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Highlights  

 

- Isolation and characterization of extracellular vesicles (EVs) still remains an analytical 

challenge 

- Combined approaches are required to overcome limitations of commonly employed 

ultracentrifugation methods 

- Ultracentrifugation provides selection of large and small EVs (LEVs and SEVs), while 

Density Gradient centrifugation can further select homodense SEV particles 

- Hollow-fiber flow field-flow fractionation (HF5) with UV, fluorescence and laser scattering 

detection provides native separation of vesicle subtypes obtained from both processes 

- The combined centrifugation-HF5 approach characterized DNA or protein containing 

particles, free DNA and potential exomeres 
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Abstract 

 

In the course of their life span, cells release a multitude of different vesicles in the extracellular matrix 

(EVs), constitutively and/or upon stimulation, carrying signals either inside or on their membrane for 

intercellular communication. As a natural delivery tool, EVs present many desirable advantages, such 

as biocompatibility and low toxicity. However, due to the complex biogenesis of EVs and their high 

heterogeneity in size distribution and composition, the characterization and quantification of EVs and 

their subpopulations still represents an enticing analytical challenge.  

Centrifugation methods allow to obtain different subpopulations in an easy way from cell culture 

conditioned medium and biological fluids including plasma, amniotic fluid and urine, but they still 

present some drawbacks and limitations. such as the difficulty to resolve different subpopulations. 

An unsatisfactory isolation can limit their downstream analysis and lead to wrong conclusions 

regarding biological activities. Isolation and characterization of biologically relevant nanoparticles 

like EVs which is crucial to better investigate specific molecular and signaling patterns and requires 

new combined approaches.   

Our work was focused on HF5 (miniaturized, hollow-fiber flow field-flow fractionation), and its 

hyphenation to utltracentrifugation techniques, which are the most assessed techniques for vesicle 

isolation. We exploited model samples obtained from culture medium of murine myoblasts (C2C12), 

known to release different subsets of membrane-derived vesicles. 

Large and small EVs (LEVs and SEVs) were isolated by differential ultracentrifugation (UC). 

Through an HF5 method employing UV, fluorescence and multi-angle laser scattering as detectors, 

we characterized these subpopulations in terms of size, abundance and DNA/protein content; 

moreover, we showed that microvesicles tend to hyper-aggregate and partially release nucleic matter. 

The quali-quantitative information we obtained from the fractographic profiles was improved with 

respect to Nano Tracking Analysis (NTA) estimation. 

The SEV population was then further separated using density gradient centrifugation (DGC), and four 

fractions were submitted again to HF5-multidetection. This technique is based on a fully orthogonal 

principle, since F4 does not separate by density, and provided uncorrelated information for each of 

the fractions processed. The “second dimension” achieved with HF5 showed good promise in sorting 

particles with both different size and content, and allowed to identify the presence of fibrilloid nucleic 

matter. This analytical bidimensional approach proved to be effective for the characterization of 
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highly complex biological samples such as mixtures of EVs and could provide purified fractions for 

further biological characterization. 
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1. Introduction 

Cells can release different types of particles into the extracellular environment: exosomes, shedding 

vesicles, microvesicles, microparticles, ectosomes and apoptotic bodies. These terms indicate 

membrane vesicles released by specific cell types and in specific environmental conditions [1] [2]. 

This heterogeneous population of secreted vesicles, ranging in diameter from 50 to 1000 nm, has 

recently been defined as extracellular vesicles (EVs) [3]. Among these, exosomes are well defined 

membrane vesicles (ranging in size from 40 to 100 nm) that are released by cells upon fusion of 

multivesicular bodies with the plasma membrane. Unlike the proteins trafficked for degradation to 

the lysosomal system, secreted exosomes are biologically active entities that are important for a 

variety of pathways [4] [5]. Apoptotic bodies are small membranous particles of 50–5,000 nm in 

diameter released during the early phase of programmed cell death, and represent the fragments of 

dying cells, whereas shedding vesicles (or shedding microvesicles) are large EVs ranging between 

50–1,000 nm in diameter budding directly from the plasma membrane [3]. Cell-derived vesicles are 

spherical structures bound by a lipid bilayer, similar in composition to the cell membrane from which 

the vesicle was derived. Their content includes a variety of cytoplasmic and membrane elements, 

which is also a reflection of their cell of origin [6]. EVs can be taken up by recipient cells and 

modulate the activity of target cells, as demonstrated both in vitro [7] and in vivo [8, 9]. Biochemical 

techniques have been successfully used to identify protein, mRNA, miRNA, DNA and lipid contents 

of EVs  [10] [11] [12] [13]. Among these, for example, EVs contain a collection of peripheral 

membrane proteins such as MHC I and II, integrins, transferrin receptors, tetraspanins and GPCRs 

[14], which can activate downstream signaling pathways in target cells, triggering, for example, 

calcium signaling (20), MAPK activation [15], or Fas signaling [16]. Other reports [17, 18], including 

our previous works [19], have shown that EVs may convey signalling molecules permitting 

intercellular regulation of gene expression. Altogether, this evidence demonstrates that EVs represent 

a previously unidentified mode of intercellular exchange of molecular signals. The field of EVs has 

expanded with the discovery of different types of EVs and the complexity of vesicle biogenesis, cargo 

loading, release pathways, targeting mechanisms, and vesicle processing.  

Considering their capacity to transfer bioactive substances, the potential application of EVs in 

diagnostics and therapeutics has drawn increasing attention. Recent studies introduced the use of EV-

based therapy to combat inflammation, though still in an early stage of development [20]. 

Additionally, EVs physicochemical properties make them a promising vector for drug transport and 
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release in cancer therapy, though the adequate selection of the cell of origin is crucial [21]. As a 

natural delivery tool, EVs present many desirable advantages, such as biocompatibility, and low 

toxicity. To access clinical use it is essential to obtain the accurate size of the carrier particles as well 

as their size distribution [22]. However, EVs consist in highly heterogeneous bioactive particle 

populations with complex size distribution and composition, and their characterization and 

quantification still represent an important analytical challenge.  

Various methods for analysis of exosomes include electron microscopy, fluorescence-based detection 

and tracking techniques; and in particular for exosomes multi-angle light scattering (MALS), 

nanoparticle-tracking analysis, and dynamic light scattering (DLS) [23]. Currently the most employed 

approaches to separate EVs and exosomes are based on differential ultracentrifugation, 

ultracentrifugation in a density gradient, high-pressure liquid chromatography-gel exclusion 

chromatography and ultrafiltration, and their combination [20, 24-26]. Although these techniques 

allow to obtain different subpopulations in a fast and easy way from cell culture conditioned medium 

and biological fluids including plasma, amniotic fluid and urine, they still present some drawbacks 

and limitations: lower efficiency with biological fluids and modification of native forms and loss of 

native activity. In addition, contamination of isolated exosomes with non-exosomal particles 

including proteins limit their downstream analysis and can lead to wrong conclusions regarding 

biological activities. New combined approaches are required to sort and characterize exosomes and 

biologically relevant EVs, and to investigate their specific molecular and signaling patterns. Among 

size-based separation techniques for high molecular weight analytes, field-flow fractionation (FFF) 

offers to directly obtain a soft, highly-resolved size separation with minimal sample manipulation. 

The most established FFF variant is flow field-flow fractionation (F4). Coupled with on-line detection 

methods including multi-angle light scattering (MALS), absorbance and luminescence 

spectrophotometry, F4 provides uncorrelated information and is able to offer a multidimensional 

analytical platform for the analysis of particles of biological origin. A wide range of mobile phase 

compositions, reflective of samples native conditions, can be employed to understand differences 

between bioparticle sub-populations in a realistic setting. 

In F4 the separation is achieved by an external hydrodynamical field, perpendicular to the longitudinal 

carrier flow, in an empty capillary channel. In F4 retention is inversely proportional to the 

hydrodynamic diffusion coefficient of the analyte and, consequently, to its Mr or hydrodynamic size. 

F4 selectivity is particularly high in the high-Mr and nanometer-size range. F4 coupled on-line with 
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multiple detectors is able to separate and characterize populations such as proteins, colloids, polymers 

and particulate materials up to about 100 μm in size [27]. 

F4 was already applied to the the analysis of exosomes from cell lines:  the ability to detect consistent 

and  subtle differences within populations  together with the study of proteomic and lipidomic profiles 

of different subpopulations, also as a consequence of an oxidative stress, were in depth demonstrated 

[28] [29]  [30, 31] [32, 33]. F4 was also proved able to define different mechanisms of vesicles 

formation and modification in their release due to pathway inhibitors [34].  

The use of F4 was also explored fot the separation of EVs from biological samples: urinary exosomes 

were isolated and characterized in terms of size, amount and lipidomic contents in healthy controls 

and patients with prostate cancer [35] [36]. Recent works report many advances for F4 applications 

to the isolation of extracellular vescicles from human plasma. Platelet EVs expressing surface 

markers with important roles in the detection of pathologies were isolated from human plasma with 

immunoaffinity chromatographic method and size-fractionated and characterized with F4 coupled to 

MALS and DLS [37]. The immunochromatography and F4 hyphenation was also developed in an 

on-line format providing a fast, controlled and accurate size-based subpopulation of EVs from human 

plasma for further specific analysis [38], including electrokinetic characterization of F4 using 

capillary electrophoresis with laser-induced fluorescence [39]. The improvement of EVs isolation 

from human plasma was also demonstrated with F4 and different sample pre-treatments able to reduce 

important contaminants such as high-abundance lipoproteins [40] [41]. 

The analysis of circulatng microRNA in serum was also reported: F4 was used for the rapid separation 

of different microRNA carriers including exosomes and the determination of microRNA distribution 

profiles in healthy and cancer patient cases [42] [34].  

These endeavors all contributed to the in-depth investigation of the effectiveness of F4 for EVs 

analysis. Indeed, it is also endorsed as a technique to simplify complex EVs mixtures prior to accurate 

particle-by-particle characterization [43]. In this work, the miniaturized F4, hollow-fiber flow field-

flow fractionation (HF5) was applied for the first time to EVs analysis.  

This micro-volume variant to AF4 was demonstrated capable to achieve high performance and low 

dilution at the same time enhancing bioparticles analysis[44] [45] [46] [47] [48] [49, 50]. HF5 shows 

indeed a comparable performance to F4 with interesting advantages: the reduced channel volume and 

operation flowrates, the low dilution of fractionated analytes, and the potentially disposable use. HF5 

merges the advantages of being a miniaturized techniques with the absence of need for specific 
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optimization for the separation of various nanoparticles, depending on sample properties, such as 

purity, density, solubility, hydrophobicity, solution conductivity, and particle isoelectric charge. The 

miniaturization of the separation step contributes to the improvement of EVs analysis to obtain more 

robust, versatile, and high-performance separation and characterization due to the low cost, low 

sample volume, and minimal sample manipulation [51]. 

 

Our work was developed with the aim of exploring the extent to which different isolation techniques 

can be coupled in order to obtain well defined separation and precise characterization in term of size 

and nature of the biological content of EV subpopulations. We worked with samples obtained from 

culture medium of murine myoblasts (C2C12 cell line) which are of interest given their proven ability 

to release signaling vesicles and microvesicles, having an important role in the communication 

processes within skeletal muscles and between skeletal muscles and other organs[12]. Their complex 

communication pattern is achieved through the release of signal molecules and vesicles carrying 

proteins and RNA. 

HF5 coupled with multi-angle light scattering (MALS), fluorescence and UV detection (HF5-UV-

FLD-MALS) was applied to the separation and characterization of vesicles from C2C12 cell line. 

First, whole medium was concentrated and purified through differential ultracentrifugation to obtain 

subpopulations of Large Extracellular Vesicles (LEVs) and and Small Extracellular Vesicles (SEVs). 

These subpopulations were analyzed with HF5-MALS to gain information on particle size and cargo 

content, level of enrichmement and release of nucleic matter. Then, SEVs were separated with density 

gradient centrifugation (DGC) into homodense fraction to again be analyzed through HF5-

multidetection. The separation principle of DGC (density) is indeed orthogonal to that of HF5 

(hydrodynamical radius), and allows to obtain a bidimensional separation when these two techniques 

are used together.  The approach allows to highlight low abundant species (such as fibrilloid, RNA-

carrying species) and distinguish classes of different particles with their size and loading distributions. 

The conformational and spectroscopical study achieved in this work facilitated the mapping of the 

content of cellular secretions in terms of size, chemical composition (DNA, RNA, proteins) and 

density, discriminating between similar vesicles which may shuttle a different signal. 
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2. Materials and methods 

 

2.1 Extracellular vesicle isolation 

C2C12 cells were cultured in DMEM containing 10% heat-inactivated FBS. FBS was previously 

centrifuged overnight at 4 °C and 110,000g using a SW28 rotor in a Beckman ultracentrifuge, the 

supernatant was carefully removed with a pipette, passed through a 0.22 µm filter and then added to 

DMEM. Conditioned medium from 5 x 107 cells was collected after 24h. EVs were purified by 

differential centrifugation for 15 min at 1000g to eliminate cell contamination. Supernatants were 

further centrifuged for 20 min at 12,000g and subsequently for 20 min at 18,000-20,000g to obtain 

LEVs. The resulting supernatants were filtered through a 0.22 µm filter and then micro-vesicles were 

pelleted by ultracentrifugation at 110,000g for 70 min. The SEV pellets were washed in 13 ml PBS, 

pelleted again and resuspended in PBS. An aliquote of SEVs was then further fractionated through 

density gradient centrifugation. (Figure 1). 

 

2.2 Optiprep density gradient separation 

A discontinuous iodixanol gradient was used to float the EVs purified from plasma. Iodixanol 40% 

(w/v), 20% (w/v), 10% (w/v) and 5% (w/v) solutions were prepared diluting OptiPrep (60% (w/v) 

aqueous iodixanol (Axis-Shield) with 0.25 M sucrose/10 mM Tris, pH 7.5 and gradient was 

performed as reported in Tauro et al.[52]. EVs pellet purified from plasma were resuspended in 500 

µl of 0.25 M sucrose/10 mM Tris, pH 7.5 and overlaid onto the top of the gradient. Centrifugation 

was performed at 110,000g overnight at 4°C. Twelve individual 1 mL gradient fractions were 

collected, diluted with 13 ml of PBS and then centrifuged at 110,000g for 1 h at 4 °C and resuspended 

in PBS (Figure 1).  Fractions were monitored for the expression of exosomal marker TSG101 and the 

muscular marker α-Sarcoglycan by Western blotting. The density of each fraction was determined by 

absorbance at 244 nm of 1:10,000 diluted fractions. 

 

2.3 NTA characterization 

Briefly, approximately 0.3 ml supernatant was loaded into the sample chamber of an LM10 unit 

(Nanosight, Malwern, UK) and three videos of either 30 or 60 seconds were recorded of each sample. 

Data analysis was performed with NTA 2.1 software (Nanosight). In NTA the paths of unlabelled 

particles (i.e. microvesicles) acting as point scatterers, undergoing Brownian motion in a 0.25-ml 
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chamber through which a 405 nm laser beam is passed, is determined from a video recording with 

the mean squared displacement determined for each possible particle. The diffusion coefficient and 

sphere-equivalent hydrodynamic radius are then determined using the Stokes–Einstein equation, and 

results are displayed as a particle size distribution. Samples were analysed using the basic control 

settings, which resulted in shutter speeds of 30, 6 and 1 milliseconds for the 100-, 200- and 400-nm 

control beads, respectively (with zero camera gain), and for biological samples the shutter speeds 

were 30 or 15 milliseconds, with camera gains of between 280 and 560. Software settings for analysis 

were: Detection Threshold: 5–10; Blur: auto; Minimum expected particle size: 50 nm. Data are 

presented as the average and standard deviation of the three video recordings. NTA is most accurate 

between particle concentrations in the range 2x108 to 20x108/ml. 

When samples contained higher numbers of particles, they were diluted before analysis and the 

relative concentration was then calculated according to the dilution factor. Control 100 and 400 nm 

beads were supplied by Duke Scientific (Palo Alto, CA). 

 

2.4 Transmission electron microscopy  

For transmission electron microscopy analysis, specimen drops were deposited on formvar-carbon- 

coated 300 mesh grids. They were immediately fixed with 2.5% glutaraldehyde for 1 min and then 

negatively stained with 2% (wt/vol) Na-phosphotungstate for 1 min. The observations were carried 

out by means of a Philips CM10 transmission electron microscope at 80 kV 

  

2.5 Western blotting analysis 

For SDS-PAGE, samples containing 10-30 µg of protein were mixed with Laemmli sample buffer 

(1:1 ratio) and loaded onto 10% SDS-PAGE gels. Subsequently, proteins were blotted to a 

Polyvinylidene difluoride (PVDF) membrane (Thermo). Primary antibodies used were: Alix (1:1000 

dilution, clone sc-49268 Santa Cruz), CD-63 and Tsg101 (1:2000 dilution, clone 4A10 Abcam). 

Primary antibodies were incubated overnight at 4°C, followed by washing and the application of 

secondary HRP-conjugated antibody (Pierce). Immune complexes were visualized using the Clarity 

and/or Clarity Max (Bio-Rad). 

 

2.6 HF5-UV-FLD-MALS.  
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HF5 analyses were performed using an Agilent 1200 HPLC system (Agilent  Technologies, Santa 

Clara, CA, USA) consisting in a degasser, an isocratic pump, with an Agilent 1100 DAD UV/Vis 

spectrophotometer combined with an Eclipse® DUALTEC separation system (Wyatt Technology 

Europe, Dernbach, Germany). The HF5 channel (Wyatt Technology Europe) consisted of two sets of 

ferrules, gaskets and cap nuts used to seal a polymeric hollow fiber inside a plastic cartridge. The 

scheme of the HF5 cartridge, its assembly and the modes of operation of the Eclipse® DUALTEC 

system have already been described elsewhere [53]. The HF5 channels used for the experimental 

section were standard cartridges containing a 17 cm long fiber available from Microdyn-Nadir 

(Wiesbaden, Germany). The hollow fiber was a polyethersulfone (PES) fiber, type FUS with the 

following characteristics: 0.8 mm ID, 1.3 mm OD, and 10 kDa Mw cut-off, corresponding to an 

average pore diameter of 5 nm. The ChemStation version B.04.02 (Agilent Technologies) and Wyatt 

Eclipse @ ChemStation version 3.5.02 (Wyatt Technology Europe) plugin were used to handle 

separation methods. A 18-angle multiangle light scattering detector model DAWN HELEOS (Wyatt 

Technology Corporation, Santa Barbara, CA, USA) operating at a wavelength of 658nm, was used 

to measure the radius of particles in solution. ASTRA® software version 6.1.7 (Wyatt Technology 

Corporation) was used to handle signals from the detectors (MALS  and UV) and to compute the 

sample rg values.  An HF5 method is composed of four steps: focus, focus–injection, elution and 

elution–injection. During focus the mobile phase enters from both inlet and outlet and stabilizes; 

during focus–injection, the flow settings remain unvaried while the sample is introduced into the 

channel through the inlet and focalized in a narrow band. Then, in the elution step, the flow of mobile 

phase enters the channel inlet and part of it comes out transversely (cross-flow, Vx), while the rest 

(channel flow, Vc) reaches the detectors; lastly, during elution–injection, no cross-flow is applied 

allowing for any remaining sample inside the channel to be released; also, the flow is redirected in 

the injection line as well to clean it before the next injection. The flow conditions for the different 

HF5 analysis are shown in Table 1 and Table 2. Longitudinal flow is indicated as Vc, while 

cross/focus flow as Vx. A volume of 30 to 80µL was injected for the characterisation of the sample, 

that had been diluted 1:3 in PBS before injection. Due to the parabolic flow profile of the carrier flow, 

smaller particles experience higher flow rates (on the average) than larger ones. In this normal 

fractionation mode, the particle retention is a function of its apparent diffusion coefficient. Hence, 

the particle retention volume can be related to its diffusion coefficient, and consequently, to its 

hydrodynamic diameter (Dh ) or radius (Rh ) using the Stoke’s equation [54]. FlFFF theory rigors are 
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described elsewhere [55]. Multi-angle light scattering (MALS) was used to determine colloidal size. 

It allows for the determination of particle root mean square radius of gyration (Rg) by measuring the 

net intensity of light scattered by such particles at a range of fixed angles. The particle Rg is 

determined by the mass distribution within the particle. Knowing the epsilon and dn/dc parameters 

for the eluting saple, molar mass can be calculated from Rg[56].  

Radius of gyration and molar mass distributions determined by FFF-MALS provide information on 

the scaling behaviours in solution. The scaling exponent ν is defined by the slope in a double 

logarithmic logMW – logRg plot, and gives information about the conformation of the molecules in 

solution. It is theoretically defined for spheres ν = 0.33, random-coil ν = 0.5–0.6, and rod-like 

structures ν ∼1 [57, 58].  
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3. Results and discussion 

 

3.1 Separation of large and small EVs 

The C2C12 muscle cell line was used as a model for EV secretion to investigate the FFF ability to 

isolate and characterize sub-populations of EVs. Upon serum deprivation, the C2C12 cells 

undergoing myogenic differentiation are subjected to deep membrane rearrangements, so that a 

complex mixture of EVs, comprising exosomes and shedding microvesicles, is released in the 

extracellular environment. A serial ultracentrifugation protocol was specifically set up to isolate large 

and small EVs basing on their differential sedimentation properties (See Figure 1, Material and 

Methods). The 10,000g pellet was combined with the 18,000g pellet to obtain large EVs (LEVs) as 

these vesicles share similar features (data not showed), while the small EV pellet (SEVs) was obtained 

at 100,000g. The reliability of our protocol for large and small EV separation was investigated by 

western blot analysis using antibodies against well-defined EV markers (Figure 2); in detail, we found 

that LEVs were positive for Calnexin, a marker for endoplasmic reticulum, negative for CD63 and 

slightly positive for Tsg101. On the contrary SEVs were negative for Calnexin and positive for CD63 

and Tsg101 (Figure 2a).  

Nanoparticle tracking assay confirmed that in our conditions LEVs showed a very variable size 

distribution with an average diameter of 170 nm (85 nm radius, Figure 2b top) while SEVs had an 

hydrodynamic diameter of about 90 nm (Figure 2b, bottom graph). When examined by transmission 

electron microscopy (TEM) using negative staining, the obtained EVs appeared as closed rounding 

vesicles delimited by membrane structures. In more detail, the SEV pellet showed vesicles with an 

outer dense wall and an inner less dense region of approximately 50-85 nm in diameter (Figure 2d), 

while LEVs presented a larger size than SEVs of about 170-200 nm in diameter and a few of them 

presented an electron-dense material delimited by well-defined membrane structure (Figure 2c). 

These data are in agreement with current literature showing CD63 and Tsg101 specific markers of 

exosome-like vesicles whilst endoplasmatic reticulum proteins are present in shedding microvesicles. 

 

 

3.2 FFF-multidetection of LEVs and SEVs 
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LEVs and SEVs deriving from differential centrifugation were analysed with HF5-UV-FLD-MALS, 

using isotonic, pH 7.4 phosphate buffer (PBS) as carrier. The fractograms obtained for the separation 

of LEVs and SEVs particles are shown in Figure 3 a and b, respectively.  

Concerning the LEVs fraction, three bands are identified along the separation: one at 11, one at 20 

and one at 25 minutes. This fraction’s predominant peak correspons to field release: the particles 

display aggregation and only a small fraction of the sample is stable in suspension.  

On the right panel, (Figure 3 b, d) The radius or gyration (Rg) is also displayed for each band. For 

LEVs, MALS calculation shows that the population of band 1 is 53 nm, the one of band 2 is 80 nm 

and the one of band 3 averages 155 nm. When compared to NTA results (Figure 2b, lower), band 2 

is the one that matches the characterization, in agreement with it being the main population which 

then aggregates into band 3. 

The values calculated for SEVs are 42 nm for band 1, 78 nm for band 2 and 147 nm for band 3. Again 

the NTA-calculated diameter prior to FFF separation was 80 nm, agreeing with band 1 which is the 

most abundant. The comparison of the two techniques and the presence of different species within 

the same sample show that differential centrifugation provides enrichment rather than purification, 

and this reflects onto the uncertainty in size distribution of NTA measurements. For what concerns 

SEVs, it is also possible to observe the change in absorption/fluorescence behavior when shifting 

from the species eluted at 12 minutes to the following one (Figure 3b). Fluorescence decreases 

differently from absorption meaning that the protein cargo is different for the two species: the first 

band can either contain a higher amount of protein matter or contain particles expressing membrane 

proteins on their surface, where fluorescence is not shielded. 

Further characterization of the three bands is possible when the conformation plot of each band is 

taken into consideration: by evaluating the log MW-log Rg line and the resulting slope (named v 

value), different values emerge for each species (Table 3). 

Generally, a value of 0.33 corresponds to a solid sphere, while higher values indicate a less compact 

or elongated structure like a random coil (0.5) or a rod (1). A very low value such as those obtained 

for band 1 (in both fractions) and band 2 (LEVs) suggests these are very compact structure, in 

agreement with densely arranged aggregated DNA (band 1 LEVs ) and folded proteins in a core-shell 

structure (SEVs). Band 2 of the SEV fraction displays a value typical for solid spheres, while the less 

dense, elongated structure indicated for both band 3 (0.61 and 0.62 respectively) is in agreement with 

particles clamping together into aggregates. [59, 60] [61] 
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Finally, the use of a diode array detector allows to collect the UV spectrum for each band eluted. In 

Figure 4 the spectra for each band are shown for LEVs (a, b, c) and SEVs (d, e, f). By the 280/260 

ratio (r260/280) for each spectrum it is possible to have an estimate of the nature of these particles: the 

ratio is 0.6 for purified proteins and increases with DNA presence and heterocontamination [62].  

For what concerns LEVs, band one has a r260/280 of 1.40, band 2 of 1.17 and band 3 of 1.21 (Figure 4 

a,b,c respectively). Band 1 is hence composed by free, aggregated nucleic matter. This resonates with 

the aggregation/degradation of particles found in band 3, that could have released their content by 

membrane disruption. The second and third band, instead, are similar and display a smooth absorption 

profile typical of fatty acids, suggesting the presence of a lipidic membrane[63]. This is in line with 

what already observed also with TEM imaging, where particles presented a defined outer membrane. 

The high value of this ratio can also be influenced by scattering effects (more intense at lower 

wavelenghts) which are due to aggregation and can distort the profile. 

The content of SEVs fraction is different, and the main band corresponds to a high protein abundance 

(the ratio is 0.67), in agreement with what stated earlier, while the second and third result in similar 

ratios (1.08 and 1.14 respectively) suggesting that they are the same species which partially aggregate. 

 

 

 

3.3 Density centrifugation of SEV particles 

To further characterize EV sub-populations SEVs obtained from differential centrifugation were then 

fractionated on sucrose density gradients. Separated EVs were analysed for EV-marker positivity and 

by nanoparticle tracking assay (Figure 5). 

The obtained data show that vesicles floating at a density of 1.06-1.09 mg/dl (Fraction 7) measured 

80-100 nm in diameter (Figure 5 b, left) and were positive to Alix, another well-established exosomal 

marker; whereas heavier vesicles (fraction 10: density of 1.1-1.2 mg/dl) appeared less positive to Alix 

than F7 vesicles and larger (Figure 5 b, right). In both cases though it is possible to observe high 

polydispersion since homodense fractions are not necessarily the same size. The Alix-positive DGC-

obtained fractions (7 to 10) were then submitted to HF5-UV-FLD-MALS.  

 

 

3.4 HF5-UV-FLD-MALS of SEV DCG fractions 
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Following method development, an elution step was added to separate an early eluting band. Indeed, 

DGC provides a different selection than differential centrifugation, and the homodense fractions 

obtained showed different heterogeneity.  

Overall, five species were detected and are shown in Figure 6 (and numbered in panel b) but DCG 

fraction 8 is the only one displaying all of them. In this figure the left panels (a, c, e, g) display tThe 

overlay between absorption at 280 nm and fluorescence (tuned on protein intrinsic fluorescence) 

allows to visualize the different content fraction by fraction.  The relative intensities of these bands 

are different between absorption and fluorescence. In fact, the 340 emission maximum (upon 

excitation at 280nm) is typical for proteins; it is noticeable how the two signals do not increase or 

decrease simultaneously, meaning that proteins, though present in all species but the first, are 

differently allocated and arranged in different particles. This is also in agreement with different radius 

and conformation trends, as will be discussed below. 

The first band, which increases with density and is highest in fraction 10, is very sharp and is eluted 

at very low Rt, immediately following the void peak. Followingly, band 2 is present in DCG fractions 

7 and 8, but did not reach higher density points. Band 3 appears at DCG fraction 8 and its retention 

time shifts through the fractions, indicating that hydrodynamical size also increased with density. 

This is not true for band 4, the last one to elute before the aggregates peak corresponding to band 5. 

Overlaid in the Figure, the gyration radius calculated for each species, accounting also for band 3 

time shift, is displayed. The numerical values are shown in Table 4, together with the conformation 

plot slope (v value) calculated. 

Band 1 had a very high gyration radius considering its low retention time: this suggests that the 

separation dynamics is not in normal mode, but rather in this case lifting effects due to a highly 

elongated structure (such as a rod) are in place. The plot slope is negative: with a MW increase, the 

Rg decreases, originating a denser structure which adds mass without expanding. The radius of band 

2 increases with density (i.e. going from fraction 7 to 10), while the v factor decreases from an 

elongated structure to a more coiled one.  The opposite trend is observed for band 3, where the radius 

goes from 88 nm to 68 nm and at the same time the structure -though compact- gets closer to a solid 

sphere. The hydrodynamic radius of these particles increases with density (given the shift in retention 

time directly dependent on rh), hence they are bigger, with an increased proteic content, and spherical. 

Again the size and the conformation of particles revert for band 4, confirming that it is a different 

species carrying a different proteic load. Rg increases with density, leading to bigger particles, which 
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also increase in load given the v value shift towards a compact sphere. Last, the aggregates reflect the 

trend and increase in Rg, while keeping constant the value due to the agglomeration of more particles 

together. 

The absorption spectrum also correlated with these results. In Figure 7 the UV spectra corresponding 

to the five species in DCG fraction 8, taken as representative sample, are shown. The first band had 

a different profile and in particular the absorption maximum is around 250 nm, typical of RNA and 

aggregated nucleotides. The other four spectra all peak at 280 nm; by the ratio between absorption at 

260 and 280 nm it is possible to estimate a predominant proteic content for the retained samples with 

limited impurities (shown on each graph).  

By combining all results together, it is noticeable how the DGC fractions obtained from SEVs, are 

not exactly a simplification of the original medium exctract, since density is not a defining parameter 

for a single population, and differential centrifugation cannot provide resolution between species.  

However, by combining UC and DGC with HF5 and online detectors, it is possible to obtain a non-

correlated separation into different subpopulations, and to observe the different degree of loading 

according to particle size and conformation. The characterization of LEVs and SEVs obtained from 

ultracentrifugation can give insight on the content of these two vesicular populations, but most of all 

the HF5 analysis of DCG fraction highlighted how very different species coexist at the same 

density/sedimentation points and allowed for orthogonal (2D) characterization.  

This 2D mapping showed that a certain subpopulation is not uniform in size, but rather exist as a 

distribution of emptier-fuller vesicles with varying protein cargo, which can be more or less reactive 

to exosome markers. Vesicle subpopulations can vary in hydrodynamic size (thus modulating their 

activity as carrier) and can follow different trends. 

More importantly, with this approach we found evidence of a rod-shaped, RNA-carrying population 

otherwise invisible. Given the highly dense structure, the elongated morphology, and the RNA 

presence, this band 1 could be attributed to exomeres [32] with a different degree of aggregation, in 

agreement with the presence of amyloid precursor protein [64]. 

Further downstream characterization would still be needed after fraction collection to better identify 

these subpopulations and understand the different information each one can carry.  

 

4. Conclusions 
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The isolation and the characterization of EVs pose a series of challenges both in the analytical and 

the biotechnological field. On one side, such samples require the least possible manipulation, in order 

to preserve their relevant biological activity; on the other, an efficient separation of different EV sub-

populations is fundamental for their characterization and understanding. Ultracentrifugation and 

density gradient centrifugation are well-assessed techniques to sort EV subpopulations, but a 

combined approach is necessary to fully “explode” the content of cellular secretion. We here proposed 

an approach based on ultracentrifugation, density gradient centrifugation and HF5-UV-FLD-MALS. 

HF5 was particularly suited for this study since it works with reduced amounts of samples and could 

process samples deriving from sequential isolation steps.  

Selection of LEVs and SEVs was obtained via ultracentrifugation, and verified through Western 

blotting. HF5-multidetection gave further insight on the size and content of the two populations: it 

allowed us to observe DNA/RNA release from LEVs, detected the protein content of SEVs and 

provided a truthful size characterization with enhanced results compared to NTA. 

Then, density gradient centrifugation was used to obtain homodense SEVs fractions, which were 

submitted to HF5 separation. This combined approach achieved an in-depth characterization of the 

different species detected which were four or five for each fraction; absorption and conformation 

studies showed how each class of vesicles existed along both a size and a loading distribution. We 

also identified an otherwise-hidden rod-shaped species carrying nucleic content, found predominantly 

in the most dense SEVs fractions, which could potentially correspond to exomeres. This experimental 

setup proved extremely useful in unraveling such a complex and varied sample, and will offer a valid 

starting point to further conduct studies in which native fractionation of purified vesicles is required. 
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Figure captions 

Figure 1. Outline of the overall protocol to produce LEV, SEV and SEV-homodense fractions. 

Conditioned medium was centrifuged for 5 min at 500g and then for 30 min at 1,500g to remove 

debris. To pellet LEVs, the supernatant was centrifuged at 10,000g for 30 min and 18,000g for 30 

min. The pellets resulting from both centrifuges were joined together and resuspended in PBS 

followed by ultracentrifugation at 20,000g for 30 min. To collect SEVs, LEV-depleted supernatant 

was subjected to ultracentrifugation at 100,000g for 70 min. The crude SEV pellet was resuspended 

in a large volume of PBS followed by ultracentrifugation at 100,000g for 70 min to wash the sample. 

Last, SEVs were fractionated via Optiprep density gradient centrifugation. They were resuspended 

in 500 µl of 0.25 M sucrose/10 mM Tris, pH 7.5, overlaid onto the top of the gradient, and centrifuged 

at 110,000g overnight at 4°C. 

 

Figure 2. a) Western blot characterization of C2C12 SEVs and LEVs. To pellet LEVs, cell debris-

free supernatant was centrifuged at 10,000g for 30 min and 18000g for 30 min. The resulteing pellets 

were joined and centrifuged at 20,000g for 30 min. To collect SEVs, LEV-depleted supernatant was 

centrifuged at 100,000g for 70 min. The crude SEV pellet was resuspended in a large volume of PBS 

followed by ultracentrifugation at 100,000g for 70 min to wash the sample. Blots were probed with 

antibodies against Tsg101, CD63 (SEVs markers) and Calnexin. Molecular mass markers are shown 

on the left; b) Nanoparticle tracking assay of the isolated EVs; c,d) TEM analysis of SEVs and LEVS. 

SEVs (c) appear small vesicles with a diameter of  30- 100 nm and electron-transparent content. 

LEVs (d) were larger, with a diameter of 100 -400 nm, containing electron-dense material. Scale bar 

100nm. Black bars correspond to 100 nm. 

 

Figure 3. Separation fractograms of LEV (a) and SEV (b) particles. Blue line: UV absorption at 

280 nm; pink line: fluorescence emission at 340 nm; Black distribution: radius of gyration 

calculated from MALS. 

 

Figure 4. UV spectrum of the three bands of LEV (a, b, c) and SEV (d, e, f) fractions; top right for 

each panel: timeframe of the extracted spectrum.  

 

Figure 5. a) SEVs were purified using the serial ultracentrifugation protocol. The obtained pellet 

was then further separated using the Optiprep iodixanol density gradient. The obtained fractions 

were identified by Western blot analysis with antibodies against Alix (positive control) and Calnexin 

(negative control). LEVs were used as negative control.; b) NTA results for SEV Fractions 7 (top)  

and 10 (bottom)  

 

Figure 6. Overlay of UV absorption at 280 nm (blue line), fluorescence emission at 340 nm (pink 

line) and gyration radius calculated for each species (black distributions) along the FFF 

separation. a: Fraction 7; b: Fraction 8; c: fraction 9; d: fraction 10. 

 

Figure 7. UV spectra of species 1-5 taken from DCG fraction 8 (top right, timepoint of the 

extracted spectrum). R260/280: absorption ratio at the two wavelengths. 
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