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A B S T R A C T

Introduction: Extracellular vesicles (EVs) are crucial mediators of intercellular communication, transporting 
various macromolecules between cells. They are increasingly recognized for their roles in cancer progression, 
immune modulation, and therapeutic resistance. However, standard EV isolation methods often struggle to 
preserve EV heterogeneity and functional integrity.
Methods: In this study, we used hollow-fiber flow field-flow fractionation (HF5) to isolate and characterize 
plasma-derived EVs from just 60 μL of plasma. HF5 is a cutting-edge, disposable microfluidic technique designed 
for advanced EV fractionation. EVs were from patients with polycythemia vera (PV), a rare hematological ma
lignancy. We evaluated EVs isolated using HF5 against those obtained by size-exclusion chromatography (SEC), 
assessing their physico-chemical characteristics, surface marker expression and functionality in terms of up 
taking and inflammatory potential.
Results: EVs isolated through HF5 closely resembled SEC-derived EVs in size, morphology, and classical EV 
markers, including platelet-specific proteins. HF5 consistently yielded purer EV preparations with reduced ag
gregation and greater reproducibility. Notably, HF5 achieved this using 8.3 times less plasma than SEC. HF5 EVs, 
along with inflammatory potential, showed superior cell up take to the SEC counterparts. Chemical analysis 
showed that HF5-EVs contained a higher protein concentration, while SEC-EVs had more aggregated material.
Conclusion: HF5 integrates EV isolation and characterization, enhancing efficiency, and preserving sample 
integrity and functionality. Its minimal sample requirement and reproducibility make it particularly suitable for 
clinical and translational research. Our study demonstrated HF5 as a powerful better alternative to conventional 
EV isolation methods, with strong potential for standardized applications in biomarker discovery and cancer 
research.
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1. Introduction

Extracellular vesicles (EVs), which are lipid-bilayer-enclosed parti
cles released from all cell types, facilitate intercellular communication 
by transferring bioactive macromolecules such as nucleic acids, pro
teins, metabolites, and lipids between cells [1–3]. Peripheral blood 
contains EVs derived from platelets/megakaryocytes, red blood cells, 
leukocytes, and endothelial cells; however, 
platelet/megakaryocyte-derived EVs are the most abundant. Based on 
size and biogenesis, Small (S-; 30–200 nm) and Large (L-; 0.2–10 μm) 
EVs can be identified [4–6]. EVs are critical players in the regulation of 
immunity and inflammation that, in turn, may contribute to the further 
release of EVs. Importantly, due to their diagnostic and prognostic po
tential, EV-based liquid biopsy is gaining growing attention in the tumor 
microenvironment (TME) [7].

However, the isolation of EVs from biological fluids, including blood, 
remains challenging. In fact, the high protein and lipid concentration in 
plasma presents a significant challenge in isolating a selected population 
of EVs. Various EV isolation techniques, including size-exclusion chro
matography (SEC), ultracentrifugation, precipitation, and immu
noaffinity isolation, have been developed, each offering distinct 
advantages but also presenting limitations like EV damage and aggre
gation. While these methods have significantly advanced EV research, 
they highlight the ongoing need for more specific, efficient, and mini
mally disruptive isolation techniques. Such approaches would enable 
the characterization of EVs under native conditions, thereby preserving 
the bioactivity of the biological macromolecules they carry and sup
porting their potential use in diagnostic and therapeutic applications 
[8–10].

Hollow-fiber flow field-flow fractionation (HF5) advances beyond 
the performance of common isolation techniques to enter the isolation 
pipeline of EV and biomaterials. Designed for efficient integration into 
analytical platforms, this microfluidic technology offers enhanced per
formance as an advanced fractionation technique [11,12]. HF5 is a 
miniaturized variation of asymmetric flow field-flow fractionation 
(AF4). As demonstrated by Oeyen et al., AF4 coupled with UV and 
multi-angle light scattering detectors (AF4/UV-MALS) represents an 
advanced method for EV isolation and characterization [13]. HF5 im
proves the fractionation approach by utilizing a small-volume tubular 
porous membrane. This significantly reduces sample dilution and in
creases separation efficiency [14]. Separation occurs under gentle con
ditions, preserving biological integrity [15–17]. Specifically, unlike 
other commonly used EV isolation approaches, HF5 operates under fully 
laminar and low-flow conditions that minimize hydrodynamic stress and 
prevent shear-induced alterations. Separation occurs exclusively by 
hydrodynamic size, without significant interactions between the ana
lytes and the membrane surface. Although nonspecific adsorption can 
theoretically occur, such effects can be evaluated and monitored 
through Flow Injection Analysis (FIA) and Focus FIA (FFIA), which 
enable quantification of potential sample loss during the separation 
process [18,19]. Interestingly, HF5 can be utilized not only as an 
isolation tool but also to monitor the outcome of other separation 
techniques. This approach consists in the reinjection of an aliquot of 
isolated EVs with the same method accessing multidetector profiling in 
the same experimental conditions, allowing a direct comparison be
tween different techniques, and immediate feedback on EV quality.

In a previous study, we combined HF5 with ultracentrifugation to 
isolate EVs from culture medium, providing comprehensive information 
on the sample composition, including DNA- and protein-containing 
particles, free DNA, and potential exomes. These findings demon
strated the ability of HF5 to effectively discriminate bioparticles based 
on their size and analyze their macromolecular composition [11]. The 
effective integration of this approach for biomarker quantification and 
cancer biology fingerprinting has, however, remained unseen to date, 
notwithstanding the huge interest in reducing sample amount in EV 
analysis from biological fluids, especially from blood samples, and the 

need for an effective and realistic unravelling of EV composition and 
content.

Polycythemia vera (PV) is a BCR::ABL-negative chronic Myelopro
liferative neoplasm (MPN) characterized by the clonal expansion of the 
erythrocyte mass due to mutations in the Janus Kinase 2 (JAK2) gene 
that cause hyperactivation of JAK-STAT signalling [20]. PV patients 
suffer from a range of complications, including mild to severe throm
botic events, systemic symptoms, progressive splenomegaly, and pro
gression to acute leukemia or secondary myelofibrosis [21–24]. Beyond 
molecular pathogenesis, PV is characterized by a state of chronic 
inflammation, which has been indicated as the main contributor in MPN 
initiation/clonal evolution [25–27]. However, despite the fact that EVs 
are having role to the inflammatory process, the role of EVs within PV 
-TME has been poorly investigated with most studies highlighting only 
the increased proportion of circulating EVs [28–30]. Only one study 
described the proteomic cargo of PV EVs showing that serum-derived 
EVs were enriched in platelet activation-, immune/inflammatory 
response-, coagulation- and angiogenesis-related biomarkers [31].

In this work we achieved isolation of EVs in their native state by 
employing HF5 as a first-line EV isolation method utilizing minimal 
amounts of plasma from patients with cancer such as PV. To demon
strate the validity of this new approach, we systematically compared the 
biological and chemical properties of EVs isolated using HF5 and with 
those obtained through SEC along with identification of selected bio
markers, achieving for the first time the biomarker fingerprint of PV in a 
single step of isolation and avoiding sample degradation.

2. Material and methods

2.1. Study cohort

This study includes PV patients at diagnosis (n = 10) and age- 
matched healthy donors (HDs, n = 6) followed at the Institute of He
matology “L. and A. Seràgnoli, IRCCS AOU S. Orsola-Malpighi, Bologna. 
Patients were diagnosed according to the 2022 WHO classification and 
carried the JAK2V617F mutation.

2.2. Blood sample collection and plasma preparation

Peripheral blood from PV patients and age/sex-matched HDs was 
collected in commercially available Vacutainer tubes containing ethyl
enediaminetetraacetic acid (EDTA) and serum tubes (BD Vacutainer, 
BD, USA). Blood samples were processed within 120 min after with
drawal. Platelet rich plasma (PRP) was obtained by centrifugation at 
1000×g for 15 min at room temperature (RT). The PRP was then 
centrifuged at 2500×g for 15 min at RT. Platelet-poor plasma (PPP) was 
then aliquoted into protein low-binding tubes (Eppendorf, Germany) 
with 1% dimethylsulfoxide (DMSO) (Wak-Chemie Medical GmbH, 
Steinbach, Germany) and stored at − 80 ◦C. Before EV isolation, PPP 
samples were defrosted at RT and centrifuged at 2500×g for 15 min at 
RT. In parallel, HD serum was obtained by centrifugation of whole blood 
at 1000×g for 15 min at RT.

2.3. HF5 optimization for the separation of EVs from human plasma

EVs were isolated from human plasma using the HF5 system, which 
integrates an Agilent 1200 HPLC system (Agilent Technologies, Santa 
Clara, CA, USA), including a degasser and an isocratic pump, with an 
Eclipse® DUALTEC separation module (Wyatt Technology Europe, 
Dernbach, Germany) to control HF5 flow rates and operations. The HF5 
channel (Wyatt Technology Europe) was made up of a 17 cm-long 
polymeric hollow fiber sealed inside a plastic cartridge using two sets of 
ferrules, gaskets and cap nuts. The hollow fiber was made of a poly
ethersulfone (PES) fiber, of type FUS, with an internal diameter of 0.8 
mm, an external diameter of 1.3 mm and a MW cut-off of 10 kDa, cor
responding to an average pore diameter of 5 nm. The eluted species were 

G. Narimanfar et al.                                                                                                                                                                                                                           Talanta 298 (2026) 129004 

2 



characterized using a series of online detectors, reported here in the 
order of coupling with the separative system: an Agilent 1100 DAD UV/ 
Vis spectrophotometer, an 18-angle multiangle light scattering (MALS) 
detector DAWN HELEOS (Wyatt Technology Corporation, Santa Bar
bara, CA, USA) operating at a wavelength of 658 nm and an Agilent 
1200 spectrofluorometer working using a 280 nm absorption wave
length and a 340 nm emission wavelength. The software ChemStation 
version B.04.02 (Agilent Technologies, Santa Clara, CA, USA) was used 
to control the instrumentation, set method parameters and for data 
collection. ASTRA® software version 6.1.7 (Wyatt Technology Corpo
ration) was used to collect and handle MALS and UV signals in order to 
obtain molecular weight and size information for the analytes.

The HF5 method consists of four steps: focus, focus-injection, elution, 
and elution-injection. During the first two stages, the mobile phase 
converges from both inlet and outlet, and the sample is injected through 
the inlet and focused in a narrow band. In the elution only, the inlet flow 
is maintained and is split into a transversal component (cross-flow, Vx) 
which generates the separative field, while the remaining longitudinal 
flow (Vc) brings the analytes to the detectors. Lastly, elution-injection 
allows the injection line to be cleaned. The separation method was 
further developed starting from the study by Marassi et al. [18], where 
the feasibility of serum fractionation was shown, to minimize resolution 
within the molecular weight range of 30–200 kDa, characteristic of 
proteins, and to optimize the separation window for species with di
ameters exceeding 20 nm, and the parameters used for EV isolation are 
listed in Table 1. To simulate a physiological environment, isotonic PBS, 
pH 7.4, 0.22 μm filtered, was used as the mobile phase. Since plasma has 
a high viscosity, the samples (20 μL) were diluted in a 1:1 ratio in the 
mobile phase and a volume of 40 μL was injected.

Recovery was calculated as Focus FIA/FIA area ratio %, the two 
methods being a filtrating, non-separating injection and a non-filtrating, 
non-separating injection. The UV signal at 280 nm showed a recovery 
>95% for injections of standard bovine serum albumin (BSA) solutions 
(15 μl injections, n = 3) and >96% for plasma samples (2 μL of HD 
plasma was injected, n = 3 for recovery assessment).

Repeatability and reproducibility were assessed in retention times 
and signal intensity both intra- and inter-day (n = 3) for protein stan
dard BSA. The deviations (15 μl injections) were less than 1% and 2% in 
terms of retention time and signal intensity, respectively. LOD (three- 
sigma) and LOQ (ten-sigma) for BSA were calculated to be 0.05 μg and 
0.16 μg. The developed method followed the harmonized guideline 
ICHQ2R1 and ISO/TS 21362 criteria [32].

Each plasma sample was injected three times (total plasma injected: 
60 μL) and a fraction was collected between 11 and 17 min, obtaining a 
6.3 ml fraction. After optimization of cut-off, fractions were then 
concentrated using MWCO 100 kDa Amicon Ultra-2 Centrifugal (Milli
pore, Merck, USA) filter following the manufacturer’s protocol. All 
samples were added DMSO (1%) and then stored at − 80 ◦C until further 
use.

EVs derived from SEC and HF5 were also analyzed using HF5 multi- 
detection as a quality control and a direct comparison of the enriched 
content. We applied the same HF5 method (see Table 1), but this time 
with a 6-min-long elution-injection step to avoid carrying over. 
Concentrated fractions were diluted in a ratio of 1:10 in PBS, and an 
injection volume of 20 μL was set for SEC-derived EVs, while for HF5 
fractions a volume of 25 μL was chosen.

Quantitative comparison of the species in SEC- and HF5-derived 
fractions was performed by integrating the peak areas of their 

fluorescence (FLD) and light-scattering (LS) fractograms, assuming 
comparable and optimal UF recovery. Protein- and LDL-associated peaks 
were evaluated from FLD signals, whereas the EV-related peak was 
quantified from LS fractograms. To account for the different plasma 
volumes processed (60 μL for HF5 and 500 μL for SEC), the areas of HF5 
fractions were multiplied by a correction factor of 8.3. Additionally, to 
compensate for the different injection volumes of the ultrafiltered 
samples (25 μL for HF5 and 20 μL for SEC), the peak areas of SEC 
fractions were multiplied by 1.25.

2.4. SEC for the separation of EVs from plasma

The SEC was performed according to the manufacturer’s instructions 
(iZON Science, Oxford, UK) and as previously described [33]. In sum
mary, the column (qEVoriginal/70 nm Gen 2 column, Izon) was equil
ibrated with PBS before loading the 500 μl of processed plasma sample 
onto the top of the column. Following the manufacturer’s instructions, 
1.6 ml of fractions containing EVs were collected as indicated (1 × PBS 
used as an eluent). To maximize the yield of EV, the collected fractions 
were concentrated by ultrafiltration using MWCO 100 kDa Amicon 
Ultra-2 centrifugal filters (Millipore, Merck, USA). Finally, all samples 
were added DMSO (1%) and then stored at − 80 ◦C until further use.

2.5. Nanoparticle tracking analysis (NTA)

Particle enumeration and size were assessed using NanoSight tech
nology (NanoSight NS300-Malvern Panalytical Ltd., Royston, United 
Kingdom) and nanoparticle tracking analysis software (NTA Proprietary 
Software-Malvern Panalytical Ltd.). Each sample, diluted in 0.1 μm 
filtered isotonic PBS, was acquired in triplicate for 60 s with a flow rate 
of 30 (arbitrary unit). Data are presented as mean ± S.D.

2.6. Transmission electron microscopy of the isolated EVs

Transmission electron microscopy (TEM) analysis of the isolated EVs 
was also performed. The samples were processed by adding one drop of 
solution (approximately 25 μl) on a 400-mesh hole film grid; after 
staining with 2% uranyl acetate (for 2 min) the sample was observed 
with a Tecnai G2 (FEI) transmission electron microscope operating at 
120 kV. Images were captured with a Veleta (Olympus Soft Imaging 
System) digital camera.

2.7. Determination of protein content of the isolated EVs

The protein concentrations of isolated EVs were quantified using 
BCA™ Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, 
USA). The assay was performed according to the manufacturer’s in
structions. The sample were diluted 1:5 in PBS in a final reaction volume 
of 200 μl. The colour developed within 30 min at 37 ◦C. Absorbance was 
measured at 560 nm using the Glomax Multidirection System (Promega 
Corporation, Madison, WI, USA).

2.8. Western Blotting of the isolated EVs

Protein lysates were separated by sodium dodecyl sulfate‒poly
acrylamide gel electrophoresis (NuPAGE™ Bis-Tris Mini Protein Gels, 
4–12%, Thermo Fisher Scientific, USA) and transferred to a nitrocellu
lose membrane. Samples were normalized and 25 μg total protein per 

Table 1 
Parameters of the HF5 separation method for plasma fractionation.

Steps Focus (mL/min) Focus-injection (mL/min) Elution (mL/min) Elution (mL/min) Elution (mL/min) Elution-injection (mL/min)

Flow rate Vc = 0.35 Vc = 0.35 Vc = 0.35 Vc = 0.35 Vc = 0.35 Vc = 0.35
Vx = 0.8 Vx = 0.8 Vx = 0.55 to 0.05 Vx = 0.05 to 0.03 Vx = 0 Vx = 0
Time = 0.5 min Time = 2.5 min Time = 8 min Time = 14 min Time = 6 min Time = 2 min
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lane was loaded for Western blot analysis. The following antibodies were 
used: CD9 (1:1000, Cell Signalling Technology, Danvers, MA, USA), 
TSG101 (1:1000, BD Bioscience, San Jose, CA, USA), ALIX (1:1000, Cell 
Signalling Technology, Danvers, MA, USA) and ApoA-1 (1:1000, Santa 
Cruz Biotechnology). Following goat anti-rabbit and goat anti-mouse 
HRP conjugated secondary antibodies (System Biosciences) were used 
at 1:10.000 dilution. SuperSignalTM West Femto Maximum Sensitivity 
Substrate kit (Thermo Fisher Scientific, USA) was used for detection by a 
ChemiDoc Imaging System (Bio-Rad, USA).

2.9. Multiplex surface marker analysis of the isolated EVs

Plasma-isolated EVs were analyzed using the human MACSPlex 
Exosome Kit (Miltenyi Biotec, Bergisch-Gladbach, Germany) according 
to the manufacturer’s instructions and as previously described [33]. This 
bead-based assay enables the simultaneous detection of 37 surface 
markers: CD1c, CD2, CD3, CD4, CD8, CD9, CD11c, CD14, CD19, CD20, 
CD24, CD25, CD29, CD31, CD40, CD41b, CD42a, CD44, CD45, CD49e, 
CD56, CD62p, CD63, CD69, CD81, CD86, CD105, CD133.1, CD142, 
CD146, CD209, CD326, HLA-ABC, HLA-DR DP DQ, MCSP, ROR1 and 
SSEA-4). Samples were normalized, and 4 μg of total protein per sample 
were used for protein surface profiling. This method provides a detailed 
and standardized approach to the quantitative and qualitative analysis 
of EVs, utilizing advanced flow cytometry to assess multiple surface 
proteins simultaneously.

2.10. Cell culture

The mouse RAW 264.7 macrophage cell line was obtained from the 
American Type Culture Collection (ATCC, USA #TIB 71). Cells were 
cultured in MEM α (Minimum Essential Medium α) supplemented with 
10% fetal bovine serum (FBS). and plated in T25 flask at a density of 2 x 
105/ml. The culture was maintained at 37 ◦C in an incubator with a 
humidity level and CO2 concentration of 5%.

2.11. EV uptake in RAW 264.7 cells

EVs were labeled using the PKH67 Green Fluorescent Cell Linker 
Midi Kit (Sigma-Aldrich). EVs were resuspended in 100 μL Diluent C. 
PKH67 dye was prepared at a final concentration of 2 μM in Diluent C 
and mixed with the EV suspension (≈107 total EVs). After 5 min at room 
temperature, the reaction was stopped by adding 500 μL of 5% BSA in 
PBS. Labeled EVs were washed twice with PBS and concentrated using 
30 kDa MWCO ultrafiltration. RAW 264.7 cells were then incubated 
with PKH67-labeled EVs in serum-free medium for 24 h at 37 ◦C. 
Following incubation, cells were collected and analyzed for uptake 
percentage by flow cytometry (FITC channel), according to standard 
procedures. As a negative control, PBS was processed and stained with 
PKH67 using the identical labeling, quenching, washing, and concen
tration steps and applied to cells in parallel.

2.12. Nitric Oxide production assay

RAW 264.7 cell lines were plated in a 96-well plate with a density of 
4 × 104 cells per well and incubated overnight. In following, cells were 
treated with optimum concentration of 1 × 109 and 3 × 109 particles/ml 
of EVs for 24 h in the presence or the absence of 100 ng/mL lipopoly
saccharides (LPS). The supernatant was then used for the detection of 
Nitric Oxide (NO) using Griess assay reagents (Promega Corporation, 
Madison, WI, USA). Briefly, the supernatants in each group were 
collected and mixed with the same volume of Griess reagent. The nitrite 
concentration was measured at an absorbance of 560 nm using Glomax 
Multidirection System (Promega Corporation, Madison, WI, USA).

2.13. Statistics

Data were analyzed with Prism GraphPad 10.2.0 Windows (Graph
Pad Software, Inc., La Jolla, CA, USA). Due to the small sample size, the 
data were analyzed using the non-parametric Mann-Whitney test where 
two groups were compared. P-values ≤0.05 were considered statisti
cally significant and are indicated on the graphs as reported by the 
analysis software: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3. Results

3.1. General and clinical characteristics of study subjects

General and laboratory data from PV patients at diagnosis (n = 10) 
and HDs (n = 6) are reported in Table S1. Complete blood count analysis 
revealed a significant increase in white blood cell count, red blood cell 
count, hemoglobin, hematocrit, and platelet count in PV patients 
compared to HDs.

3.2. HF5 approach for plasma fractionation and selective isolation of 
particles

Plasma samples from both PV patients (n = 10) and HDs (n = 6) were 
injected into the HF5 platform, as above described. The separative 
profile of plasma at 280 nm (Fig. 1A) exhibits two primary peaks at 4 
and 11.8 min, with no significant differences observed between the two 
sample types. The first peak is mainly composed of albumins and im
munoglobulins, as confirmed by injecting an HSA and IgG mixture 
prepared at the same average protein concentration as plasma and 
analyzed under identical conditions (data not shown).

Since FFF theory can correlate the hydrodynamic radius with the 
retention time, it was possible to calibrate the separative method 
(Fig. 1B) to understand the retention time of the analytes. From this 
correspondence, the second peak was attributed to species with a 
diameter comprised between 30 and 100 nm, dimension coherent with 
that of EVs [34] but also lipoproteins [35] and big immunoglobulins like 
IgM [36]. Considering the characteristics of this isolation method, the 
11–17 min collection window was selected to optimize the process and 
ensure accurate and reliable fraction acquisition. Flow cytometry anal
ysis of CD9, CD63, and CD81 expression at different time points—before 
11 min, between 11 and 17 min, and after 17 min—revealed that the 
11–17 min window exhibited the highest expression levels, further 
validating its selection (Data not shown). The gyration radius associated 
with the collected fractions displays material with an average diameter 
of ~50 nm confirming the previous attribution (Fig. 1B). The 3D spec
trum (Fig. 1C) outlines the chemical composition of the two bands, with 
both exhibiting an absorption maximum at 280 nm, a characteristic 
signal of proteins.

These results demonstrate that the HF5 method can be successfully 
used for targeted isolation of particles from small amount of human 
plasma.

3.3. Size, enumeration, morphology and cell uptaking of HF5- and SEC- 
isolated EVs

We then characterized the particles isolated from plasma using HF5 
or SEC. Marker expression and morphology were assessed according to 
the latest Minimum Information for Studies of Extracellular Vesicles’ 
(MISEV) guidelines [37].

We first evaluated the concentration and size of the particles isolated 
from the plasma of PV patients and HDs using the HF5 method. The 
results show no significant differences between the patient and control 
samples (Fig. 2A and B). Western Blot (Fig. 2C) analysis of the EV surface 
marker, CD9, and EV internal markers TSG 101 (protein of tumor sus
ceptibility gene 101) and ALIX (ALG-2 interacting protein X) demon
strated the presence of S-EVs. Co-isolation of the expression of 
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apolipoprotein A-I (APOA1) has also been detected. Finally, TEM 
(Fig. 2D) showed the presence of spherical and cup-shaped morphol
ogies, with sizes ranging from 30 to 100 nm.

Referring to SEC-EVs, once again no significant differences were 
observed between PV patients and HDs when particle size or concen
tration were measured (Fig. 3A and B). Western Blot analysis confirmed 
the expression of small EVs’ protein markers (CD9, ALIX, TSG101) in 
EVs from PV patients and HDs (Fig. 3C). The TEM image shows round 
cup-shaped EVs (Fig. 3D).

We then analyzed the EV uptake of HF-5 and SEC-EVs by Raw264.7 
macrophages using flow cytometry. Figs. 2E and 3E show that the up
take of the PKH67-labeled HF5 EVs from a PV patient is comparable to 
and even superior to the SEC counterpart, confirming the fact that the 
HF5 vesicles are functionally preserved. These findings confirm that the 
particles isolated from the plasma of PV patients and HDs using HF5 are 
EVs and that HF5-derived EVs exhibit general characteristics compara
ble to those obtained via SEC.

3.4. Chemical characterization of EVs isolated with HF5 and SEC

To physically and chemically characterize the composition of the 
SEC- and HF5-derived fractions from both PV patients (n = 7) and HDs 
(n = 3), the HF5-multidetection system was used. Focusing HF5-isolated 
EVs, UV fractograms at 280 nm of the HF5-derived fractions were 
characterized by the presence of three peaks eluting at 8, 10 and 12 min 
(Fig. 4A, green line). No significant differences between PV and HD 
samples in the UV fractograms (Fig. S1A). The 3D spectrum (Fig. 4C) 
revealed the presence of proteins in peaks 1, 2 and 3. The first two peaks 
are mainly associated with HSA and IgG, as they exhibit the same 

retention time and molecular weight distribution as these two proteins 
(Fig. S1B). The average mass calculated for the first and second peak of 
the samples is respectively 50 kDa and 150 kDa, which align with the 
attribution. Peak 3, on the other hand, is characterized by a strong light 
scattering (LS) signal (Fig. 4A, black line) and a protein-specific spec
trum (Fig. 4C) with a relative maximum at ~ 470 nm (Fig. S2), which is 
probably due to the β-carotene-binding protein in Low Density Lipo
proteins (LDL) [38,39]. The average molecular weight of peak 3 (Fig. 4B, 
red columns) and the gyration radius (Fig. 4B blue columns) for the 
patients are, respectively, 1.3 ± 0.4 MDa and 13.5 ± 0.7 nm, while for 
the HD samples are 1.4 ± 0.2 MDa and 13.6 ± 0.5 nm. This partially 
confirms the previous attribution considering the presence of coelution 
between LDL and IgM. The analysis of LS signals (Fig. 4A black line) 
reveals the presence of material without UV absorption, observed after 
the third UV peak at 12 min, and identified as peak 4. This signal is 
characterized by an average gyration radius around 23 ± 2 nm for HDs 
and 25 ± 4 nm for PV patients (Fig. 4B), testifying the presence of 
material with a size aligned with that of EVs. Although the UV signal, 
which provides quantitative information, is very similar between pa
tients and HDs, we noticed that PV samples consistently show a more 
pronounced peak 4 at light scattering. LS signals are closely related to 
size information and could indicate a more consistent vesicular popu
lation in patients’ samples.

For LS signals, another peak was found around 26 min, called peak 5 
(Fig. 4A). This is related to the field release step of the HF5 separation 
method, and is due to fully retained species, which can elute only when 
Vx = 0. This peak intensity, both in UV and LS, in this case, should be as 
low as possible because it is related to high MW/high radius material, 
which is a sign of sample aggregation. In terms of method 

Fig. 1. Patient and HD plasma fractionation by HF5. (A) UV fractograms obtained from the HF5 analysis of plasma, in green for HDs (n = 3) and in red for PV (n = 7) 
patients (each line is obtained from the analysis of one Patient or HD plasma sample); (B) Separative method size calibration (dh stands for hydrodynamic diameter) 
and fraction collection window (dashed square) overlapped on a representative HD’s plasma UV fractogram (black solid line). The blue and red dotted profiles 
display respectively the gyration radius (Rg) and molecular weight (MW) calculated for the collected fractions; (C) Representative 3D spectrum of an HD’s plasma 
sample analyzed with the HF5-multidetection platform. The 3D plot x-axis corresponds to time (t) in minutes and wavelength (λ) in nanometres, while the y-axis 
corresponds to the absorbance intensity. This spectrum outlines the composition of the two separated bands of plasma, both of which exhibit absorption maxima at 
280 nm, a characteristic signal of proteins. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

G. Narimanfar et al.                                                                                                                                                                                                                           Talanta 298 (2026) 129004 

5 



reproducibility, UV fractograms at 280 nm of SEC-derived (Fig. S3A) 
fractions showed a lower reproducibility between samples compared to 
those of HF5.

Focusing on SEC-EVs, the UV profiles at 280 nm are characterized by 
the presence of four peaks; the first three are present for all the samples, 
having a retention time respectively of 8, 10, and 12 min, while the 
fourth is not consistently observed (Fig. 5A green line). As for HF5- 
derived fractions, the first two peaks are due to HSA and IgG, indeed, 
both samples elute at the same retention time as the protein mix 
(Fig. S3B), indicating similar properties, and exhibit the characteristic 
absorbance typical of these proteins (Fig. 5C).

The third peak presented characteristics like the counterpart peak in 
HF5-derived fractions. In fact, it has two absorbance maxima at 280 nm 
and around 470 nm (Fig. S4), and hence it is attributed to LDL. In fact, 
the average molecular weight (Fig. 5B, red columns) and gyration radius 
(Fig. 5B, blue columns) calculated for PV patients are respectively 3 ± 1 
MDa and 15 ± 4 nm, while for HDs they are 2.1 ± 0.3 MDa and 11 ± 5 
nm, which are consistent with the attribution.

Regarding the HF5 fractions, peak 4 in SEC samples is also associated 
with EVs. It is characterized by an average gyration radius of 33 ± 4 nm 
for HDs and 31 ± 3 nm for patients with PV (Fig. 5B), The trend 
observed in the patient and HD LS fractograms of the HF5 fractions is not 
evident in the SEC counterparts. Peak 5 has been consistently observed 
in both HF5- and SEC-derived fractions (Figs. 4A–5A). It is very low in 
HF5, as expected. Focusing on the SEC-derived fractions, we can see an 

intense band in the LS, likely due to aggregated material that elutes in 
the field-release step of the FFF method.

When comparing SEC- and HF5-derived fractions using integrated 
peak areas scaled for the different processed plasma volumes, both 
methods yielded comparable amounts of EVs. However, HF5 fractions 
exhibited a higher relative protein content, as indicated by the larger 
areas of Peaks 1 and 2 (Fig. S5), whereas SEC fractions showed a greater 
proportion of aggregated material, reflected by a more pronounced Peak 
5. The analysis of the HF5 EV fraction shows how this population is not 
completely resolved from HSA and IgG, which are naturally present in 
large amounts in plasma, since these two proteins are present in the re- 
injection following ultrafiltration. However, they do not influence the 
stability, recovery, and size characterization of the EV. This suggests 
that in studies where both representativeness and preservation of pro
tein structure are essential, HF5 can reveal additional, otherwise hidden, 
information.

3.5. Surface protein profiling of HF5- and SEC- isolated EVs

To further characterize the EVs isolated from patients and HDs using 
HF5 or SEC, we analyzed their protein surface marker profile using a 
multiplex beads-based assay.

Focusing on EVs isolated using HF5, the mean fluorescence intensity 
(MFI) of 20 of the 37 measured markers was higher than the isotype 
control, indicating their presence in recovered vesicles (data not shown). 

Fig. 2. Characterization of EVs isolated from the plasma of PV patients and HDs by HF5 method. (A) Size distribution (nm) and particle concentration (particles/ml) of 
particles from PV (n = 6) and HDs (n = 3) samples are given; (B) Representative NTA histogram reporting size and concentration of particles isolated from the plasma 
of a PV patient; (C) Western Blot revealed that the isolated EVs are enriched in TSG101, ALIX and CD9 EV markers. APO-A1 signal was also present. Serum from one 
HD showed positivity for all markers; (D) Morphological characterization of the isolated PV EVs through TEM (scale bar 100 nm). Arrows exemplarily highlights 
vesicular structures .(E) EV uptake by RAW 264.7 cells. Representative flow cytometry analysis (fluorescence intensity [FITC] vs. counts) showing the uptake of 
PKH67-labeled EVs isolated from a PV patient using HF5. PBS-treated cells served as a negative control.
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Furthermore, as shown in (Fig. 6A and B), these markers were expressed 
in nearly all tested subjects, reinforcing their robust presence in the data 
demonstrate that the expression of all platelet markers (CD62P, CD41b, 
and CD42a) increased in PV EVs in comparison with the HD counter
parts; however, only CD42a showed a significant. The expression of the 
EV marker CD81 was also significantly increased in PV patients (p <
0.001).

The phenotypic characterization of the EVs isolated by SEC revealed 
that the MFI signals for 34 of 37 markers were higher compared to their 
respective isotype controls, indicating that the EVs isolated by SEC are 
enriched with most of the evaluated markers (data not shown). As 
shown in Fig. 7A and B, EV-associated markers and platelet markers 
were increased in PV EVs compared to HD. However, only the CD63, 
CD9 and CD42a markers demonstrated a significant increase in PV EVs, 
while a trend toward significance was observed for CD81, CD62P, and 
CD41b. Interestingly, the expression of CD69 adhesion-, CD40 immune- 
and CD31 endothelial-related markers were also significantly higher in 
PV EVs (Fig. 7C).

In summary, comparing the phenotype of isolated EVs with the two 
methods, it is possible to highlight that HF5-isolated EVs gave qualita
tively similar results but with lower MFI level for platelet markers and 
tetraspanins. Furthermore, only SEC-EVs showed a significantly stronger 
MFI signal for selected leukocyte/immune markers (CD69 and CD40) 
and endothelial markers (CD31) in PV EVs compared to their counter
parts in HD EVs.

3.6. Inflammatory potential of HF5 EVs

In order to assess the functionality of HF5 EVs in parallel experiments 

we studied the in vitro ability of HF5 EVs to modulate the NO production 
by LPS-stimulated macrophgages (Fig. 8). We found that HF5 EVs from 
PV patients are able to significantly stimulate the NO production by the 
recipient cells, showing inflammatory potential.

4. Discussion

The isolation and characterization of EVs remains a challenge in both 
analytical and biotechnological domains. Developing an isolation tech
nique that requires minimal sample volumes facilitates the isolation of 
nanoscale biological particles like EVs, leveraging their size and fluid 
dynamics properties, especially in studies involving patient-derived 
samples, which are often scarce and critically valuable. On the other 
hand, efficient separation of distinct EV subpopulations is crucial for 
comprehensive characterization and functional analysis.

Conventional EV isolation methods like ultracentrifugation, SEC, and 
polymer precipitation suffer from high variability, co-isolation of con
taminants (proteins/lipoproteins), poor reproducibility, and high time/ 
sample volume demands, making difficult the selective recovery of EV 
subpopulations. Crucially, they lack real-time monitoring and cannot 
preserve the native structure needed for reliable biomarker discovery. In 
contrast, HF5 offers precise, reproducible separation based on hydro
dynamic size. Its design supports low-volume clinical samples and al
lows real-time monitoring via integrated detectors. This makes HF5 a 
high-resolution, native, and integrative platform superior to conven
tional methods. This work is a pilot study providing the first experi
mental evidence of HF5’s feasibility and potential for plasma EV-based 
biomarker discovery and liquid biopsy in hematological malignancies, 
laying the foundation for future clinical validation.

Fig. 3. Characterization of EVs isolated from the plasma of PV patients and HDs by SEC. (A and B) Concentration and size of the particles isolated from the plasma of HDs 
(N = 3) and PV patients (N = 7); C) WB analysis of EV markers in EVs isolated from PV patients and HDs; (D) TEM analysis showing round and cup-shaped EVs of a 
PV patient. (E) EV uptake by RAW 264.7 cells. Representative flow cytometry analysis (fluorescence intensity [FITC] vs. counts) showing the uptake of PKH67- 
labeled EVs isolated from a PV patient using SEC. PBS-treated cells served as a negative control.
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This study focuses on the efficacy of HF5 as a first line EV isolation 
method from small amount of plasma from PV patients, highlighting 
similarities and advantages over conventional SEC. After EV isolation 
using HF5 or SEC, the selected fraction was characterized for size, 
concentration, morphology, and expression of tetraspanins. Our data 
demonstrates that EVs isolated by HF5 and SEC from PV patients and 
HDs plasma exhibit expected EV properties with similar physicochem
ical characteristics, while each isolation technique has distinct advan
tages. Unlike typical isolation techniques, when HF5 was coupled with a 
UV detector and multiangle light-scattering detectors (UV-MALS), it 
integrates elements of NTA, providing insights into EV size and 
composition. The size of HF5- or SEC-derived EVs of PV patients or HDs 
was always significantly higher using NTA in comparison with HF5. This 

might be due to the different technologies in evaluating size particles or 
to the different sensitivity of the method. However, we were unable to 
detect a significant difference in size between EVs from PV patients or 
HDs with both techniques. Western blot results revealed that, although 
SEC is more effective in depleting apolipoproteins than HF5, HF5 sam
ples were more enriched in CD9 and ALIX, small EV markers.

Studying EVs through protein surface profiling using flow cytometry 
provided significant insights, enabling the analysis of EVs for various 
cancers, EV-specific, and immune markers. The results of the EV surface 
protein expression of this study are consistent with previous data 
reporting that the absolute and relative proportion of platelet-derived 
EVs are increased in PV patients [28,40–44]. In particular, in our 
study both SEC- or HF5-isolated EVs showed the same biomarker profile, 

Fig. 4. PV Patient and HD HF5-derived fraction analysis. (A) Representative UV fractogram at 280 nm (green profile) and Light scattering at 90◦ (black profile) overlay 
for one HD and one PV patient of HF5-derived fractions. Each vertical grey dashed line and its associated number correspond to the peaks identified through HF5 
analysis; (B) Molecular weight (red columns) and gyration radius (blue columns) of the five populations (peaks) from PV Patients (n = 7) and HDs (n = 3); Data 
presented as mean values ± SEM; (C) Representative 3D spectrum of an HD HF5 derived fractions; the numbers correspond to the respective peaks shown in panel A. 
The spectrum of the x-axis corresponds to time (t) in minutes and wavelength (λ) in nanometres, while the y-axis corresponds to absorbance intensity. Peaks 1, 2 and 
3 show maximum absorbance at 280 nm, a characteristic signal of proteins. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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confirming that platelets, and especially activated platelets, play a key 
role in the microenvironment of the disease. In summary, comparing the 
phenotype of isolated EVs with the two methods, it is possible to high
light that HF5-isolated EVs gave qualitatively similar results but with 
lower MFI level for platelet markers and tetraspanins. Furthermore, only 
SEC-EVs showed a significantly stronger MFI signal for selected leuko
cyte/immune markers (CD69 and CD40) and endothelial markers 
(CD31) in PV EVs compared to their counterparts in HD EVs.

Despite the higher total protein (i.e., more co-isolated protein) in the 
HF5 sample, EV-related markers on the Western blots (e.g., tetraspa
nins/TSG101/Alix) are stronger, supporting that EV-associated proteins 
are genuinely enriched and not solely explained by soluble contami
nants. For flowcytometry, the overall signal appears weaker in HF5; this 

is expected because the HF5 condition was 8.3 times lower input vol
ume, so fewer EVs were available for bead capture even though the 
protein mass per reaction was matched. Importantly, the pattern is 
consistent: we still detect the PV EV signature related to platelet acti
vation, which aligns with the known higher inflammatory/pro- 
coagulant risk in PV patients. Overall, EV-marker bands on WB and 
the preserved platelet-activation signature in PV, support the biological 
conclusions and data comparability across assays.

The results obtained support the suitability of HF5 for handling 
complex biological matrices such as plasma without compromising 
vesicle integrity or recovery. Despite the theoretical possibility of 
nonspecific adsorption or shear-related effects associated with flow- 
based separations, no evidence of such artifacts was observed under 

Fig. 5. PV patient and HD SEC-derived fractions analysis. (A) Representative UV at 280 nm (green profile) and LS at 90◦ (black profile) fractograms overlay for SEC- 
derived fractions of one HD and one PV patient. Each vertical grey dashed line and its associated number correspond to the peaks identified through HF5 analysis; (B) 
Molecular weight (red columns) and gyration radius (blue columns) between samples, for PV Patients (n = 7) and HDs (n = 2), of the five found populations. Data 
presented as mean values ± SEM. Peaks 1 and 2 gyration radii of HDs are not shown since they cannot be calculated from the elaboration software; this is due to very 
low LS intensity associated with those populations; (C) Representative 3D spectrum of an HD SEC-derived fractions; the numbers correspond to the respective peaks 
shown in panel A. The spectrum of the x-axis corresponds to time (t) in minutes and wavelength (λ) in nanometres, while the y-axis corresponds to absorbance 
intensity. Peaks 1, 2, and 3 show maximum absorbance at 280 nm, a characteristic signal of proteins. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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the applied experimental conditions. The low and fully laminar flow of 
HF5 ensures gentle fractionation, and the monitoring performed 
through FIA and FFIA confirmed negligible sample loss or membrane 
interaction.

Although SEC showed a higher efficiency in removing contaminants 
such as proteins and lipoproteins, the HF5 method offers the advantage 
of tunable operational parameters—crossflow rate, focusing time, and 
channel flow—that can be optimized to obtain EV samples with 

Fig. 6. Phenotypic analysis of EVs isolated from the plasma of PV patients (n=10) and HDs (n=6) by HF5. (A) Tetraspanin marker expression; (B) Platelet marker 
expression. Reported data are background-corrected median APC fluorescence intensity (MFI) and normalized to respective isotype control. Means (±SEM) *p <
0.05; ***p < 0.001.

Fig. 7. Phenotypic analysis of EVs isolated from the plasma of PV patients (n=10) and HDs (n=6) by SEC. (A) Tetraspanin marker expression; (B) Platelet marker 
expression; (C) Immune and endothelial marker expression. Reported data are background-corrected median APC fluorescence intensity (MFI) and normalized to 
respective isotype control. Means (±SEM) *p < 0.05; **p < 0.01; ***p < 0.001.
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improved purity. This flexibility makes HF5 not only a separation tool 
but also a versatile analytical platform that can be further implemented 
or coupled with additional modules to enhance resolution and purity. 
Indeed, future developments may include the implementation of a 
Tandem-HF5 configuration, in which two HF5 modules operate 
sequentially without intermediate ultrafiltration. This setup would 
enable progressive removal of protein and lipoprotein contaminants and 
more precise size-based fractionation, while maintaining vesicle integ
rity and minimizing sample handling. Such an approach could provide 
highly purified EV preparations suitable for downstream vesicular 
biomarker analysis or functional studies.

Beyond its use as a gentle EVs isolation method, that we proved 
offered a solid advantage with respect to SEC, HF5 was also exploited as 
an analytical platform to assess the impact of conventional isolation 
procedures, such as SEC, on vesicle integrity and composition. This dual 
application represents a distinctive feature of the present work, where 
HF5 served both as a primary isolation tool and as a quasi-tandem 
quality-control system. HF5 isolation preserved the structure and 
biomarker distribution of EVs, supporting its role as a reliable and gentle 
approach for both EV isolation and post-isolation quality assessment.

Interestingly, our functional analysis confirms that HF5-isolated EVs 
maintain functional integrity compared to their SEC-isolated counter
parts, as evidenced by their comparable or superior cellular uptake by 
Raw264.7 macrophages. Importantly, the functional integrity of these 
EVs is biologically relevant: we show that PV-derived HF5 EVs possess a 
significant inflammatory potential, evidenced by their ability to stimu
late NO production in LPS-stimulated macrophages, thereby supporting 
their critical role in the thrombo-inflammatory mechanisms character
istic of PV.

Biologically, this method allowed for fraction-resolved tracing of 
EVs, which helped preserve their functional landscape and revealed 
subpopulations carrying a PV-associated platelet signature (CD42a, 
CD62P, CD41b). Indeed, the study provides new mechanistic insight 
into PV’s microenvironment. Using PV as a clinically relevant testbed, 
we show that rigorous EV isolation improves fidelity of microenviron
mental signals across diseases and helps define promising directions for 
subsequent research.

5. Conclusions

Here, we demonstrated how HF5 methodology, as first line isolation 
method, successfully provided intact, characterized and consistent 
amounts of EVs from a minimal amount of plasma from cancer patients, 
such as PV patients. Compared to established approaches HF5 excelled 
in achieving high purity of EV, reduced aggregation of EV, and greater 
reproducibility. The isolated EVs showed surface protein expression and 
biological and functional characteristics comparable to those obtained 
via SEC. Specifically, HF5 enables high-resolution, high-efficiency sep
aration and characterization, which are essential to exploit EVs as 
diagnostic and therapeutic tools. Moreover, the technique’s ability to 
separate particles based on hydrodynamic size rather than density 
provides orthogonal and complementary data, which are invaluable for 
developing new methods for the precise isolation and detailed analysis 
of EV subpopulations. Notably, HF5 is unique in its ability not only to 
isolate EVs but also to provide feedback on the consistency of the 
isolation process across experiments, which ensures reproducibility. 
Surpassing current protocols, in this pilot study we showed that HF5 is a 
suitable first line of isolation to be implemented in the clinical setting, 
where the advantage to both isolate and precisely characterize EVs 
highlights paves the way for clinical translation and standardized 
applications.
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Writing – review & editing. Francesca Palandri: Writing – review & 
editing, Resources, Funding acquisition. Valentina Marassi: Writing – 
original draft, Validation, Supervision, Formal analysis, Conceptualiza
tion. Lucia Catani: Writing – original draft, Supervision, Resources, 
Project administration, Investigation, Funding acquisition.

Ethics Approval and consent to Partecipate

The research was approved by the institutional review board of Area 
Vasta Emilia Centro (AVEC) Ethical Committee (CE AVEC: 1010/2021/ 
Sper/AOUBo) and conducted in accordance with the Declaration of 
Helsinki. Informed consent was acquired from all subjects involved in 
the study.

Funding

This work was funded by Emilia-Romagna Region -Bottom Up proj
ect (2020), Italy

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgment

The authors would like to thank AIL Bologna OdV for their valuable 
support throughout the project.

Fig. 8. Evaluation of NO concentration in resting (-LPS) and stimulated (+LPS) 
Raw 264.7 macrophages in the presence or the absence of HF-5 EVs (1x109 and 
3x109) from 3 PV patients. The NO production was determined using the Griess 
reagent. The results are expressed as the Mean ± SE. ***p < 0.001 and ****p <
0.0001 represent significant differences compared with the control group (PBS).
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