, K.; Sódar, B.; Kittel, Á.; György, B.; Pállinger, É.; 
et al. Improved characterization of EV preparations based on protein to lipid ratio and lipid properties. PLoS ONE 2015, 10, 
e0121184. [CrossRef] [PubMed]

57. Lewis, R.N.; McElhaney, R.N. Fourier transform infrared spectroscopy in the study of lipid phase transitions in model and 
biological membranes: Practical considerations. Methods Mol. Biol. 2007, 400, 207–226. [CrossRef]

58. Janković, T.; Luković, J.D.; Miler, I.; Mitić, N.; Hajduković, L.; Janković, M. Assembly of tetraspanins, galectin-3, and distinct 
N-glycans defines the solubilization signature of seminal prostasomes from normozoospermic and oligozoospermic men. Ups. J. 
Med. Sci. 2021, 126, e7673. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27219482

https://doi.org/10.1016/j.chemolab.2021.104401
https://doi.org/10.1080/20013078.2020.1741174
https://www.ncbi.nlm.nih.gov/pubmed/32341767
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1371/journal.pone.0121184
https://www.ncbi.nlm.nih.gov/pubmed/25798862
https://doi.org/10.1385/1-59745-519-9:207
https://doi.org/10.48101/ujms.v126.7673
https://www.ncbi.nlm.nih.gov/pubmed/34540145
https://doi.org/10.3390/ijms27219482

	Introduction 
	Results 
	Physicochemical and Morphological Characterization of EV Preparations 
	Biochemical Characterization of EV Preparations 
	EV Surface Markers Analysis with Flow Cytometry 
	Molecular Characterization of EV Preparations by ATR-FTIR Spectroscopy 
	ATR-FTIR Spectral Analysis 
	Comparison of Colorimetric and Spectroscopic Protein-to-Lipid Ratios 


	Discussion 
	Materials and Methods 
	Purification of EV from Human Plasma 
	Processing of EV Preparations 
	Determination of Protein and Lipid Concentration in EV Preparations 
	Nanoparticle Tracking Analysis (NTA) of EV Preparations 
	Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR) 
	Flow Cytometry Analysis of Surface EV Markers 
	Transmission Electron Microscopy (TEM) 
	Statistical Analysis 

	Conclusions 
	References



