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Abstract 

Extracellular vesicles (EVs) are membrane enclosed vesicles (<1 µm), such as 

exosomes (30-150 nm), involved in cell communication, which have important 

biological implications. In this study, EV preparations were enriched for exosomes from 

human serum by polyethylene glycol (PEG) precipitation. Different variables of the 

PEG precipitation method (i.e. concentration of PEG, filtration and centrifugation of the 

resuspended pellets) were evaluated by measuring the size of the isolated particles by 

dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). In addition, a 

novel capillary electrophoresis-ultraviolet diode array (CE-UV-DAD) method was 

developed to obtain characteristic multiwavelength electrophoretic profiles of the EV 

preparations. Using EV preparations precipitated with 10% m/v of PEG, a background 

electrolyte (BGE) of 0.1 M Tris and 0.25 M boric acid at pH 7.9 with 0.5% m/v of 

hydroxypropyl cellulose (HPC) allowed reducing the adsorption of the EVs to the inner 

wall of the fused silica separation capillary. Sodium dodecyl sulfate (SDS) at 0.1% m/v 

was also necessary to enhance dispersibility, while homogenizing the charge of the 

particles to improve the size-dependent separation induced by HPC. Under these 

optimized conditions, a characteristic electrophoretic multiwavelength profile of the EV 

preparation and a standard of exosomes was obtained, and separation showed excellent 

reproducibility and appropriate analysis times. The obtained electrophoretic fingerprints 

are a simple, effective and complementary tool for the quality control of EV 

preparations. 
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1. Introduction 

 

Extracellular vesicles (EVs) comprise a heterogeneous set of membrane 

enclosed vesicles of different sizes (<1 µm), biological origin and molecular contents, 

which participate in cell-to-cell communication [1,2]. Nowadays, exosomes (30-150 

nm) are the EVs attracting the most interest [2–5]. Exosomes contain lipids, proteins 

and other small molecules, as well as deoxyribonucleic acid (DNA), messenger 

ribonucleic acid (mRNA) or microRNA in some cases. They are involved in many 

physiological and pathological processes, including cancer, inflammation or immune 

response, and can be found in biological fluids such as blood, urine, sweat and tears. 

Therefore, exosomes are being targeted as biomarkers, while there is also a growing 

attention to exploit their potential as drug delivery vehicles [4]. 

There are many techniques to isolate EV preparations enriched for exosomes [5–

10], namely ultracentrifugation, size-exclusion chromatography, ultrafiltration and 

precipitation with polyethylene glycol (PEG) [7–11]. PEG is a hydrophilic volume-

excluding polymer that wraps water molecules and forces the less soluble particles to 

precipitate [9]. It has been used for purification of viruses [12], and more recently for 

the selective isolation of exosomes [7–11]. PEG precipitation allows a straightforward, 

low-cost, reproducible and effective isolation of exosomes from a small volume of 

sample, without requiring specialized equipment. Several studies have demonstrated the 

use of PEG of different average molecular weight and concentration for this purpose [8–

11]. As with the rest of isolation techniques, the resulting concentrates with PEG are 

heterogeneous mixtures of exosomes, with other EVs (30-1000 nm, e.g. exomeres, 

apoptotic bodies, microvesicles, etc) or nanoparticles (protein aggregates, micelles, etc) 

[2,6]. Further subfractionation and characterization of these EV preparations with 

current available techniques remains rather challenging [13,14]. However, continuous 
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advances are being made, such as those focused on the use of flow cytometry [15], 

microfluidics [16], biosensors [17] or charge detection mass spectrometry [18]. The 

typical analytical workflows also include dynamic light scattering (DLS) [13,19], 

nanoparticle tracking analysis (NTA) [13,20], or electron microscopy (EM) [13,21] to 

provide information about particle size distributions. Among different advantages, the 

ease of operation makes DLS a widely used technique for particle size analysis at the 

nanoscale [22,23]. DLS is based on directing a monochromatic laser beam to the 

particle dispersion and measuring over time the scattered light intensity at a certain 

angle, which is related to the particle Brownian motion, hence to the translational 

diffusion coefficient and the particle size [22,23].  

 Capillary electrophoresis (CE) is a microscale high performance 

electroseparation technique that in the most basic mode (i.e. capillary zone separation) 

separates analytes in a capillary tube under the influence of an electric field according to 

their different charge-to-hydrodynamic radius ratios. CE has been widely demonstrated 

for the analysis of nanoparticles [24], including gold [25], polymer [26] or quantum dots 

[27] nanoparticles, liposomes [28], cells, bacteria, viruses and organelles [29–31]. 

However, the application to intact EVs is very scarce, and only recently M. Piotrowska 

et al. and M. Morani et al. have described CE methods for the characterization of EV 

preparations with ultraviolet (UV) and fluorescence detection, respectively [32,33]. In 

order to expand the application of CE in this field, this study proposes a novel capillary 

electrophoresis-ultraviolet diode array (CE-UV-DAD) method to obtain characteristic 

multiwavelength electrophoretic profiles of EV preparations enriched for exosomes 

from human serum by PEG precipitation. Different variables of the PEG precipitation 

method are evaluated assisted by DLS size measurements, and the isolated EV 

preparations allow developing a simple and reproducible CE method using a fused silica 
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capillary and a near-physiological pH Tris-borate BGE with hydroxypropyl cellulose 

(HPC) and sodium dodecyl sulfate (SDS). The characteristic multiwavelength 

electrophoretic fingerprints obtained by CE show potential for the quality control of EV 

preparations enriched for exosomes. 

 

2. Materials and methods 

2.1. Reagents  

 All reagents were analytical grade or better. PEG with an average molecular 

weight (MW) of 8,000 Da (PEG8000, 50% m/m) was provided by Fluka (Madrid, 

Spain). Sodium chloride, potassium chloride, potassium dihydrogen phosphate and HPC 

with an average MW of 100,000 Da were supplied by Sigma-Aldrich (Madrid, Spain). 

Sodium hydroxide, sodium hydrogenphosphate and boric acid were purchased from 

Merck (Darmstadt, Germany). Tris(hydroxymethyl)aminomethane (Tris) and SDS were 

provided by J. T. Baker (Deventer, Holland) and Promega (Madison, WI, USA), 

respectively. Water purified with a Milli-Q purification system from Millipore 

(Molsheim, France) was used for all the experiments. 

 

2.2. Apparatus and procedures  

 pH measurements were made with a Crison 2002 potentiometer and a Crison 

electrode 52-03 (Crison Instruments, Barcelona, Spain). Centrifugal filtration at a 

controlled temperature was carried out in a cooled Rotanta 460 centrifuge (Hettich 

Zentrifugen, Tuttlingen, Germany). Agitation was performed with a Vortex Genius 3 

(Ika®, Staufen, Germany). Incubations were carried out in a TS-100 thermoshaker 

(Biosan, Riga, Latvian Republic) 
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2.2.1 Sample preparation  

Human blood sample was processed, and research was conducted following 

standard operation procedures with appropriate approval of the Ethical and Scientific 

Committees of the University of Barcelona. Venous blood from a healthy donor was 

collected in an 8.5 mL dry tube with clot activator (BD Vacutainer SST II advance, 

Becton Dickinson, Madrid, Spain). The blood samples were kept at room temperature 

for 2 h, and then at 4 °C overnight to improve the clot retraction. The supernatant was 

separated from the clot with a Pasteur pipette and centrifuged at 1,200 x g for 20 

minutes at 4 °C. The serum was aliquoted in 500 µL volumes that were stored in the 

freezer at -20 ºC when not in use. 

 
 The PEG precipitation was performed as described by other authors [8–11], with 

little adaptations. Under the optimized conditions, PEG was added at a final 

concentration of 10% m/v to 500 µL of serum. Then, the samples were kept at 4 °C for 

2 h followed by low-speed centrifugation at 3,000 x g for 10 min at 4 °C. The 

supernatant was discarded, and the pellet was washed three times with 50 µL of 

phosphate buffer saline (PBS, 10 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl and 2.7 

mM KCl, pH 7.3). In each wash, the sample was vortexed and then centrifuged at 3,000 

x g for 3 min at 4 °C to separate the pellet. The final pellet was resuspended in 125 µL 

of PBS.  

 Purified lyophilized exosomes isolated through a combination of 

ultracentrifugation and microfiltration procedures from serum of healthy donors were 

provided by HansaBioMed Life Sciences (Tallinn, Estonia). They were reconstituted in 

PBS to obtain a final concentration of 1 µg/mL.  

The EV preparations and the standard exosomes were analyzed immediately, or 

they were kept in the refrigerator at 4 ºC for no longer than 48 h before the analysis. 
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2.2.2. DLS  

The DLS measurements were done with a Zetasizer Nano ZS apparatus with a 

low-volume quartz batch cuvette ZEN2112 (Malvern Instruments, Malvern, UK). For 

appropriate measurements, the EV preparations were diluted 1:10 v/v in PBS before the 

analyses. PBS was filtered before the dilution (0.2 µm nylon filters). The diluted EV 

preparations were analyzed without further processing, as well as after filtration (0.2 µm 

nylon filters) or centrifugation (1,250 x g for 3 min at 25 ºC). The clean cuvette was 

washed 3 times with water and acetone and then dried with air, before checking that no 

particles were detected in filtered PBS and 1% m/v of PEG in PBS (i.e. the 

measurement indicated error because counts were insufficient for reliable results). 

Seventy five µL of blank solution or sample were used for the analyses. The backscatter 

employed was with a detection system at 173°. The equilibration time was 5 s and the 

scan duration was 70 s. Measurements were performed in triplicate at 25 ºC, setting the 

refractive index at 1.37 for the nanoparticles and 1.33 for water as a dispersant, 

following the manufacturer suggestions. The viscosity was set at 0.00089 mPa s.  

 

2.2.3 NTA 

Size distribution and particle concentration were measured by NTA with a 

NanoSight NS300 system (Malvern Instruments). In order to match the optimal 

concentration range of the instrument and track individual nanoparticles, the EV 

preparations were diluted 1:500 v/v in PBS before the analyses. PBS was filtered before 

the dilution (0.2 µm nylon filters). 

 

2.2.4. CE-UV-DAD  
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 CE-UV-DAD experiments were conducted in a 7100 CE instrument (Agilent 

Technologies, Waldbronn, Germany). Separations were performed at 25 °C in 55 cm 

total length (LT) × 46.5 cm detector length (LD) x 75 μm internal diameter (i.d.) × 365 

μm outer diameter (o.d.) fused silica capillaries (Polymicro Technologies, Phoenix, AZ, 

USA). All solutions were passed through 0.2 µm nylon filters (Macherey-Nagel, Düren, 

Germany) and stored in glass bottles at 4 ºC. Before the analyses, the BGE was 

degassed by sonication. All capillary flushes were performed at high pressure (930 

mbar). Under the optimized conditions, the background electrolyte (BGE) was a 0.1 M 

Tris and 0.25 M boric acid solution (pH 7.9) with 0.5% m/v of HPC and 0.1% m/v of 

SDS. New fused silica capillaries were flushed with water (20 min), 1 M NaOH (20 

min), water (20 min) and BGE (20 min). The capillary was finally equilibrated by 

applying +25 kV (normal polarity, cathode in the outlet) for 30 min. EV preparations 

were injected without further processing at 50 mbar for 10 s. The autosampler was kept 

at 25 °C using an external water bath (Minichiller 300, Peter Huber Kältemaschinenbau 

AG, Offenburg, Germany). Between runs, capillaries were conditioned by flushing with 

water (2 min), 1 M NaOH (2 min), water (2 min) and BGE (2 min). The UV-spectra 

were recorded scanning from 190 to 300 nm. Data acquisition was performed with 

OpenLab CDS ChemStation Edition C.01.07 SR3 software (Agilent Technologies).  

 

3. Results and discussion 

3.1 EV preparation by PEG precipitation 

PEG precipitation was the method selected for the isolation of the EV 

preparations enriched for exosomes from serum samples, because of the simplicity, the 

possibility of avoiding the use of expensive kits, and the effectivity and reproducibility 

demonstrated in previous studies. Several authors have demonstrated that the 
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performance of PEG precipitation to isolate exosomes depends on the average 

molecular weight of PEG, the concentration upon mixing with the sample, the 

temperature and exosome concentration [8–11]. In this study, following the 

recommendations of Vlassov et al. for PEG8000 [8], PEG concentrations of 5, 7.5 and 

10% m/v were investigated for precipitation at 4 °C and 2 h incubation. Using these 

conditions, as can be observed in Figure 1, the expected precipitated pellet for the EV 

preparations was observed in all cases. Furthermore, even by naked eye, it could be seen 

that the pellet amount slightly increased with PEG concentration, being apparently the 

highest with 10% m/v of PEG (Figure 1C).  

 

3.2 DLS 

 DLS was used to measure the size distribution of the particles of the EV 

preparations that were isolated from serum using different concentrations of PEG. As 

the resuspended pellets in PBS were turbid and not suitable for DLS measurements, the 

samples were diluted 1:10 v/v with PBS before the analysis. The polydispersity index 

(PDI) measured for the diluted samples were in all cases around 0.4 (Table 1), a value in 

the recommended range for appropriate size measurements by DLS (i.e. <0.7) [22,23]. 

As can be observed in the graph of size-distribution by intensity (Figure 2A), 

nanoparticles with a similar size distribution were detected in the EV preparations with 

all the PEG concentrations. Considering the sample with 10% m/v PEG, the most 

intense peak corresponded to particles with sizes ranging from approximately 128 to 

356 nm, and an average size of 242 nm (Table 1). Meanwhile, the less intense peak 

represented particles ranging approximately from 34 to 66 nm, with an average size of 

50 nm (Table 1). The measured sizes were slightly different than the typically reported 

sizes for exosomes (i.e. 30-150 nm) and were far from the upper size limits expected for 
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other EVs (1000 nm) [2,18]. Therefore, it was confirmed the selectivity of PEG 

precipitation to isolate EVs in a narrow size range, which includes exosomes. However, 

PEG would induce clumping or aggregation of the largest exosomes and EVs (i.e. >66 

nm), and because of this the size distribution was shifted to higher values than expected. 

Weng et al. have already shown that exosomes isolated by PEG precipitation appear by 

EM wrapped by a silky PEG film, forming aggregates [9]. The graph of size distribution 

by intensity (Figure 2A) was converted to the graph of size distribution by volume 

(Figure 2B) to investigate the relative proportion of the different particle sizes in the 

samples [22]. The results obtained were again very similar with the different 

concentrations of PEG, but now only a single intense peak could be clearly observed. 

This was because small particles (average size of 50 nm, with 10% m/v PEG, Table 1) 

were more abundant but scattered much less light than large particles (average size of 

242 nm, with 10% m/v PEG, Table 1). A similar conclusion could be obtained from the 

graph of size distribution by number that indicates the relative number of particles with 

a certain size in the samples (Figure S-1) [22]. 

 The diluted EV preparations were also analyzed after filtration or centrifugation 

to see the effect on the particle size distribution. Figure 2C shows the graph of size 

distribution by intensity for the diluted EV preparations with a 10% m/v PEG, and after 

filtration or centrifugation. As can be observed, the particle size distribution was shifted 

to lower values only for the filtered samples, suggesting that large particles were 

eliminated. Furthermore, the filtered sample was less polydisperse because the 

measured PDI value decreased until 0.3 (Table 1). The sizes measured for the particles 

of the filtered samples were ranging from approximately 67 to 171 nm, and an average 

size of 119 nm (Table 1), and from 20 nm to 34 nm, and an average size of 27 nm 

(Table 1). These sizes were within the size range expected for exosomes (i.e. 30-150 
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nm) and would indicate the necessity of filtering the samples to further enrich the EV 

preparations for exosomes. Weng et al. also reported that when exosomes isolated by 

PEG precipitation were greatly diluted to perform appropriate NTA measurements, PEG 

concentration was insufficient to induce aggregation and the size distribution presented 

a narrow peak with a maximum at 100 nm [9]. Similarly, in our case, the measured 

average particle size by NTA for the EV preparations with a 10% m/v PEG was 120 nm 

when the sample was diluted 1:500 v/v with PBS before the analysis (Figure S-2). In 

order to evaluate if filtration had a negative impact on the particle concentration, the 

derived count rate (DCR) was studied for the isolated EV preparations with the different 

PEG concentrations and sample conditions. DCR is the number of photons detected per 

second divided by the attenuation factor given by the DLS instrument software [34]. 

Therefore, in general, the greater the DCR value the higher the particle concentration (if 

particle size distributions are similar). As can be observed in Table 2, the greatest DCR 

parameter values were obtained with the different PEG concentrations for the “diluted” 

and “diluted+centrifuged” samples, confirming that centrifugation was not significantly 

altering the particle size distribution of the “diluted” sample. The use of a 5% m/v of 

PEG promoted a great decrease on particle concentration, compared to 7.5 and 10% m/v 

of PEG, confirming that EVs precipitation was less efficient at the lowest PEG 

concentration, as previously observed by naked eye (Figure 1). As expected, filtration 

promoted in all cases a great decrease on particle concentration, due to elimination of 

large particles. Therefore, the elimination of the large EVs aggregates with PEG was at 

a cost of decreasing the total EVs recoveries. As the particle concentration was slightly 

higher for the EV preparation isolated with a 10% than with a 7.5% m/v of PEG without 

further processing (compare the DCR values of Table 2 for both “diluted” EV 
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preparations), undiluted EV preparations with a 10% m/v of PEG were used to develop 

the novel CE-UV-DAD fingerprinting method. 

 

3.3 CE-UV-DAD 

 The EV preparation was analyzed first using a BGE of 0.1 M Tris and 0.25 M 

boric acid (pH 7.9). Tris-borate BGEs at near-physiological pH values have been 

traditionally used in CE analysis of oligonucleotides, proteins and more recently 

nanoparticles because of the excellent performance [27,30,35–37]. At these pH values, 

EVs were less prone to aggregation and they had a total negative charge that was 

supposed to prevent adsorption on the inner wall of the bare fused silica capillary [38]. 

However, under these conditions, results were not reproducible (Figure S-3). 

Furthermore, the electrophoretic profiles did not correspond to the expected profiles for 

a mixture of nanoparticles with a relatively broad size distribution. These poor results 

were suggesting the strong adsorption of the EVs on the inner capillary wall of the bare 

fused silica capillary. Despite the total negative charge of EVs at the separation pH 

value, it should not be forgotten that some EVs, as exosomes, are amphoteric and 

present basic proteins on the surface, which would promote this adsorption. 

 In order to reduce the adsorption of the EVs to the ionized silanol groups of the 

inner capillary wall, addition of small concentrations of the neutral linear polymer HPC 

(0.3, 0.5 and 0.8% m/v) to the BGE was investigated [36,37]. As can be seen in Figure 

3, the results obtained were very distinct between the different concentrations of HPC. 

A very wide band was migrating after the EOF for the concentration of 0.3% m/v HPC 

(Figure 3A). By increasing the HPC concentration to 0.5% m/v results improved and 

two bands with a smaller width were clearly visible at shorter migration times (Figure 

3B). These bands were dotted with very narrow peaks (i.e. spikes), which were 
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randomly distributed when replicate analyses were done (Figure 4A). Therefore, they 

were probably due to air bubbles and/or large aggregates of EVs trapped and arriving to 

the detector in the heterogeneous mixture of EVs with different sizes. This spiking 

phenomenon was also described before by other authors in CE analysis of other 

nanoparticles, including EVs [25,29,30,32,33]. The two bands were less clearly visible 

with a 0.8% m/v of HPC because the number and widths of the spikes greatly increased 

(Figure 3C), as a consequence of the increase on BGE viscosity and/or HPC 

entanglement [36]. Therefore, a concentration of 0.5% m/v of HPC was used for the rest 

of experiments. At this point, it is worth highlighting, that at the slightly basic pH value 

of the BGE (7.9), the small amount of HPC added in the BGE was not enough to 

significantly reduce the EOF (compare the EOF migration time in Figures S-2 and 

Figure 3B), as previously observed by other authors [39]. Consequently, while 

preventing the adsorption on the capillary, the EOF remained high enough to promote 

migration of the negatively charged EVs to the detector. Regarding the separation 

mechanism, at a 0.5% m/v of HPC, an HPC of average MW of 100,000 Da would be 

under the entanglement threshold, and separation would occur under a transient 

entanglement coupling size-dependent mechanism between the EVs and the polymer 

chains [36]. 

 To further improve reproducibility, 0.1% m/v of SDS was added to the BGE 

with 0.5% m/v of HPC. The role of the anionic surfactant at a concentration below the 

critical micelle concentration (i.e. CMC 8.2 mmol·L-1 or 0.24% m/v in aqueous 

solutions) was to improve the dispersion of the EVs, while homogenizing the total 

negative charge by complexation with the protonated basic groups of the amphoteric 

EVs to improve the size-dependent separation. Furthermore, it has also been described 

the positive effect of SDS on preventing protein adsorption on the inner capillary walls 



14 
 

[37]. Figure 4B shows the electropherograms for ten replicate analyses of an EV 

preparation (replicates 1st, 5th and 10th) and for the blank samples under these 

conditions. As can be observed, the EV preparation was detected now as peaks and 

bands after the EOF and total analysis time was reduced to less than 30 min, spikes 

were not present, and the electrophoretic profile was repeatable for the different 

replicates (i.e. the relative standard deviation in percentage, %RSD (n=10) of migration 

time (in the apex) and peak area for the indicated region in Figure 4B were 1.2% and 

5.1%, respectively). A careful analysis of the UV spectra through the obtained 

multiwavelength electrophoretic profile of the EV preparations allowed detecting three 

different characteristic regions with a specific UV spectrum (labelled as I, II and III in 

Figure 5A). Figure 5C shows the characteristic UV spectra for these three regions, 

which would have increasing particle sizes. As can be observed in the UV spectra of 

Figure 5C, some differences could be observed in the scanned range, suggesting that 

distinct types of EVs were detected, being the most abundant those migrating in the 

region labelled as II in Figure 5A. Even accepting the proposed size-based separation 

mechanism, at this moment, it is difficult to correlate the information about particle size 

obtained by DLS and the electrophoretic profiles obtained by CE. This is because the 

composition of the BGE and the high electrical field could definitively alter the particle 

size distribution by promoting disruption of the EVs aggregates detected by DLS. A 

standard of exosomes was analyzed (Figure 5B) to confirm that they would be 

migrating in the region corresponding to the most abundant EVs (region II, Figure 5A). 

As can be observed in Figure 5C, the exosomes were also showing a differential UV 

spectrum compared to those obtained for the EV preparation characteristic region II, 

where different types of EVs were comigrating (Figure 5C). 
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 Regarding the electrophoretic profiles with independent EV preparations, 

reproducibility was good for EV preparations isolated and analyzed in different days 

(i.e. %RSD (n=3) of migration time and peak area for region II in Figure S-4 were 2.9% 

and 5.5%, respectively). CE analyses were also repeated after storing the samples in the 

refrigerator (4 °C) for four days and the electrophoretic profiles changed. Therefore, as 

the lifetime of the samples seemed to be quite short, analysis of the EV preparations by 

DLS and CE-UV within the first 48 h after the isolation with PEG is recommended. 

Globally, the results demonstrated the good performance of PEG precipitation for 

isolation of EV preparations from serum samples and of the developed CE method to 

perform a simple, effective and complementary quality control. Compared to the CE 

methods recently described for the analysis of EVs [32,33], the developed CE method 

generated similar electrophoretic profiles for the EVs and the standard of exosomes. 

However, demonstrated improved efficacy for prevention of the spiking phenomenon 

while obtaining highly reproducible separations of extremely complex EV preparations 

without needing expensive commercial or hard to prepare permanently coated 

capillaries. This was probably mainly due to the use of a wider i.d. capillary (75 µm 

instead of 50 µm), as well as to the presence of HPC and SDS in the near-physiological 

pH Tris-borate BGE. With regard to sensitivity, at the moment, the use of fluorescence 

detection allows better limits of detection than UV detection, as described by M. Morani 

et al. [33]. However, it requires off-line derivatization of the isolated EVs. A more 

versatile and straightforward  alternative would be applying on-line preconcentration 

approaches, as explored to a certain extent with isotachophoresis by M. Piotrowska et 

al. [32]. However, further research is needed to efficiently increase the modest 

preconcentration factors obtained so far and expand the applicability of CE in the 

typical workflows applied in characterization of purified EVs, including exosomes. 
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4. Conclusions 

Precipitation with a 10% m/v of PEG8000 was successfully applied for the 

isolation of EV preparations enriched for exosomes from human serum samples. DLS 

demonstrated that nanoparticles within a very narrow size range that includes the 

exosomes, were present in the EV preparations. The most abundant particles had an 

average size of 50 nm, but 242 nm particles were also detected, suggesting that PEG 

would induce aggregation. Filtration allowed further enriching the EV preparations for 

exosomes, but at a cost of decreasing the recoveries. Using the isolated EV preparations, 

a novel CE-UV-DAD method was developed to obtain characteristic multiwavelength 

electrophoretic profiles. A BGE of 0.1 M Tris and 0.25 M boric acid (pH 7.9) with 0.5% 

m/v HPC and 0.1% m/v of SDS was optimized to obtain reproducible and rapid 

separations of the EV preparations and standard exosomes. The CE-UV-DAD 

fingerprinting method may find applicability as a complementary tool for the simple 

and effective quality control of EV preparations enriched for exosomes. However, 

further research is necessary to identify the different components detected in the 

electrophoretic fingerprints and enhance sensitivity to analyze low concentration 

purified EV samples. The method may be adapted to the direct, selective and sensitive 

detection and characterization of specific EVs at the intact level, especially exosomes. 
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Figure 1. EV preparations isolated from serum using A) 5, B) 7.5 and C) 10% m/v of 

PEG (4 °C and 2 h incubation).  
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Figure 2. Size distribution of the particles of the EV preparations by DLS (samples 

were diluted 1:10 v/v with PBS). Graph of size distribution by A) intensity with 

different PEG concentrations, B) graph of size distribution by volume with different 

PEG concentrations and C) graph of size distribution by intensity with 10% m/v PEG 

for the samples “diluted”, “diluted+filtered” (0.2 µm nylon filters) and 

“diluted+centrifuged” (1,250 x g for 3 min at 25 ºC).  
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Figure 3. Electropherograms for the EV preparations isolated with 10% m/v PEG using 

the BGE of 0.1 M Tris and 0.25 M boric acid (pH 7.9) with A) 0.3, B) 0.5 and C) 0.8% 

m/v of HPC. Detection wavelength was 210 nm. A neutral marker solution (5% v/v 

acetone) was analyzed to confirm the EOF migration time. 
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Figure 4. Electropherograms for the EV preparations isolated with 10% m/v PEG using 

the BGE of 0.1 M Tris and 0.25 M boric acid (pH 7.9) with A) 0.5% m/v HPC (n=3) 

and B) 0.5% m/v HPC and 0.1% m/v SDS (n=10, replicates 1st, 5th and 10th). Detection 

wavelength was 210 nm. A neutral marker solution (5% v/v acetone) was analyzed to 

confirm the EOF migration time. Blank samples were 10% m/v PEG in water or PBS. 

The marked central band was integrated for migration time and peak area repeatability 

calculations. 
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Figure 5: Electropherograms under the optimized conditions for A) the EV preparations 

and B) the standard exosomes. C) UV-spectra for the groups of peaks and bands 

labelled as I, II and III in the electropherogram of the EV preparation (Figure 5A) and 

for the exosomes (Figure 5B) (the absorbance y-scale was normalized to the maximum 

absorbance in each case: 21.5, 46.5, 14.5 and 3.0 mAU for I, II, III and the exosomes. 

The quality of the normalized UV spectrum for the exosomes was poor over 250 nm 

due to the very low absorbance of the raw data). 
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Table 1. Size distribution of the particles of the EV preparations by DLS (graph of size distribution by intensity, Figure 2A) with different PEG 

concentrations and sample conditions. Samples were diluted with PBS (“diluted”), followed  by centrifugation (“diluted+centrifuged”) or by 

filtration (“diluted+filtered”). 

% m/v PEG  Sample conditions PDI 
Z-averagea 

(nm) 
Peaksb 

Average  size 

(nm) 

Standard 

deviation (nm) 
Intensity (%) 

10 

Diluted 0.432 122 
Peak 1 242 114 79 

Peak 2 50 16 21 

Diluted+centrifuged 0.435 125 
Peak 1 227 108 84 

Peak 2 42 13 16 

Diluted+filtered 0.298 74 
Peak 1 119 52 86 

Peak 2 27 7 14 

7.5 Diluted 0.439 116 
Peak 1 204 134 90 

Peak 2 23 6 8 

5 Diluted 0.489 126 
Peak 1 223 117 88 

Peak 2 29 11 11 
a The Z-average size is given as a complementary information considering a moderately monodisperse and monomodal sample. 
b See Figure 2A.  
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Table 2. Derived count rate (DCR) values of the particles of the EV preparations by 

DLS with different PEG concentrations and sample conditions. Samples were diluted 

with PBS (“diluted”), followed by centrifugation (“diluted+centrifuged”) or by filtration 

(“diluted+filtered).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

% m/v PEG  Sample conditions 
DCR 

(kcps) 

10 

Diluted 53414 

Diluted+centrifuged 50649 

Diluted+filtered 3654 

7.5 

Diluted 50580 

Diluted+centrifuged 47674 

Diluted+filtered 8161 

5 

Diluted 6908 

Diluted+centrifuged 7083 

Diluted+filtered 415 
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Figure S-1. (Size distribution of the particles of the EV preparations by DLS 

(samples were diluted 1:10 v/v with PBS). A) Graph of size-distribution by 

number with different PEG concentrations. 
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Figure S-2. Size distribution of the particles of the EV preparation isolated with 

10% m/v PEG by NTA (samples were diluted 1:500 v/v with PBS). Measured 

average particle size was 120 nm.  
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Figure S-3. Electropherograms for three replicate analyses of the EV 

preparation isolated with 10% m/v PEG using the BGE of 0.1 M Tris and 0.25 

M boric acid (pH 7.9). A neutral marker solution (5% v/v acetone) was 

analyzed to confirm the EOF migration time. 
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Figure S-4. Electropherograms for three independent EV preparations 

isolated with 10% m/v PEG and analyzed in different days using the BGE of 

0.1 M Tris and 0.25 M boric acid (pH 7.9) with 0.5% m/v HPC and 0.1% m/v 

SDS. Detection wavelength was 210 nm. The marked central band (region II) 

was integrated for migration time and peak area reproducibility calculations.  


