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Abstract

Background: Blood plasma is available with minimal invasive sampling, it has significant

diagnostic utility, and it is a valuable source of extracellular vesicles (EVs). Neverthe-

less, rich protein content, the presence of lipoproteins (LPs) that share similar bio-

physical properties, and relatively low abundance of EVs, especially those of rare

subpopulations, make any downstream application a very challenging task. The growing

evidence of the intricate surface interactome of EVs, and the association of EVs with

LPs, impose further challenges during EV purification, detection, and biomarker

analyses.

Objectives: In this study, we tackled the fundamental issues of plasma EV yield and LP

co-isolation and their implications in the subsequent marker analyses.

Methods: Moderate acidification of plasma was combined with size exclusion chro-

matography (SEC) and/or differential centrifugation (DC) to disrupt LPs and improve

recovery of EVs and their subsequent detection by immunoassays and single-particle

analysis methods.

Results: Our results demonstrate a surprisingly efficient enrichment of EVs (up to 3.3-

fold higher than at pH 7) and partial depletion of LPs (up to 61.2%). Acidification of

blood plasma samples enabled a quick single-step isoelectric precipitation of up to

20.4% of EVs directly from plasma, upon short low-speed centrifugation.

Conclusion: Thus, acidification holds potential as a simple and inexpensive methodo-

logical step, which improves the efficacy of plasma EV enrichment and may have im-

plications in future biomarker discoveries.
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Essentials

• Plasma-derived extracellular vesicles (EVs) are scarce and

co-isolate with lipoproteins (LPs).

• Unlike EVs, LPs are sensitive to mildly acidic conditions.

• Acidification enriches plasma EVs via isoelectric precipi-

tation and partially depletes LPs.

• Quick EV enrichment via acidification may facilitate

future biomarker research.
1 | INTRODUCTION

Multitude of different extracellular vesicles (EVs) can be found in

bodily fluids [1–5], all of which are appealing substrates for liquid

biopsy, thus enabling the exploration of EVs’ potential in non-invasive

diagnostics [6–11]. Still, the intricate milieu of these biofluids ag-

gravates the adequate enrichment and detection of relevant EV

markers. Blood carries heterogeneous population of EVs, although

the vast majority is released by blood cells, whereas only a small

fraction represents other tissues and cells [12]. On top of that, li-

poproteins (LPs) that have similar biophysical properties (size, shape,

and density) are outnumbering EVs by orders of magnitude [13–15].

Noteworthy, it is reported that LPs themselves can carry markers of

clinical relevance which can further hamper the identification and

correct attribution of true vesicular markers [16–18]. Therefore,

finding a way to enrich plasma EVs, or deplete LPs, is highly desirable,

yet challenging task. Additional layer of complexity to the already

challenging purification processes is posed by the intricate and inti-

mate surface interactome of EVs and other extracellular components,

including LPs, as a result of potential nonspecific and specific in-

teractions [19–21].

It has been previously reported that LPs, especially VLDL par-

ticles, are sensitive to mildly acidic environments and get destabi-

lized and disintegrated at pH lower than 6 [22]. One of the major

protein components of many LPs, ApoB was also reported to un-

dergo structural remodeling due to its instability when lowering the

pH [23]. On the contrary, the effect of acidification on plasma EVs is

insufficiently explored, yet, it holds potential as a technique for

isoelectric precipitation, given that EVs have net negative surface

charge [24,25].

In this study, we strived to leverage the pH modification as a

mean of plasma EV enrichment along with LP disruption and deple-

tion, in order to meet the need for a robust, yet undemanding

preparation method. Such a step is a critical prerequisite of EV-

associated biomarker discovery, prior to proceeding with the devel-

opment and validation of EV-based diagnostics tools. A particular

problem is the detection of rare EV populations that are greatly un-

derrepresented in circulation, although they are still likely to hold a

major clinical relevance for early-stage disease diagnostics. Hereby,

we evaluated the effect of moderate acidification (pH 6.0 to pH 5.0)

on EV isolation from human blood plasma; we studied its impact on

LPs co-isolation and its implications in downstream analysis and

biomarker discovery.
2 | RESULTS

2.1 | Plasma acidification improves the recovery of

EVs both in SEC and DC

In order to establish the optimal pH condition for isolation and

detection of plasma EVs, while also monitoring the effect it has on LPs

and their co-purification with EVs, we have assessed a moderate acidic

environment at multiple pH values in the range from pH 7 to pH 5 (i.e.,

pH 7, 6, 5.5, and 5). Upon acidification, the resulting precipitates (P6,

P5.5, and P5) were separated from the rest of the plasma with a short

low-speed centrifugation (5 minutes at 300 g) (Figure 1A). As there

was no precipitate in the control pH 7 sample, the same amount of

plasma from the bottom of the tube was taken as the P7. The obtained

precipitate-depleted plasma samples (PDP7, PDP6, PDP5.5, and

PDP5) were purified with SEC. Automated western blot analyses of

pooled EV SEC fractions from 7 to 11 (SEC7, SEC6, SEC5.5, and SEC5)

showed that EV marker CD9 was the most abundant at pH 5.5

(Figure 1B, left). At the same time, the band intensity of LP marker

ApoA1 indicated pH dependence, being the highest at pH 5

(Figure 1B, right). The acidification-induced precipitation was more

prominent the lower the pH was. This was reflected in the content of

the EV marker, as the signal was the highest in P5.5 and P5 (Figure 1C,

left). The same was observed with LP marker ApoA1 (Figure 1C, right).

Given that the yield of EV marker in SEC samples was the highest at

pH 5.5, with the EV:LP ratio providing the optimal tradeoff

(Figure 1B), we opted for pH 5.5 as the condition for further assess-

ment of plasma EVs recovery.

PDP5.5 purified by SEC at pH 5.5 showed a higher signal of CD9

in sandwich enzyme-linked immunosorbent assay (ELISA), compared

with a control PDP7 purified at pH 7 (Figure 1D). On the contrary,



F I GUR E 1 Assessing the effect of multiple pH conditions on EV purification and downstream analysis. (A) Healthy donor plasma samples

were subjected to moderate acidification (pH 5 to pH 7) using 1-M HCl. P samples were separated and PDP samples were further purified with

SEC. (B) Pooled fractions containing EVs (SEC) and (C) P samples from all pH conditions (pH 5, 5.5, 6, and 7) were analyzed using an automated

western blot system (Protein Simple Wes) for the expression of common EV marker CD9 and LP marker ApoA1. Upon choosing pH 5.5 as the

optimal condition for the recovery of EVs, (D) individual SEC fractions were further analyzed for EV marker expression using a sandwich ELISA

(anti-CD9 antibody for capturing and detection), and LP marker expression using an indirect ELISA (high-binding capacity 96-well plate for
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ApoB signal was significantly reduced in all of the fractions containing

EVs, while the total protein content showed a mild but statistically

insignificant elevation (Figure 1D). The initial results raised a concern

that potential protein contamination could contribute to the increase

of the CD9 ELISA signal. However, this hypothesis was rejected as the

later SEC fractions (15-20) showed comparably low CD9 signal even

though they had significantly higher protein content. Furthermore,

sandwich ELISA relies on the concomitant expression of multiple CD9

molecules per analyte (i.e., one for capturing and one for detection),

thus, reaffirming that the signal is indeed coming from EVs. Particle

concentration and size distribution (PSD) in both pH conditions were

comparable, whereas there was a slight shift in the median size toward

the larger diameters in most of the EV SEC fractions at pH 5.5

(Figure 1E).

The effect of plasma acidification on the recovery of EVs by 2

different methods, either differential centrifugation (DC) alone, or

SEC purification of PDP5.5 followed by DC of pooled EV SEC frac-

tions (Figure 2A), was further assessed by analysis of CD9 and CD63

expression with flow cytometry (Figure 2B). No significant differences

were observed in the 20 500-g pellet of pooled EV SEC fractions at

pH 5.5 (20k SEC5.5) compared with the control sample at pH 7 (20k

SEC7), whereas slight enrichment of both EV markers was observed

in 20 500 g pellet from PDP at pH 5.5 (20k PDP5.5) compared with

the control (20k PDP7). The most prominent effect of acidification

was seen in 20 500 g pellet of P5.5 (20k P5.5) that had 6- to 7-fold

higher signal for both CD9 and CD63, compared with a pH 7 con-

trol (20k P7). Further on, after 100 000 g centrifugation, the signal of

2 markers was significantly higher both in pellet of pooled EV SEC

fractions and in pellet of PDP (100k SEC5.5 and 100k PDP5.5,

respectively), reaching more than 3-fold increase in comparison to

their pH 7 controls (100k SEC7 and 100k PDP7, respectively),

whereas P samples (100k P5.5 and 100k P7) did not show any dif-

ference (Figure 2B). Subsequently, nanoparticle-tracking analyses

(NTAs) of the same samples further corroborated observations made

with the flow cytometry. Particle concentration was substantially

higher in all pH 5.5 samples, with the most prominent differences

(more than 50-fold) observed in samples 20k P5.5 and 100k PDP5.5

(Figure 2C). Looking further into the PSD, we observed generally

larger particles in acidified samples (Figure 2C). However, the 20k P7,

100k P7, and 100k P5.5 samples had fewer traceable particles.

Additionally, protein concentration was much higher in pellets iso-

lated in acidic conditions, reducing the particle/μg of protein ratio for

most of the pH 5.5 samples (100k PDP5.5 being an exception) in

comparison to the pH 7 controls (Supplementary Tables S1).
capturing and anti-ApoB antibody for detection). Results are shown as the

concentration was assessed with BCA assay. (E) NTA analysis was perform

diameters (shown as the frequency histograms, with vertical lines represent

as a mean ±SEM of at least 3 independent experiments. Statistical significa

for multiple comparisons (alpha = 0.05, p = .1234 [ns], 0.0332 [*], 0.0021

analysis are provided in the supplementary material. A workflow scheme
2.2 | Plasma acidification induces precipitation of

EVs, enables better fractionation of subpopulations in

DC, and improves EV:LP ratio

To support previous ELISA and flow cytometry data, the presence of

additional EV markers was confirmed with western blotting

(Figure 3A). Alix, TSG101, CD9, and actin were detected in all pH 5.5

samples while the same volume of control samples showed only faint

bands of TSG101 in the 100k PDP7 and 100k SEC7. Among all the EV

markers, only CD9 showed substantial differences in expression be-

tween PDP5.5 and SEC5.5, for both 20k and 100k samples. On the

other hand, the LPmarker ApoBwas detectable in most of the samples,

lacking only in 20k PDP5.5 and 100k PDP7 (Figure 3A). The overall

differential signal expression of EV and LP markers between 20k and

100k pellets in acidic vs. neutral conditions was observed (densitom-

etry analysis, Figure 3A and Supplementary Table S2). Albumin was

abundant in all the samples, regardless of the loading volumes.

We analyzed the 20k PDP7, 20k PDP5.5, and 20k P5.5 with

transmission electron microscopy (TEM) (Figure 3B). In 20k PDP7,

numerous vesicle-shaped structures were observed, many of them

confined within bigger multilamellar islets, which are likely to be re-

sidual platelets, or EVs with tubular morphology, as previously

described [26] (Figure 3B). Following the acidification, similar struc-

tures could be seen in both 20k PDP5.5 and 20k P5.5, however, with

much more impurities co-isolated in the precipitate. It is worth

mentioning that the 20k P5.5 sample was diluted 4-fold, prior to

preparation for TEM.

2.3 | Acidification depletes up to 61.2% of LPs in

SEC and precipitates up to 20.4% of EVs from raw

plasma in a single-step low-speed centrifugation

In order to assess the effect acidification would have on EVs or LPs

alone, pure EVs (derived from LNCaP cells) or pure LPs (mix of HDL,

LDL, and VLDL) were acidified using PBS pH 5.5. Neither the acidifi-

cation of EVs nor LPs yielded any precipitate like it was the case with

plasma. Thus, the samples were filtered through a SEC column, and

selected SEC fractions were analyzed with ELISA (sandwich anti-CD9

for EVs, indirect anti-ApoB, and direct anti-ApoA1 for LPs) and NTA

(Figure 4A, B). Acidification of pure EVs caused a shift in the elution to

the earlier SEC fractions, as evidenced by the CD9 marker profile and

particle concentration (Figure 4A). Nevertheless, the overall recov-

ered particles and their PSD remained the same between the pH 7 and

pH 5.5 (Figure 4A and Supplementary Figure S6A). Acidification of
signal-to-background ratio (S/B). Additionally, the protein

ed to estimate particle concentrations and PSD with median

ing the X50 sizes) for each of the SEC fractions. Data are presented

nce was analyzed using 2-way analysis of variance with Šídák’s test

[**], 0.0002 [***], <0.0001 [****]). Detailed results of the statistical

was created with BioRender.com.

http://BioRender.com


F I GUR E 2 Sample fractionation with differential centrifugation (DC) in order to separate medium/large and small EVs. (A) SEC5.5, PDP5.5,

and P5.5 samples (as well as the controls SEC7, PDP7, and P7) were subjected to DC at 20 500 g for 60 minutes and 100 000 g for 90 minutes,

in order to assess the effect of acidic conditions (pH 5.5) on isolation and downstream analysis of certain subpopulations of EVs. (B) Pellets

from both centrifugation steps (20 K and 100 K) were analyzed on CytoFLEX S flow cytometer, using fluorescently labeled anti-CD9 and anti-

CD63 antibodies. Detected events were normalized to the counting beads standards included in each measurement. Final values are expressed

as fold change between pH 5.5 and pH 7. (C) Particle concentrations (shown as the bar chart with logarithmic Y axis) and PSD with median

diameters (shown as the frequency histograms with vertical lines representing the X50 sizes) were obtained with ZetaView NTA instrument.

Data are presented as a mean ±SEM of 3 independent experiments. Statistical significance was analyzed using 2-way analysis of variance with

Šídák’s test for multiple comparisons (alpha = 0.05, p = .1234 [ns], 0.0332 [*], 0.0021 [**], 0.0002 [***], <0.0001 [****]). Detailed results of the

statistical analysis, as well as the CytoFLEX S dot plots (Supplementary Figures S1 and S2), the concentration of CD9+ and CD63+ EVs from the

repeated experiments (Supplementary Figure S3), and the histogram with violet SSC ranges of beads size standards (Supplementary Figure S4)

are provided in the supplementary material. Additionally, photographs and schematic representations of the pellets obtained with DC are

provided in Supplementary Figure S5. A workflow scheme was created with BioRender.com.
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F I GUR E 3 Western blot and TEM analyses of samples fractionated by DC. (A) Twenty and 100 k PDP and SEC samples from both pH

conditions, as well as the 20 k P5.5, were analyzed with western blot for the expression of 4 common EV markers (Alix, TSG101, CD9, and

actin) and 2 non-EV markers (ApoB and albumin), according to the MISEV2018 guidelines. Densitometric analysis was performed using the

ImageJ software. (B) 20k PDP7, 20 k PDP5.5, and 20kP5.5 were also imaged with TEM in order to see the initial effect of moderate

acidification on the morphology of plasma EVs, and potential co-isolates.

MLADENOVIĆ ET AL. - 1037
pure LPs showed an overall reduction of both LP markers (ApoB and

ApoA1), although with much higher variability between the experi-

ments (Figure 4B). The LP depletion in terms of particle concentration

was significant, showing reduction of up to 61.2% (Figure 4B). The size

of the particles was only slightly increased at pH 5.5, in the fractions

9-11 (Supplementary Figure S6B).

In additional experiments, purified EVs derived from HT29 cells

were labeled with CFSE and the excess dye was removed by SEC.

Fluorescent EVs (fluo-EVs) were then spiked into the plasma for the

assessment of EV enrichment in the precipitate (P5.5) and the control

sample (P7). There was no difference between P5.5 and P7 in terms of

total protein and particle concentration, however, considerable

redistribution of fluorescent events was observed in P5.5 with both

fluorescent NTA (FNTA) and bulk fluorescence measurement in the

plate reader (Figure 4C). After acidification, approximately 17.1%-

20.4% of fluorescent EVs were recovered in P5.5 (Figure 4C). Despite

having the same total particle concentration as P7, P5.5 had 11.5-fold
higher concentration of fluo-EVs, demonstrating the prevalent

enrichment of EVs in acidification-induced precipitate (Figure 4C).
3 | DISCUSSION

In this study, we addressed 2 main shortcomings in plasma EV prep-

arations – low EV yield and LP co-isolation. We ultimately described

moderate plasma acidification as a quick single-step precipitation

method for the enrichment of plasma EVs, and as a prospective

methodological amelioration of SEC or DC that could improve the

yield of EVs and partially deplete LPs.

So far, it has been reported that EVs, unlike LPs, generally show

greater resilience to pH changes, as they are readily isolated from

biofluids spanning wider pH ranges, such as urine (from pH 4.5 up to

pH 8) [3,27,28]. Acidic anticoagulants (e.g., ACD with pH 4.5) are

widely adopted for blood collection in EV studies, given that a low pH



F I GUR E 4 Assessing the effect of acidification on pure EVs or LPs, and quantifying the EVs recovered in the P5.5. Purified EVs (derived from

LNCaP cells) or LPs (mix of HDL, LDL, and VLDL) were added to the PBS pH 5.5 and filtered through the SEC column to simulate the acidic

conditions of plasma SEC purification. (A) The EV elution profile was assessed using the sandwich ELISA (anti-CD9 antibody for capturing and

detection) and NTA. (B) LP elution profile was assessed using an indirect and direct ELISA (high-binding capacity 96-well plate for capturing and

anti-ApoB or anti-ApoA1 antibody for detection, respectively) and NTA. ELISA results are presented as signal-to-background ratio (S/B). (C)

Purified EVs (derived from HT29 cells) were fluorescently labeled with CFSE and spiked into the plasma samples. After acidification, the

concentration of proteins, total particles, and fluo-EVs in P7 and P5.5 were measured with BCA, NTA, and FNTA, respectively. The percentages

of recovered fluo-EVs in P7 and P5.5 were measured using FNTA and plate reader (FITC channel). All data are shown as the mean ±SEM of at

least 3 independent experiments. Statistical significance in the percentage of recovered fluo-EVs was analyzed using unpaired parametric t-

test, with Holm–Šídák test for multiple comparisons (2-tailed p value, alpha = 0.05, p = .1234 [ns], 0.0332 [*], 0.0021 [**], 0.0002 [***], <0.0001

[****]). Detailed results of the statistical analysis are provided in the supplementary material.
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environment stabilizes platelets and prevents their activation [29–32].

Furthermore, protocols for milk EV isolation resort to acidification (pH

4.6) as a mean of removing casein contaminants and improving the

purity, although, with potential adverse effects on the structural

integrity of EVs [33,34]. Other studies with storage conditions and

techniques for manipulating EVs in even stronger acidic environments

have also been reported [35,36]. Moreover, low pH could potentially

be used to increase the yield of isolated EVs [37,38]. Acidification has

also been utilized for quick EV precipitation using sodium acetate at

pH 4.75 [39].

The proposed mechanism of precipitation in the aforementioned

study was “salting-out” caused by acetate, since hydrochloric acid

did not induce precipitation at the same pH. On the other hand, our

results indicate that the moderate acidification of plasma (pH 5.5)

using hydrochloric acid could lead to direct precipitation by dimin-

ishing repulsive electrostatic forces and reducing the solubility of

EVs and proteins. Given that EVs have net negative surface charge,

the isoelectric precipitation in acidic conditions was expected

[24,25]. Low-speed centrifugation (5 minutes at 300 g) was already

sufficient to pull down up to 20.4% of EVs from acidified plasma

(Figure 4C). Furthermore, the profile of EV markers in the precipi-

tate was similar to that of the EVs obtained with much higher

centrifugal force and longer processing time (Figure 3A: 20k P5.5 vs

100k PDP5.5).

Acidification significantly improved plasma EV separation by SEC

and increased their sedimentation by DC (Figures 1D, 2B, and 3A).

However, many proteins were co-isolated (especially in 20k P5.5),

denoting one of the limitations of this method: the particles/μg of

protein are mostly lower (Supplementary Table S1). Furthermore,

acidification showed to be effective in LP depletion from EV prepa-

rations (Figures 1D, 3A, and 4B), supporting our initial hypothesis and

earlier reports claiming that the LPs could be destabilized in acidic

conditions, particularly VLDL and LPs carrying ApoB [22,23]. Our data

suggest that even the smaller ApoA1-expressing HDL may be affected

by acidification (Figure 4B), providing an overall higher EV:LP ratio in

the downstream analyses (Figures 3A, 4A, and 4B; Supplementary

Table S2).

In summary, 20k centrifugation of the pH 5.5 samples resulted in

higher yield of EVs as compared with the same volume of the pH 7

samples, higher protein, and lower LP contamination, whereas the

100k centrifugation of pH 5.5 samples had even higher yield of EVs

compared with the pH 7 samples, favoring less protein contamination,

and a still fair EV:LP ratio (Figure 3A, Supplementary Tables S1 and

S2). By cross-comparison of the pH 5.5 pellets from 20k and 100k, we

could appreciate higher EV marker content in 100k samples per same

amount of proteins, confirming again that the EV/μg of protein ratio

was higher after 100k centrifugation, while 20k centrifugation pro-

vided better EV:LP purity (Figure 3A, Supplementary Tables S1 and

S2). This may have implications in future EV biomarker studies,

especially if the downstream analyses require consideration of co-

isolated proteins and/or LPs.

We speculate that there was also a potential aggregation of EVs

caused by acidification of plasma, since the median particle size was
slightly larger in pH 5.5 samples, especially after DC. This improved

the flow cytometry analyses, by clustering smaller vesicles into larger

events, thus enabling them to reach the detection limit of the in-

strument. This was reflected in a noticeable shift of the violet SSC to

the right in dot plots (Supplementary Figures S1 and S2). It is worth

mentioning that the detected signal did not suffer from the swarm

effect, since the serial dilution of the sample produced linear number

of detected events (data not shown).

All the presented results accrue to a significant body of evidence

that acid precipitation has a potential for future EV-based biomarker

discoveries, in particular those of rare subpopulations relevant for

certain diseases. Although coprecipitation of other plasma proteins

might pose a limiting factor, it should be taken into consideration that

the EV surface interactome is remarkably complex, and many entities

in biofluids, such are proteins and lipoproteins in blood plasma, are

predestined to associate with EVs. Previous studies have investigated

the complexity and nature of such interactions, revealing that many

presumed “non-EV” markers are in fact in intimate connection with

the surface of EVs [19,21,40]. Whether this biological corona has

significance in physiological processes, is still to be clarified. For now,

it remains as a remark that bona fide EV markers might not only be

molecular components of EVs built-in during their biogenesis but also

other molecules that are inevitably associated later on. This should be

considered in assessing novel EV-based biomarkers also in an

acidification-induced precipitate, especially if the enrichment is linked

to some diagnostically relevant molecules.
4 | CONCLUSION

Our study demonstrated the benefits of plasma acidification during

the separation of EVs with both SEC and DC, while at the same time

improving EV:LP ratio. Lowering pH to 5.5 enables higher sedimen-

tation efficiency of EVs in commonly used DC protocols, which facil-

itates downstream detection and analyses by enriching EVs in lower

sample volumes. At the same time, immediate precipitation occurring

in plasma at pH 5.5 serves as a prospective method for simplified

upstream processing, resulting in rapid recoveries of up to 20.4% of

EVs. Finally, such a straightforward, resource-efficient, and high-

gaining technique may have a substantial impact on ensuing

biomarker research.
5 | METHODS

5.1 | Blood plasma processing

Healthy donor blood plasma pool, processed as described in Supple-

mentary Methods, was purchased from BioIVT (Human Plasma

K2EDTA; BioIVT). Prior to the experiments, the plasma was thawed

and immediately centrifuged at 2500 g, for 15 minutes at 4 ◦C. Such
precleared plasma was then used for EV isolation.
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5.2 | Assessment of the range of moderate

acidification (pH 7 to pH 5)

Precleared plasma samples were acidified until reaching pH 6, pH 5.5,

and pH 5, and incubated at 37 ◦C for 30 minutes. The resulting pre-

cipitates (P7, P6, P5.5, and P5), were pelleted by centrifugation at 300 g

for 5 minutes, resuspended in PBS up to 500 μL, and used for the

automated western blot analyses by Wes, as described below.

MiniPURE-EVs SEC columns (HansaBioMed Life Sciences) were equil-

ibrated with appropriate PBS (pH 7, pH 6, pH 5.5, or pH 5), and 500 μL

of each remaining precipitate-depleted plasma (PDP7, PDP6, PDP5.5,

and PDP5) was purified, according to the manufacturer’s instructions.

For each pH condition, fractions containing EVs were pooled together

(SEC7, SEC6, SEC5.5, and SEC5) and used in the downstream auto-

mated western blot analyses. The detailed protocol is provided in

Supplementary Methods.
5.3 | Acidification and EV isolation

Precleared plasma was acidified until reaching pH 5.5, diluted with

PBS of the same pH, and incubated at 37 ◦C for 30 minutes, followed

by separation of P5.5 and PDP5.5 by low-speed centrifugation at 300

g for 5 minutes. As a control, pH-neutral plasma was processed in the

same way. After the separation of PDP and P, EVs were isolated from

2 mL of PDP7 and PDP5.5 either by SEC, DC, or combination of the 2

(SEC+DC). PURE-EVs SEC columns (HansaBioMed Life Sciences) were

equilibrated with PBS pH 7 or pH 5.5, and the purification was carried

out following the manufacturer’s instructions. DC consisted of 2

centrifugation steps (60 minutes at 20 500 g and 16 ◦C, and 90 mi-

nutes at 100 000 g and 4 ◦C), previously described for plasma EV

isolation [21]. Precipitate samples (P7 and P5.5) were subjected to EV

isolation only by DC. The detailed protocol is provided in Supple-

mentary Methods.
5.4 | ELISA

Anti-CD9 sandwich ELISA (ExoTEST; HansaBioMed Life Sciences) was

used for the analysis of EV marker expression (CD9) in SEC fractions,

whereas indirect and direct ELISA in the high-binding capacity 96-well

plate (Biomat) was used for the analysis of LP marker expression

(ApoB and ApoA1, respectively). All samples were loaded in equal

volumes (100 μL). The detailed protocol is provided in Supplementary

Methods.
5.5 | BCA protein quantification

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and Micro

BCA Protein Assay Kit (Thermo Fisher Scientific) were used according

to the manufacturer’s instructions. Ten and 2 μL of each sample were

used for protein quantification using BCA or Micro BCA assay kit,

respectively. The absorbance was measured at 540 nm with GENios
Pro microplate reader (Tecan Group Ltd.) and NanoDrop ND-1000

spectrophotometer (Thermo Fisher Scientific).
5.6 | Western blot

Twenty and 100k samples were analyzed for the expression of

TSG101, Alix, CD9, actin, ApoB, and albumin using the western blot

technique, as described in Supplementary Methods. Fourty microgram

of proteins from each pH 5.5 sample was loaded onto the 4%-20%

Mini-PROTEAN TGX Precast gel (Bio-Rad Laboratories), while pH 7

samples were loaded in volumes corresponding to their pH 5.5 pairs,

due to the very low protein concentrations. Samples 20k P7, 100k P7,

and 100k P5.5 were omitted from the analyses, as the protein con-

centrations were under the limit of detection by Micro BCA assay, or

insufficient for the western blot analyses. Markers were selected ac-

cording to the general MISEV guidelines [41]. The detailed protocol is

provided in Supplementary Methods.
5.7 | Automated western blot

Pooled EV SEC fractions (SEC7, SEC6, SEC5.5, and SEC5) and pre-

cipitates (P7, P6, P5.5, and P5) from plasma samples at different pH

levels (pH 7 to pH 5), 1 μL of each, were analyzed using Wes auto-

mated western blot system (Bio-Techne Protein Simple) according to

the manufacturer’s guidelines. All samples were analyzed for the

expression of common EV marker CD9 and LP marker ApoA1. The

detailed protocol is provided in Supplementary Methods.
5.8 | CytoFLEX S fluorescence analyses

Pellets from both centrifugation steps (20k and 100k) were analyzed

by flow cytometry (CytoFLEX S V4-B4-R3-I2, Beckman Coulter). Five

microliter of 20k samples or 2 μL of 100k samples were stained with 1

μL of antihuman CD9 PE-conjugated monoclonal antibody (Sony

Biotechnology), or 1 μL antihuman CD63 PE- or PerCP/CyC5.5-

conjugated monoclonal antibody (Sony Biotechnology). Unstained

samples, buffer only, and dye only (buffer and fluorochrome-

conjugated antibodies) were used as a control and for setting the

fluorescence threshold. Sample incubation and analysis were carried

out as described in Supplementary Methods.
5.9 | NTA

Two different ZetaView PMX-120 NTA instruments (Particle Metrix)

were used for single-particle analyses – the one with 488 nm laser was

used for all of the scatter and fluorescence analyses, except for the

results in the Figure 2C, which were produced with the instrument

with 520 nm laser. Both instruments were setup according to the

manufacturer’s guidelines, and the parameters used for 11-positions

measurements were previously described [42]. The detailed protocol

is provided in Supplementary Methods.
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5.10 | TEM

Pelleted EVs were fixed, dehydrated, block-stained, and embedded in

Taab 812 resin (Taab) as described in Supplementary Methods. After

polymerization at 60 ◦C for 12 hours, 50-60 nm ultrathin sections

were prepared using a Leica UCT ultramicrotome (Leica Micro-

systems) and examined by a Hitachi 7100 transmission electron mi-

croscope (Hitachi Ltd.). Electron micrographs were made by Veleta 2k

x 2k MegaPixel side-mounted TEM CCD camera (Olympus). The

detailed protocol is provided in Supplementary Methods.
5.11 | Acidification of purified EVs or LPs

Purified EVs from LNCaP cell line (HansaBioMed Life Sciences) were

acidified by adding 100 μL of EVs to 1 mL of PBS pH 5.5. Conversely,

LP mix comprising HDL, LDL (Merck Millipore), and VLDL (Athens

Research & Technology), 5 μL of each, was added to 1.5 mL of PBS pH

5.5. Acidified EVs or LPS were then incubated at 37 ◦C for 30 minutes,

followed by short centrifugation at 300 g for 5 minutes. As there was

no precipitation like in plasma, 1 mL of sample was purified with PURE

EVs SEC column, previously equilibrated with PBS pH 5.5. Fractions of

500 μL were collected for downstream analyses (ELISA, NTA), as

described in the previous chapters. The same procedure was per-

formed with the control samples at pH 7.
5.11 | Fluorescent EVs spike-in experiments

Purified EVs from HT29 cell line (HansaBioMed Life Sciences) were

labeled with 50 μM CFSE (Thermo Fisher Scientific), following the

protocol previously described [42]. After washing the excess of dye

using miniPURE-EVs SEC column (HansaBioMed Life Sciences), 130 μL

of purified fluo-EVs were spiked into 2 mL of plasma, and the acidi-

fication was performed. Upon separation, PDP5.5 and P5.5 were

analyzed with NTA, FNTA, and plate reader to estimate the redistri-

bution of fluo-EVs, and the protein concentration was determined

using BCA. As a control, non-acidified plasma was spiked with the

same amount of fluo-EVs to obtain PDP7 and P7. Nonspiked plasma (2

mL of plasma + 130 μL of PBS), and subsequently obtained PDP5.5

and P5.5 (as well as the PDP7 and P7) were used as a control for

autofluorescence. Detailed description of the method, calculation of

fluorescent particles, and their redistribution in P5.5 and P7 are

provided in Supplementary Methods.
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Buzas K, Casal E, Cappello F, Carvalho J, Colás E, Cordeiro-da Silva A,

Fais S, Falcon-Perez JM, Ghobrial IM, Giebel B, Gimona M, Graner M,

Gursel I, Gursel M, et al. Biological properties of extracellular vesicles

and their physiological functions. J Extracell Vesicles. 2015;4:27066.

[2] Palviainen M, Saraswat M, Varga Z, Kitka D, Neuvonen M, Puhka M,

Joenväärä S, Renkonen R, Nieuwland R, Takatalo M, Siljander PRM.

Extracellular vesicles from human plasma and serum are carriers of

extravesicular cargo-Implications for biomarker discovery. PLoS One.

2020;15:e0236439.

[3] Lozano-Ramos I, Bancu I, Oliveira-Tercero A, Armengol MP, Mene-

zes-Neto A, Del Portillo HA, Lauzurica-Valdemoros R, Borràs FE.
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