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Salivary extracellular vesicles
iIsolation methods impact the
robustness of downstream
biomarkers detection
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Extracellular vesicles (EVs), crucial mediators in cell-to-cell communication, are implicated in both
homeostatic and pathological processes. Their detectability in easily accessible peripheral fluids like
saliva positions them as promising candidates for non-invasive biomarker discovery. However, the lack
of standardized methods for salivary EVs isolation greatly limits our ability to study them. Therefore,
we rigorously compared salivary EVs isolated using two scalable techniques—co-precipitation and
immuno-affinity—against the long-established but labor-intensive ultracentrifugation method.
Employing Cryo-Electron Microscopy (Cryo-EM), Nanoparticle Tracking Analysis, Western blots (WB),
and proteomics, we identified significant method-dependent variances in the size, concentration,

and protein content of EVs. Importantly, our study uniquely demonstrates the ability of EV isolation
to detect specific biomarkers that remain undetected in whole saliva by WB. RT-qPCR analysis
targeting six miRNAs confirmed a consistent enrichment of these miRNAs in EV-derived cargo across
all three isolation methods. We also found that pre-filtering saliva samples with 0.22 or 0.45 pm pores
adversely affects subsequent analyses. Our findings highlight the untapped potential of salivary EVs in
diagnostics and advocate for the co-precipitation method as an efficient, cost-effective, and clinically
relevant approach for small-volume saliva samples. This work not only sheds light on a neglected
source of EVs but also paves the way for their application in routine clinical diagnostics.

In recent decades, the exploration of extracellular vesicles (EVs) has ignited a surge of interest among researchers,
unveiling a complex network of intercellular communication mechanisms. These small, membrane-bound
entities have emerged as pivotal players in various physiological processes (both healthy and pathological),
orchestrating a symphony of molecular interactions between cells'.

EVs are nanometric particles released by all cell types across diverse tissues and can be found abundantly
in various body fluids, including blood, urine, cerebrospinal fluid (CSF), milk and saliva?=®. Their nanometric
size range and lipid bilayer membrane structure are distinctive features that discriminate them from other
soluble extracellular factors, rendering them particularly adept at traversing biological barriers and ensuring
efficient intercellular communication!. A key aspect of EVs lies in their heterogeneity, which encompasses a
wide array of subtypes, each characterized by specific biogenesis pathways and molecular cargo and are classified
in three main groups: exosomes, microvesicles and apoptotic bodies!’~. These distinct origins confer unique
biomolecular compositions, making EVs versatile mediators of diverse biological signals. Moreover, the features
of this molecular cargo reflect the physiological and pathological state of the parent cell, underscoring the
diagnostic and prognostic potential of EVs in various diseases™’.

Most studies on EVsin biofluids focus on blood, urine, milk, and CSF. However, these biofluids have limitations
for diagnostics, such as invasiveness, the need for trained personnel, infection risk, dilution effects (especially
in urine), or small volumes (CSF) that limit testing and repeated sampling. In contrast, saliva offers a valuable
alternative due to its non-invasiveness, ease of collection, and minimal requirements for expertise or equipment.
Its dynamic composition reflects both local and systemic health, making it a useful proxy for assessing various
pathologies!!. Saliva contains biomarkers commonly measured in blood, showing good correlation between the
two!2, making it ideal for developing Point Of Care tests and reducing the need for costly laboratory testings.
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This potential was illustrated during the COVID-19 pandemic, where salivary auto-tests like EasyCOV* enabled
low-cost, widespread testing!®>. However, contaminants, bacteria, and inhibitors in saliva present challenges,
possibly explaining why it is less studied than other biofluids'*.

EVs have been identified in saliva®!® and could help overcome these limitations, unlocking the full diagnostic
potential of this biofluid. Therefore, it is crucial to develop and standardize EV isolation methods specifically for
salivary samples in diagnostic applications.

When comparing EV isolation methods, key differences emerge between techniques that broadly isolate EV's
and those targeting specific subpopulations, such as tetraspanin-expressing EVs. Differential ultracentrifugation
(UC), the current gold standard for isolating EVs!®, separates particles based on their size and density through
a series of centrifugation steps. This method effectively processes large sample volumes at a moderate cost while
achieving purity levels suitable for downstream applications. However, it is time-consuming, requires expensive
high-speed centrifuge equipment, does not allow a large number of samples to be processed in parallel and can
carry non-EV contaminants like lipoproteins of similar density, limiting its clinical applicability. UC is ideal
for general EV studies but lacks specificity. In contrast, polymer-based precipitation using polyethylene glycol
(PEG), a hydrophilic volume-excluding polymer, has emerged as an alternative, enabling EV isolation in a shorter
time with low-speed centrifugation!”. This method is suitable for high-throughput studies across various human
biofluids due to its lower cost and higher sample processing capability'3-2°. However, PEG-based methods often
result in lower purity, as they can co-precipitate non-EV particles regardless of their densities. Immunoafhinity
isolation, relying on the interaction between EV surface proteins and antibodies against tetraspanins like
CD9, CD63, and CD81, specifically targets a subpopulation of EVs. This method provides high purity and is
requested for studies focusing on specific EV functions or cellular origins, with the added benefits of requiring
small sample volumes and offering faster processing?!. However, it has trade-offs, including lower yield, higher
costs, and the selective isolation of marker-specific vesicles that may not represent all EVs in the sample. These
differences underscore the critical balance between yield, purity, and specificity in EV research. While UC and
PEG methods are suited for broader EV analyses, immunoaffinity techniques are more relevant for studies on
specific EV subpopulations, particularly in clinical applications where precision and compliance are essential.

To date, no direct comparison in saliva has been done to extensively show how these three different isolation
methods influence the isolation results of salivary EVs regarding both their protein and nucleic acid cargos.

Published protocols from researchers and/or manufacturers instructions often mention the use of filtration
in order to improve EVs recovery?>?*. However, the assumed efficiency of this additional step has never been
properly assessed and it remains unclear if this step is useful or, on the contrary, detrimental in terms of the
molecular content of the EV.

In this study, we compared three methods relying on very different mechanisms to isolate EV's from human
saliva, namely ultracentrifugation, co-precipitation and immuno-affinity. We propose a comprehensive analysis
regarding the characterization of EVs, their protein and miRNA cargos. We also assessed the usefulness of
adding a filtration step on protein and miRNA recovery for each method.

Results

Workflow for EV isolation by ultracentrifugation (UC), co-precipitation (Q) and immuno-
affinity (M)

EVs were isolated from the volunteers’ saliva by three different isolation methods (Table 1). We compared a
co-precipitation-based method (Qiagen) and an immuno-affinity based method (Miltenyi) with the differential
ultracentrifugation technique, the latter being currently considered as the gold standard for EV isolation (see**
for review on these different techniques). An overview of the experimental workflow for saliva collection,
processing and EVs isolation is depicted in Fig. 1 (see material and methods for detailed procedure). Once
isolated, we assessed the characteristics of saliva derived EVs for each isolation method in parallel, namely EV
UC, EV Q and EV M (for ultracentrifugation, co-precipitation and immuno-affinity isolated EVs respectively)
following the MISEV guidelines?.

Ultracentrifugation Coprecipitation Immuno-capture

Specific binding of
antibodies against EV
markers tetraspanins
CD9, CD63 and
CD81 coated on
magnetic beads

Size and density Surface charge. Use of a cationic polymer to

Mechanism of separation Centrifugation at 100,000 xG | coprecipitate EV's

Specificity Intermediate Low High
Time High Low Intermediate
Cost Intermediate Low High
Scalability Low High Low

Table 1. Comparison of the three techniques used in this study for EV isolation. In this study, we compared
three isolation methods using a 3-level scale: high, intermediate, or low. The criteria for comparison were as
follows: Specificity: The ability to effectively separate extracellular vesicles (EVs) from contaminants present in
saliva. Time: The duration required to complete the EV isolation process, measured from the post-collection
stage. Cost: The financial resources required to perform the isolation procedure. Scalability: The ability to
process a large number of samples without significantly increasing time, cost, or personnel requirements.

Scientific Reports| 2024 14:31233 | https://doi.org/10.1038/s41598-024-82488-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

4 mL of saliva

-
300g
10min Cells and large
= debris
3,000g
30min Small
" debris
L ows < osmL
| ]
1mL 1mL 1mL
100,000g Precipitation Magnetic
60min x2 ' wbuffer 60 min bead 60min
10,0009
e Wash x3
. l Chnl I Elution
EV total EV total
pellet pellet Beads-EV

(o) (&va)

Fig. 1. Workflow of human salivary extracellular vesicles isolation. Representative scheme of the workflow.
Briefly, 4 mL of saliva were collected from donors and centrifuged successively at 300xg and 3000Xg to remove
cells and large debris and then small debris respectively. Then, whole saliva supernatant was splited in four
fractions: 0.5 mL whole saliva supernatant (WS) used as a control and 1 mL dedicated to each EV isolation
methods.

Particle size distribution and concentrations of EVs isolated from human saliva by
nanoparticle tracking analysis

After isolation, particle size distribution and concentrations of EVs were measured using NTA (NanoSight
NS300) (Fig. 2). For this experiment, EV samples from four volunteers were analyzed in triplicates. All samples
were submitted to uBCA assay in order to adjust them at the same protein concentration before proceeding to
NTA.

Our analysis revealed distinct size distributions and particle numbers. EV UC displayed the broadest size
range with an average size of 264 nm (+ 13 nm), followed by EV Q at 227 nm (+7 nm), and EV M at 84 nm
(x4 nm) as shown in Fig. 2A,D. The notably smaller size of EV M could be partly attributed to the immuno-
affinity method using antibody-coupled magnetic beads, which are approximately 50 nm in size according to
the manufacturer. This bead influence, also observed in another study21, skews the size measurements towards
smaller sizes, particularly noticeable in the D10 and mode size distributions (Fig. 2E,F). However, even the larger
EV M vesicles are substantially smaller than those from EV UC and EV Q, as shown in their D90 sizes (EV UC:
422 nm+21; EV Q: 339 nm=+9; EV M: 131 nm + 13). When EVs below 100 nm were removed from analysis
to account for the beads bias, the EV M size distribution was still significantly narrower than those obtained by
the two other methods (Supplementary Fig. S1), confirming that immuno-affinity method tend to isolate small
vesicles.
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Fig. 2. Characterization of human salivary extracellular vesicles. (A) Mean size distribution of extracellular
vesicles (EV UC, Q and M) assessed by NTA (n=4). (B) Representative pictures of EVs isolated by
ultracentrifugation (EV UC), co-precipitation (EV Q) and by immuno-affinity (EV M) by cryo-transmission
electron microscopy. Image bars represent 100 nm. (C) Quantification by NTA of EV particles isolated from
1 mL of human saliva (n=4). (D) Mean size of EVs derived from saliva (n=4). (E) Mode size of EVs derived
from saliva (n=4). (F) Particle size distribution D10, D50, and D90 corresponding to the 10% smallest
particles, 50% (median), and 10% largest particles within a sample respectively (n=4). *p <0.05.
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In terms of particle numbers, EV M yielded the highest count at 2.25x 10!! particles, surpassing EV UC’s
2.34x10'° and EV Qs 1.96x10' (Fig. 2C). This higher count in EV M is also partially attributed to the
presence of magnetic beads. When considering particle concentration normalized by protein content?®, EV M
demonstrated the highest concentration (1.36 X 10° particles/ml/pg), indicating a higher purity compared to EV
UC (4.51 x 10® particles/ml/pg) and EV Q (1.77 X 10® particles/ml/pg), as shown in Fig. 2A and Supplementary
Table 2.

These findings suggest that immuno-affinity and ultracentrifugation methods yield purer EVs than co-
precipitation, a result in contrast to other studies favoring co-precipitation methods for higher recovery
efficiency?®?. Co-precipitation techniques tend to co-precipitate non-vesicular proteins, leading to biased
protein concentration measurements in EV samples?*-21:28-30_ This discrepancy highlights the potential for higher
protein contamination in EVs isolated by co-precipitation compared to the other methods, raising concerns
about the purity of EVs obtained via this method.

Morphological characterization of EVs from saliva

We next sought to visualize the morphology and structural integrity of EVs using cryo-EM. The primary
advantage of cryo-EM is its ability to preserve membranes in a state that closely resembles their natural
condition, allowing for clear observation of lipid bilayers and internal structures of vesicles. We successfully
visualized EV's under all conditions (Fig. 2B). EV UC appeared as well-defined, round vesicles with a bilayered
membrane (Fig. 2B, upper left panel and supplementary Fig. S2A). In contrast, EV Q were more challenging
to detect and appeared blurry (Fig. 2B, upper right panel), likely due to residual PEG interfering with image
acquisition (supplementary Fig. S2B). For EV M, we also observed clear, round vesicles similar to those in the
UC condition (Fig. 2B, lower panel). However, many magnetic bead aggregates were present in the microscopic
field, although clearly smaller than EVs. Despite these differences, EVs isolated using all three methods could be
assessed effectively by cryo-EM.

Protein content-based characterization of EVs isolated from saliva

Based on the MISEV guidelines?, we did a systematic protein quantification for all EV isolation methods and the
starting WS. Twenty-seven biological samples from nine healthy volunteers were assessed. We used the uBCA kit
to estimate the protein quantity in each sample (Fig. 3A). For EV M, a control using 50 pl of Microbeads alone
treated in parallel of the samples was used to account for the non-specific background induced by the beads. This
value was substracted to the value obtained for EV M samples in order to get more accurate measurements. As
expected, whole saliva contains a huge amount of proteins, with a mean concentration of 4.7 mg/ml. Regarding
EV isolation, EV UC has the lowest recovery rate, followed by EV M and EV Q (EV Q being significantly higher
than EV UC and EV M (p <0.0001) with a mean protein quantity of 43.2 ug; 195.8 pug and 99.01 ug per mL of
saliva respectively.

We first analyzed the protein composition of WS and EVs isolated using UC, Q, and M methods through
Coomassie-stained SDS-PAGE gels. An equal volume (40 pl) was loaded on each lane. As shown in Fig. 3B,
the global intensities observed for each condition correlated well with the relative abundance measured using
the uBCA assay (Fig. 3A). The results (Fig. 3B) showed that the protein profiles of EVs differed from WS, with
some proteins like mucins or albumin prominent in WS but less so in EVs. Notably, EV's from different isolation
methods also displayed distinct protein patterns. EV Q closely resembled WS, EV UC showed some differences,
and EV M exhibited the most distinct profile with many small discrete bands.

We further investigated specific EV markers (CD9, CD81, CD63, TSG101) and albumin (a negative EV
marker) via Western blotting. Using 20 pg of protein per lane, we observed that WS had high albumin and
TSG101 levels but lacked tetraspanins CD9, CD81, and CD63. EV UC samples showed all tetraspanins and
TSG101 with minimal albumin, suggesting low protein contamination. EV Q contained TSG101, CD9, CDS8],
but CD63 was inconsistently detected and albumin contamination was significant. EV. M samples had TSG101,
CD9, CD63, minimal albumin, but lacked CD81, which might indicate selective EV subtype isolation or antibody
binding issues. Notably, only EV UC consistently showed all tetraspanins. EV Q bands were weaker, possibly due
to residual PEG buffer.

These Western blot results (Fig. 3C,D and Supplementary Fig. S3A), representative of four independent
experiments using saliva from four volunteers, suggest that different EV populations are isolated by each method.
The variability was more pronounced between methods than between individual samples.

In order to confirm these data at a larger scale and to study the whole proteomic landscape resulting from the
different isolation methods, we performed a quantitative label free LC-MS/MS proteomic analysis on WS and
the EVs isolated by the three methods. We used three biological replicates for each condition. However, one EV
M sample failed to be analyzed and was removed in the subsequent analysis.

We identified 648 proteins in WS, 800 in EV UC, 711 in EV Q and 394 in EV M samples (Supplementary
Table 3). For each EV isolation method, we compared their protein cargo to the top 100 EV markers. EV UC
had the highest overlap with the top 100 (85), closely followed by EV Q (78), but EV M showed only a moderate
overlap (66) (Fig. 3E).

To be the more stringent and robust possible, we looked at the proteins identified in all three replicates for EV
UC and EV Q and the two EV M replicates (Fig. 3F). Importantly, these proteins were unique to EVs and absent
from the WS samples. 140 proteins were uniquely found in EV UC, 45 in EV Q and 12 in EV M. Only 29 were
identified in EV isolated by the three methods (8.5% of total proteins identified). This clearly demonstrates that
the choice of EV isolation method is crucial, as it directly affects the harvested protein content and, consequently,
has a significant impact on the success or failure of detecting biomarkers. To verify this last assertion, we selected
three proteins known to be upregulated in several diseases and well described as strong biomarkers in their
corresponding pathologies. We chose mucin-16, a cancer biomarker?!, the Serum Amyloid Al protein (SAAL),
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Fig. 3. Characterization of human salivary extracellular vesicles by protein markers. (A) Total proteins
contained in human saliva and salivary EVs (n>26). (B) Commassie blue staining of total proteins from
whole saliva or EV UC, EV Q and EV M. (C) Western blot analysis of salivary markers (albumin, endosomal
(TSG101) and tetraspanins (CD9, CD63, CD81)) in EV UC, EV Q and EV M protein extracts. (D) Relative
quantification to WS of proteins shown in (C). Results are given as fold-change versus control whole saliva
normalized at 1. (n=4). (E) Venn diagram showing overlap between the ExoCarta Top 100 proteins list
(yellow) and the salivary EV proteins in EV UC (blue), EV Q (red) and EV M (green) determined by
proteomics. (F) Venn diagram showing the number of EV proteins identified in EV UC (blue), EV Q (red) and
EV M (green) not identified in WS determined by proteomics. (G) Western blot analysis of mucin-16, CD59
and serum amyloid A1 biomarkers in EV UC, EV Q and EV M protein extracts. (H) Relative quantification

to WS of proteins shown in (G). Results are given as fold-change versus control whole saliva normalized at

1. (n>5). Original blots in (C, G) are presented in Supplementary Fig. S4.*p < 0.05; **p <0.01; ***p <0.001;

©0p <0,0001.
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a traumatic brain injury marker®? and CD59, an early biomarker for gestational diabetes mellitus®*. These three
proteins were identified in the LC-MS/MS analysis with higher intensities in EV's compared to the WS.

We could confirm by WB the presence of these three proteins only in the EVs and not in WS samples
(Fig. 3G). The stronger signal was always observed in EV UC, followed by EV Q. We failed to detect MUC16 and
SAAL in the EV M condition (Fig. 3G,H). The experiment was repeated seven times (Supplementary Fig. S3B, C
and D). This result emphasizes the relevance and the high potential of salivary EV's for diagnostic.

MiRNA content-based characterization of EVs isolated from saliva
As we observed strong differences in the proteic cargo of EVs depending on the isolation method chosen, we
wondered if the nucleic acid cargo could be also affected by it.

MiRNAs, small non-coding RNAs crucial in regulatory roles*, impact about 60% of protein-encoding genes,
orchestrate cellular signaling, and can translocate to the nucleus®*-*’, making them increasingly recognized as
potential biomarkers in various biofluids*®-** including saliva*! for many diseases**~*2.

It is now well established that EVs contains small non-coding RNA (sncRNA) and miRNA in particular
with more than 10 000 entries in Vesiclepedia (http://microvesicles.org/). Therefore, we chose to focus only on
miRNA to assess the nucleic acid cargo of the method-dependent isolated vesicles.

In our study, miRNAs from WS and EVs isolated using UC, Q, and M were purified using the miRNeasy
Serum/Plasma Kit (Qiagen), and quantified with the Qubit™ microRNA Assay Kit (ThermoFisher Scientific),
as shown in Fig. 4A. We normalized the miRNA quantities to the initial saliva volume for comparison. WS had
significantly more miRNA (179 ng/ml) compared to EV UC (30.9 ng/ml) and EV M (8.3 ng/ml). EV Q had a
lower RNA content than WS (62.8 ng/ml) but higher than EV M, which was statistically significant (Fig. 4A).
This was further confirmed by lab chip analysis (Fig. 4B).

For miRNA analysis, we selected six miRNAs known to be present in saliva®®. Using 4 ng of RNA for reverse
transcription, followed by qPCR, we found that all miRNAs were significantly enriched in EVs compared to WS,
with enrichments ranging from 4- to 50-fold, varying by miRNA (Fig. 4C). This supports the notion that the
primary miRNA source in saliva is EVs rather than free circulating miRNA*>**. Slight differences in miRNA
expression were noted among the isolation techniques. EV Q showed the most consistent results with the
smallest error bars, indicating its suitability for miRNA measurements. However, there was noticeable variability
in miRNA quantities and fold changes to WS among the EVs isolated by the same method, highlighting the
variability in miRNA content in EVs (Fig. 4C).

Effect of filtration on EVs isolation, recovery and subsequent analysis

In our study, we examined the impact of filtration on EV isolation, a step often recommended for improving
EV purity. We modified our standard workflow (Fig. 1) to include filtration of whole saliva through 0.45 um or
0.22 pm filters before isolating EV's (Fig. 5A). For EV UC, filtration impeded protein quantification (Fig. 5B)
and significantly reduced miRNA content, with the unfiltered condition yielding 5.31 ng of miRNA compared
to only 2.26 ng and 2.47 ng in the 0.45 um and 0.22 pm filtration conditions, respectively (Fig. 5C). RT-qPCR
showed a substantial decrease in both miRNA recovery and target detection post-filtration, with the 0.22 um
condition slightly more affected, although not statistically significant (Fig. 5D).

Similar trends were observed in EV Q, with both protein and miRNA contents decreasing after filtration
(Supplementary Fig. S5). RT-qPCR indicated reduced miRNA recovery, except for hsa-Let-7f-5p, which
increased compared to the non-filtered condition (Supplementary Fig. S5C).

In contrast, protein quantities in EV M remained consistent between filtered and non-filtered conditions
(Supplementary Fig. S6A, left panel). This consistency might be due to the technique’s preference for smaller
vesicles, which are less impacted by filtration, or the presence of mouse immunoglobulin chains on the beads.
However, the EV M samples showed significant reductions in both miRNA content (Supplementary Fig. S6B)
and miRNA fold changes compared to non-filtered conditions (Supplementary Fig. S6C), similar to EV UC.

We also performed a WB to compare the unfiltered to both filtered conditions for albumin, CD63 and
TSG101 (Supplementary Fig. S7). Filtration does not remove the albumin background and EV marker signal
seems strongly impeded, especially for the 0.22 pm conditions.

Overall, our findings indicate that filtration, regardless of pore size (0.45 or 0.22 pm), substantially affects EV
recovery in all isolation conditions and hinders subsequent analysis. Therefore, filtration of saliva prior to EV
isolation is not advisable.

Discussion

In recent years, saliva has emerged as a promising biofluid for biomarker discovery, despite challenges such
as variability and the presence of inhibitors and bacteria. The discovery of extracellular vesicles (EVs) in
saliva® has generated significant interest, as they may overcome these limitations. However, EV isolation and
characterization in clinical practice remain complex?’. Research predominantly focuses on blood, urine, and
CSF?246-48 yith fewer studies on saliva?-3%4%,

This study presents a comprehensive comparison of three EV isolation methods (ultracentrifugation, co-
precipitation, and immuno-affinity) in human saliva, examining their efficiency, purity, and recovery rates.
Our results show that co-precipitation and immuno-affinity kits, despite being designed for other biofluids,
effectively isolate salivary EVs. However, the enrichment levels and recovery rates varied depending on the
chosen method. NTA revealed significant differences in size distribution and particle concentration among
the methods, suggesting the isolation of different EV subpopulations. EV Q showed a similar size distribution
to EV UC but with fewer particles, indicating potential issues with buffer residue and protein aggregation, as
observed in cryo-EM data (Fig. 2B and supplementary Fig. S2B). In contrast, EV M tended to isolate smaller
particles efficiently, comparable to EV UC and showed well-defined vesicles with beads attached to their surface.
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Fig. 4. MiRNA cargo assessment in human salivary extracellular vesicles. (A) Quantity of total miRNA
contained in human saliva and extracellular vesicles (UC, Q and M) (n=10). (B) Gel-like image of miRNA
isolated from whole saliva and EVs, generated from the LabChip® GX system. (C) miRNA levels in EVs (UC, Q
and M) relative to whole saliva (WS). Results are given as fold-change of whole saliva normalized at 1. (n>9).
*p <0.05; **p <0.01; ***p < 0.001.
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Fig. 5. Impact of filtration on saliva-derived extracellular vesicles isolated by ultracentrifugation. (A)
Representative scheme of the workflow. Briefly, saliva collected from donors was centrifuged successively

at 300xg and 3000xg to remove cells and large debris and then small debris respectively. Then, whole saliva
supernatant was filtered on 0.45 um or 0.22 pm filter. The filtrate was subsequently used for EVs isolation as
described previously. (B) Concentration of total proteins contained in EVs isolated by ultracentrifugation from
1 mL of human non-filtered saliva (NF) and 0.45 pm or 0.22 um filtered saliva (n=3). (C) Quantity of total
miRNA contained in EVs isolated by ultracentrifugation from 1 mL of human non-filtered saliva (NF) and
0.45 pm or 0.22 pum filtered saliva (n=4). (D) miRNA levels in EVs isolated by ultracentrifugation from filtered
0.45 um or 0.22 pm saliva relative to EVs isolated from non-filtered saliva (NF). Results are given as fold-
change versus control non-filtered saliva normalized at 1. (n=4). *p <0.05; **p < 0.01.
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However, MicroBeads tend to form small aggregates and are present in significant proportions in the sample. This
results in a bias towards smaller sizes, which should be carefully considered when using this method. A recent
study comparing eight isolation techniques (including ultracentrifugation and two PEG-based co-precipitation
methods) evaluated EV concentration, size distribution, protein concentration, and purity in pooled salivary
samples from young and old adults, both before and after magnetic bead immunocapture using antibodies
against CD9, CD63, and CD81%°. The study revealed that EV concentrations, size distributions, and purity varied
by age and isolation technique. Notably, after immunocapture, age-related differences in EV concentrations were
no longer observed, though the isolation technique still significantly influenced EV recovery. Inmunocapture
also resulted in less concentrated, smaller EVs, indicating that tetraspanin-based capture does not isolate all
EVs and tends to favor smaller ones. Furthermore, the presence of bacterial EVs in saliva®!, similar in size and
morphology to human EVs but carrying different cargos, may contribute to the observed variations between
isolation techniques.

WB analysis of isolated EVs showed distinct protein profiles for each method. For instance, the EV Q
samples displayed less pronounced bands for CD9 and CD81 compared to EV UC, suggesting potential purity
and recovery rate differences. Albumin detection patterns further support this, implying that EV Q also co-
precipitates soluble saliva proteins. TSG101 migration profiles in EV Q samples suggest a mix of EV-isolated
fractions and whole saliva, and could serve as another purity indicator for EV preparations in saliva. Similar
results regarding purity and variations in tetraspanin signals were observed in the Reseco et al. article®. In this
study, CD63 enrichment was maintained across all EV isolation techniques and age groups tested, whereas CD81
and flotillin-1 were more inconsistently expressed. Post-capture using beads coated with CD9, CD63, and CD81
increased the purity of the recovered EVs, although it reduced the yield, likely due to the selection of specific
EV subtypes.

Proteomic analysis revealed that EV Q contained a set of proteins similar to EV UC, with a close number of
Top 100 EV markers (85 vs. 78) and a small subset of uniquely identified proteins. This aligns with a recent study
comparing UC and ExoQuick-CGTM, showing differentially expressed proteins in UC and PEG conditions.
The enriched proteins in EV Q seemed to be related to distinct biological processes and functions, indicating
selective enrichment in different EV populations®.

Interestingly, EV Q allowed the detection of known biomarkers like MUC16, CD59, and SAA1 by Western
blot, albeit less intensely than EV UC, confirming its potential for biomarker detection in saliva. ELISA assays can
be highly effective for biomarker detection due to their sensitivity and quantitative capabilities. However, we did
not use them in this study because we were evaluating an immuno-isolation method concurrently. In the future,
it would be beneficial to use ELISA assays for detecting EV biomarkers in combination with ultracentrifugation
or co-precipitation methods, as this could potentially increase both sensitivity and precision.

The immuno-affinity method isolates smaller particles efficiently, comparable to EV UC, but exhibited an
unexpected lack of CD81 in WB and proteomic analysis, suggesting selective EV surface protein isolation.
This was unexpected, as the beads are designed to recognize the three tetraspanins CD9, CD63 and CD81. A
plausible explanation would be that we preferentially isolate EVs having CD63 and CD9 on their surface due
to a higher affinity for the subpopulations carrying these EV markers. A subset of EVs harbouring the CD81
tetraspanin would be captured in a smaller proportion, resulting in a too faint signal that failed to be detected
by WB, in line with>? where they suggest that not all of the EVs carrying an epitope are captured in a single
step. Alternatively, steric hindrance could impede the antibody binding to its target. Furthermore, the overall
protein content and the Top 100 EV markers in EV M weakly overlapped with those in EV UC and EV Q,
highlighting the selective nature of the immuno-affinity approach. This method, which enriches for small EV's
co-expressing CD9, CD63, and CD8]1, likely targets a specific subpopulation of exosomes originating from the
endosomal pathway, marked by proteins like syntenin-1 and TSG101, as described in*. However, this selectivity
may restrict the full EV proteome representation. In contrast, ultracentrifugation captures a broader spectrum
of EV subtypes, including large, medium, and various small EVs, some of which may lack these tetraspanins or
be enriched with other markers associated with the plasma membrane or extracellular matrix. This underscores
the importance of selecting the appropriate isolation method to capture distinct EV subpopulations with unique
protein compositions and biological functions.

Our study also evaluated miRNA content in isolated EVs versus whole saliva. All three methods enriched
miRNAs within EVs, with co-precipitation providing the most consistent results for RT-qPCR miRNA analysis.
However, filtration steps, commonly assumed to improve EV purity, significantly reduced overall EV recovery,
suggesting that miRNAs are predominantly enclosed within EVs rather than in free form in saliva. When
assessing the remaining contaminants (albumin) and some of the EV markers (TSG101 and CD63), we found no
signal in the filtered EV UC samples (Supplementary Fig. S7). This indicates a loss of integrity of the EV's during
the filtration process. If the pressure exerted on the filter is too strong and/or the pores become obstructed, it
could result in significant degradation of the EVs. As a result, a substantial proportion of EVs and their protein
cargo could be lost in the supernatant, leaving few to no intact EVs pelleted after ultracentrifugation. The
loss of signal for TSG101 and CD63 in EV M samples filtered with 0.22 um filters, and the fainter signal with
0.45 um filters, further supports this observation. Surprisingly, the EV Q samples appear relatively unaffected
by the filtration. While filtration does not improve purity, the signal for EV markers TSG101 and CD63 seems
to increase with 0.45 um filtration but decreases again with 0.22 um filtration. Given that the co-precipitation
method often results in nonspecific signals, these variations are not unexpected. For this study, we used PVDF
filters, as they have proven to be efficient in other studies for improving EV isolation>*. PVDF filters offer several
advantages, such as consistent performance and reliability across various applications. Since we aimed to assess
the protein and miRNA content from EV cargos and saliva, PVDF filters were a pertinent choice. Using a low
protein-binding filter like PVDF minimizes the loss of nucleic acids due to protein adherence to the filter, which
is crucial for applications requiring high yield and purity of nucleic acids. It could be interesting to extend this
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type of characterization with other types of filters, such as Nylon, cellulose acetate, or PTFE. Additionally, buffer
exchange/filtration units with a small KD range might represent better alternatives than filter pores for preserving
EV integrity while improving purity. Further experiments will be necessary to explore these possibilities.

In conclusion, our findings emphasize that the choice of EV isolation method significantly impacts the
enriched EV subpopulations, size, concentration, and protein cargo. The co-precipitation method, despite
some contamination, offers a rapid, cost-effective approach for large-scale diagnostic applications. It highlights
the need for standardized protocols and reinforces the potential of salivary EVs for non-invasive biomarker
discovery. However, further large-scale studies are necessary to fully understand the proteomic and sncRNAome
landscape of EVs isolated by these methods. Our research contributes to advancing knowledge in salivary EVs,
positioning them as a powerful tool for non-invasive biomarker research.

Materials and methods

Saliva collection and sample processing

Unstimulated saliva samples were obtained from nine healthy males volunteers aged between 18 and 40 years old
and collected in the morning (9:00-10:00 AM). Subjects were asked to refrain from eating, drinking or smoking
for at least 1 h prior to saliva collection. The absence of blood contamination was checked by visual inspection.
Whole saliva was collected into polystyrene tubes, immediately kept on ice and centrifuged at 300xg for 10
min at 4 °C to remove cells and large debris. The supernatant was separated from the pellet and centrifuged
again at 3000xg for 30 min at 4 °C to remove residual organelles, cell fragments and small debris. The whole
saliva supernatant was separated from the pellet and kept on ice for EV isolation. A minimum of 4 ml of saliva
was collected each time by participant, except for the filtration experiments where volounteers were asked to
give at least 15 ml of saliva. Samples were analysed individually and were never pooled in this study. Each “n”
mentioned in the experiments represents an individual biological replicate. For the purpose of some experiments,
an optional filtration step was perfomed subsequently. Briefly, the whole saliva supernatent was filtered through
0.45 pm or 0.22 um PVDF syringe filters (Merck) before proceeding to the next step. All methods were performed
in accordance with relevant guidelines and regulations. All participants signed informed consent prior to
participating as part of an ethically approved study by a French national ethic committee (CPP-NORD OUEST
III) on April 21, 2023 (23.00930.000169). The study was registered at www.clinicaltrials.gov (NCT06149351).

Isolation and concentration of EVs

Ultracentrifugation

One mL of the WS was diluted with 24 mL of PBS and transferred to 50 mL, Open-Top Thickwall Polypropylene
Tube (Beckman Coulter) for ultracentrifugation at 100,000xg for 1 h at 4 °C (JXN-30 centrifuge, JA-30.50 Ti
Rotor, Beckman Coulter). The pellet was washed with PBS and centrifuged again at 100,000xg for 1 h at 4 °C to
remove soluble contaminant. The final pellet was resuspended in 100 pl PBS and then kept on ice or at — 80 °C
for further analysis.

Co-precipitation

The extracellular vesicles from WS were isolated using miRCURY” Exosome Kit (Qiagen) according to the
manufacturer’s recommendations. This extracellular vesicle isolation process relies on the sequestration of water
molecules that typically surround particles in suspension, forming a hydration layer. By mixing the starting
sample with the Precipitation Buffer, the hydration of subcellular particles is reduced, facilitating the precipitation
of even small nanoparticles using a low-speed centrifugation step. Briefly, 400 pL of Precipitation Buffer B were
added in 1 mL of whole saliva supernatant and incubated for 60 min at 4 °C. At the end of the incubation time,
the samples were centrifuged at 10,000xg for 30 min at room temperature, the supernatant was removed, and the
pellet was resuspended in 100 pL of Resuspension Buffer and then kept on ice or at — 80 °C for further analysis.

Immunomagnetic separation of EVs

The extracellular vesicles from WS were isolated using Exosome Isolation Kit Pan, Human (Miltenyi Biotec, Cat
N°: 130-111-572) according to the manufacturer’s recommendations. The isolation relies on a positive selection
using MicroBeads recognizing the tetraspanin proteins CD9, CD63, and CD81. Briefly, 50 uL of Exosome
Isolation MicroBeads were added in 1 mL of WS and incubated for 1 h at room temperature. The mixture was
applied to an equilibrated p column (100 pL of equilibration buffer, then washed 3x with 100 pL of isolation
buffer) and placed in a pMACS Separator attached to the MACS MultiStand (Miltenyi Biotec). Afterwards, p
column was washed 4x with 200 uL of isolation buffer. EVs and beads were co-eluted outside the magnetic field
with 100 pL of isolation buffer using a dedicated plunger. EVs and beads were then kept on ice or at — 80 °C for
further analysis. To determine the non-specific background potentially induced by the MicroBeads on pBCA
measurements, 50 pl of MicroBeads were processed in the same way as the samples.

Characterization of EVs

EVs were characterized as recommended by the International Society of Extracellular Vesicles?>. EV size and
particles number were measured by Nanoparticles Tracking Analysis using the NanoSight NS300 (Malvern
Panalytical). EVs integrity and the absence of large aggregates were analysed by cryo-EM using the JEOL 2200
FS transmission electron microscope (Jeol). Small RNA content was isolated using the miRNeasy Serum/Plasma
Kit (Qiagen). Protein content was measured using the Micro BCA Protein Assay Kit (ThermoFisher Scientific)
and characterized by western blot, as described. EVs were used freshly prepared.
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Proteomics

LC-MS/MS analysis were done at Plateforme de Proteomique Fonctionnelle de Montpellier (FPP). Triplicates
of WS, EV UC, EV Q and EV M were analysed with 14.5 pg of proteins per sample. Briefly, protein digestion
was performed using S-Trap micro columns (ProtiFi) following the manufacturer’s instructions. Peptide
samples were injected for analysis using a nano flow HPLC (RSLC U3000, Thermo Fisher Scientific) coupled
to a mass spectrometer equipped with a nanoelectrospray source (Q Exactive HE, Thermo Fisher Scientific).
Peptides were separated on a capillary column (0.075 mm X 500 mm, Acclaim Pepmap 100, reverse phase C18,
NanoViper, Thermo Fisher Scientific) following a gradient of 2-40% buffer B in 128 min (A=0.1% formic
acid B=0.1% formic acid, 80% acetonitrile) at a flow rate of 300 nl/min. Spectra were recorded via Xcalibur
4.2 software (Thermo Fisher Scientific) with the 128.meth method. The spectral data were analyzed using
MaxQuant v2030 and Perseus v16150 software, using the leading FPP v3.5 script. RefProteome_ HUMAN-
cano_2023_03_UP000005640_559292.fasta databases and a base of common contaminants, with the following
fixed modification: Carbamidomethylation (C) and the following variable modifications: Oxidation (M); Acetyl
(Protein N-term) were used. Data validation was performed with the following filters: FDR peptides and proteins
at 1%.

SDS-PAGE and Western blot analysis

Samples were lysed in RIPA buffer containing a protease inhibitor (Roche) and Laemmli buffer with 2.5%
B-mercaptoethanol. A total of 20 ug of protein was loaded onto a homemade 12.5% SDS polyacrylamide gel
and run at 200 V for 50 min. Proteins were then transferred to a nitrocellulose membrane using a Trans-Blot
cell (Bio-Rad) for 1 h. Following the transfer, the membranes were blocked with 5% skim milk in PBS-Tween
and incubated overnight at 4 °C with primary antibodies: anti-CD9 (ab263019; 1:1000), anti-CD63 (ab134045;
1:1000), anti-CD81 (ab109201; 1:1000), anti-TSG101 (ab125011; 1:1000), anti-albumin (ab19180; 1:20,000),
anti-mucine-16 (ab110640; 1:1000), anti-SAA1 (ab207445; 1:1000) from Abcam, and anti-CD59 (HPA026494;
1:400) from Sigma. The membranes were then incubated with HRP-conjugated secondary antibodies (Sigma).
Detection was performed using Clarity Max Western ECL Substrate (Bio-Rad), and the signals were quantified
with a ChemiDoc MP Imaging System (Bio-Rad) and Image]J software. Results are expressed as fold changes to
evaluate the relative abundance of proteins of interest in EVs compared to WS. Fold changes were calculated
as the ratio of the intensity of the target band in each EV isolation method to the intensity of the target band
corresponding to the WS sample for each participant.

Bioinformatics tools

The enrichment in EV proteins was checked by comparison with ExoCarta Top 100 list (http://www.exocarta.o
rg)*. The visualization of Venn diagram was performed using online Draw Venn Diagram tool (https://bioinfo
rmatics.psb.ugent.be/webtools/Venn/).

RNA extraction and RT-qPCR

Total small RNA was extracted from EV and WS samples using the miRNeasy Serum/Plasma Kit (Qiagen).
miRNA quantification was carried out with the Qubit™ microRNA Assay Kits (ThermoFisher Scientific)
following the manufacturer’s recommendations. LabChip analysis was conducted to assess the size distribution
of small RNAs according to the manufacturer’s instructions (PerkinElmer). The LabChip GX assays adapt
traditional gel electrophoresis principles to a chip format, significantly reducing separation time and providing
automated sizing and quantification data in a digital format. Reverse transcription was performed on 4 ng of
RNA using the miRCURY® LNA® RT Kit (Qiagen). RT-qPCR was performed on 40 pg of cDNA using specific
primers (Supplementary Table 1) and the miRCURY® LNA® miRNA SYBR® Green PCR Kit (Qiagen). Values
were normalized to the quantity of miRNA and expressed as fold changes to evaluate the relative abundance of
the miRNA of interest in EVs compared to WS. Fold changes were calculated using the 2 — ACT formula, where
ACT represents the difference between the CT of the target miRNA for each EV isolation method and the CT
corresponding to the WS sample for each participant.

Statistical analysis

Statistical analyses were performed using the GraphPad 9 Prism Software. Data distribution was assessed using
the normality test. A Wilcoxon signed-rank test was done to compare one group to the control normalized to
1. If controls were not normalized, the statistical analyses between three groups were compared using the the
Friedman’s test when values were paired and non-parametric, or Kruskal-Wallis test when values were unpaired
and non-parametric, followed by Dunn’s multiple comparizon. Data are presented as mean=+SEM. *p <0.05;
©tp < 0.01; **p < 0.001, ¥**p < 0.0001.

Data availability
The authors declare that all relevant data have been provided within the manuscript and its supporting infor-
mation files.
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