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A B S T R A C T   

Correct elucidation of physiological and pathological processes mediated by extracellular vesicles (EV) is highly 
dependent on the reliability of the method used for their purification. Currently available chemical/physical 
protocols for sample fractionation are time-consuming, often scarcely reproducible and their yields are low. 
Immuno-capture based approaches could represent an effective purification alternative to obtain homogeneous 
EV samples. An easy-to-operate chromatography system was set-up for the purification of intact EVs based on a 
single domain (VHH) antibodies-copolymer matrix suitable for biological samples as different as conditioned cell 
culture medium and human plasma. Methacrylate-based copolymer is a porous solid support, the chemical 
versatility of which enables its efficient functionalization with VHHs. The combined analyses of morphological 
features and biomarker (CD9, CD63 and CD81) presence indicated that the recovered EVs were exosomes. The 
lipoprotein markers APO-A1 and APO-B were both negative in tested samples. This is the first report demon-
strating the successful application of spherical porous methacrylate-based copolymer coupled with VHHs for the 
exosome isolation from biological fluids. This inexpensive immunoaffinity method has the potential to be applied 
for the isolation of EVs belonging to different morphological and physiological classes.   

Introduction 

Extracellular vesicles (EVs) are cell-secreted supramolecular struc-
tures. Their classification is typically based on multiple properties, 
including the process of biogenesis, density, dimension and the expres-
sion of specific biomarkers [1]. Based on their mechanism of release and 
size, EVs are categorized as exosomes (EXO), microvesicles/shedding 
particles, and apoptotic bodies. Their content differs according to the 
characteristics of the cells from which they originated. Microvesicles 
and apoptotic bodies are released directly from the plasma membrane in 
living or dying cells, whereas EXOs are released after the fusion of late 
endosomes with the plasma membrane [2]. Apoptotic bodies are the 
largest of the EVs, followed by microvesicles, while the smallest are 
EXOs, the diameter of which measures between 150 and 20 nm and 
which are present in any biological fluid (blood, urine, cerebrospinal 

fluid, milk, ascites) [2]. Initially, it was believed that EXOs represented 
an alternative means of eliminating waste products, but later their role 
in intercellular communication emerged [3]. This awareness promoted 
the efforts aimed at elucidating their physiological and pathological 
significance [4] and, in parallel, evaluating their potential as diagnostic 
[5] and therapeutic agents [6]. Proteomic studies performed on EXOs 
from different sources such as primary cells, cell cultures, tissue cultures 
or biological fluids, identified common biomarkers, as well as proteins 
and modified epitopes specifically related to vesicle cellular origin and 
physiological role [7–9]. 

EXO purification is normally based on a combination of different 
techniques (density gradient ultracentrifugation, size-exclusion chro-
matography, ultrafiltration) that successfully separate EVs according to 
their dimension, whereas the fractionation of EXO sub-classes of 
different cellular origin requires the use of affinity techniques [10–15]. 

Abbreviation: EV, Extracellular vesicle; VHH - Nanobody, single-domain antibody; EXO, exosomes; APO, apolipoprotein; BSA, bovine serum albumin; SEM, 
scanning electron microscopy; TEM, transmission electron microscopy; NTA, Nanoparticle Tracking Analysis. 
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The application of immune-based EXO capture is limited by the avail-
ability of reliable and inexpensive binders specific for biomarkers 
exclusively expressed on a particular EXO sub-type. Conventional anti-
bodies have been successfully used for immune-affinity purification of 
EXO sub-groups [16], however they have limited applicability due to 
elevated production costs, genetic instability and low homogeneity after 
functionalization [17,18]. Finally, employing a single antibody might be 
necessary to discriminate among EXO sub-populations, but becomes 
insufficient when the most complete EXO variability sampling is 
necessary for downstream analyses [19]. In that case, a mix of mono-
clonal antibodies would be necessary and using hybridoma IgGs would 
further expand the costs. 

Single-domain antibodies (VHH, aka nanobodies) represent a valid 
alternative since they are structurally stable, can be produced inex-
pensively in E. coli, are simple to engineer and label at specific residues, 
their clonality remains constant over the time and their short sequence 
allows in silico modelling and optimization [20–23]. Large pre-immune 
libraries are available and can be directly panned against soluble anti-
gens [23–27], whole cells as well as EVs [28]. The VHHs obtained by 
direct panning on EVs enabled capture of vesicles from conditioned cell 
culture medium and human plasma [28]. Extending this approach 
enabled development of an affordable chromatographic matrix with 
anti-EV VHHs. Chromatographic matrix based on glycidyl methacrylate 
copolymer has already been widely used for enzyme immobilization due 
to the chemical versatility of its epoxy groups and the positive influence 
that immobilization has on protein stability and enzyme activity [29]. 
These copolymers seem to possess both the necessary physical and the 
chemical requisites [30,31] to be adapted for purification of EXOs. In 
this paper, a novel VHH-copolymer chromatography system was suc-
cessfully used to purify EXOs from conditioned cell culture medium and 
human plasma. 

Materials and methods 

Chemicals 

Polyvinylpyrrolidone (PVP, Mw = 1,300,000 g/mol), glycidyl 
methacrylate (GMA), ethylene glycol dimethacrylate (EGDMA), 1- 
dodecanol and cyclohexanol were from Sigma Aldrich (St. Louis, MO, 
USA). Ethylenediamine was obtained from Merck (Kenilworth, NJ, 
USA). Toluene and 96% ethanol were from Zorka (Šabac, Serbia). The 
initiator 2,2′-azobis(2-methylpropionitrile) (AIBN) (98%, Akzo Nobel, 
Amsterdam, Netherlands) was recrystallized twice from ethanol. Anti 
CD-9 Phycoerythrin (PE)-labeled (clone MM2/57), alkaline 
phosphatase-labeled anti-mouse IgG, cell culture media and reagents, 
fetal bovine serum and bovine serum albumin (BSA) were from Sigma- 
Aldrich (Steinheim, Germany), while anti CD-63 (clone TS63) was 
from Abcam (Cambridge, UK). Alexa Fluor® 488 anti-human CD63 
(clone H5C6) and PE/Dazzle™ 594 anti-human CD81 (TAPA-1) anti-
body (clone 5A6) were from Biolegend (San Diego, CA, USA). Nitro-
cellulose membrane and bicinchoninic acid (BCA) Protein 
Quantification Kit were from Thermo Scientific (Rockford, IL, USA). 
Microwell plates were from Thermo Fisher Scientific (Roskilde, 
Denmark). All other chemicals were of analytical grade and were used 
without further purification. 

Preparation of microporous copolymer 

The diblock copolymer of glycidyl methacrylate and ethylene glycol 
dimethacrylate were synthesized according to the previously described 
procedure with some modifications [29–33]. 

Briefly, a continuous phase consisting of 113 mL of 1% (w/v) PVP in 
demineralized water was heated to 70 ◦C in a 250 mL reactor equipped 
with an anchor stirrer. A monomer phase (24.3 g of both the monomer 
GMA and cross-linking agent EGDMA (GMA/EGDMA = 2/3), initiator 
(0.25 g of AIBN) and inert phase (32.0 g, 1-tetradecanol/cyclohexanol =

4/1) were added to the continuous phase under stirring (200 rpm). The 
reaction was stopped after 5 h. The obtained copolymer was washed 5 
times with ethanol, and dried at room temperature (RT). The particle 
size distribution was determined by sieve analysis and the copolymer 
beads with the diameter in a range from 125 to 250 µm were used for 
further investigation. 

Diblock copolymer beads (10 g), were suspended in 250 mL of 
toluene. Ten-fold excess of ethylenediamine in relation to epoxy groups 
was added and the reaction was left to stir overnight at 25 ◦C. Then, the 
reaction mixture was first heated at 80 ◦C for 6 h and subsequently left 
stirring overnight at 25 ◦C. The polymer particles were removed and 
washed first with ethanol and subsequently with water until the pH 
value of the washing water was 6.0. The samples were oven-dried at 
50 ◦C for 2 h. The concentration of amino groups was determined by 
elemental analysis. A scanning electron microscope (Tescan FE-SEM 
Mira 3 XMU) operated at 20 keV was employed to characterize the 
morphology of the diblock copolymer. All samples were coated with a 
thin gold layer using a sputter coater (Polaron SC503, Fisons In-
struments) prior to the SEM analysis. 

Determination of matrix pore size 

The pore size distributions of the synthesized diblock copolymer 
beads were determined by a mercury porosimetry (Carlo Erba 2000, 
software Milestone 200). Mercury intrusion porosimetry measurements 
of the synthesized copolymers poly(GMA-co-EGDMA) were performed 
on a high-pressure unit PASCAL 440 (Thermo Fisher Scientific) in a CD3- 
P type dilatometer in the pressure range of 0.1–200 MPa. Although two 
consecutive intrusion-extrusion cycles were performed, the second cycle 
was used to calculate the porosimetric parameters, since the first cycle 
only provides information on the intra-particle porosity of the particles 
and excludes the contribution of the inter-particle voids. A SOLID 
Software System PC interface was used for automatic data acquisition 
and complete textural parameter calculations. Before analysis, the 
powder sample was dried by removing the supernatant and bubbling the 
N2 gas for one hour, and additionally evacuating for 2 h in a sample 
holder at the analytical position of a Macropore Unit 120 (Carlo Erba 
Strumentazione) used for mercury filing of the dilatometer. 

Determining static binding capacity 

Binding isotherm was generated by batch experiments. Aliquots with 
fixed amount of polymer were incubated with increasing amounts of 
protein (BSA) in an equilibration buffer. Polymer was washed with an 
equilibration buffer (sodium phosphate buffer pH 7.0) and was then 
transferred to vials, each of them containing 0.25 mL of polymer. A BSA 
serial dilution was prepared in the same buffer and a volume of 1 mL of 
each of them was added to each vial. Vials were mixed gently for 48 h to 
achieve binding equilibrium. Protein concentration in the decanted su-
pernatant was measured with Bradford Protein Assay. Binding capacity 
(mg of bound protein per mL of resin) was plotted as a function of su-
pernatant protein concentration to create Langmuir binding isotherm. 
Experimental data were fitted in Langmuir adsorption model using 
equation q = Qmax∗c

KD+C (Eq. 1) where Qmax is the equilibrium binding ca-
pacity, q and c are the respective stationary and mobile phase protein 
concentrations, and KD is the equilibrium dissociation constant [34]. 

VHH subcloning and production 

VHHs used in this work (H1, H6, D5, B1 and G2) were isolated from a 
naïve pre-immune library by direct panning against EVs recovered from 
the supernatant of cultured human cells as described previously [28]. 
VHH sequences were subcloned into a modified pET-14b vector between 
the unique NcoI and NotI sites to obtain fusion constructs of VHHs linked 
to eGFP and 6xHis tag at the C-terminal [35–37]. Vectors were 
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transformed in E. coli BL21(DE3) cells hosting a plasmid for the 
expression of sulfhydryl oxidase and DsbC [23,38,39]. VHHs were 
produced as previously described with some modifications [28,35]. 
Briefly, 3 mL of overnight pre-cultures were transferred in 400 mL of LB 
broth with 100 µg/mL ampicillin and 25 µg/mL chloramphenicol. Bac-
teria were grown at 37 ºC until they reached OD600 nm 0.4. Expression of 
DsbC and sulfhydryl oxidase was induced by adding 0.5% (g/mL of 
culture) of arabinose and temperature was lowered to 30 ºC. After 
30 min, 1 mM IPTG was added to induce VHH expression. The bacteria 
were grown overnight at 21 ºC. The next day, cells were harvested and 
pellet was resuspended in 20 mL of TBS buffer (50 mM Tris-HCl, 
150 mM NaCl, pH 7.4). Cells were sonicated and finally centrifuged at 
14,000 x g for 20 min at 4 ºC. Supernatant was used for IMAC chroma-
tography. The matrix was equilibrated with buffer A (50 mM Tris, 
150 mM NaCl, 15 mM imidazole pH 7.4). Unbound proteins were 
washed away with buffer A while bound proteins were eluted with 
buffer B (50 mM Tris, 150 mM NaCl, 300 mM imidazole, pH 7.4). 
Fractions containing VHH-eGFP were pooled and 20% glycerol was 
added to samples for long-term storage. Cross-reactivity with EVs from 
other species was not tested. 

Activation and immobilization of nanobodies to polymer 

Methacrylate-based copolymer was washed a few times with 0.1 M 
sodium phosphate buffer, pH 8.0, then incubated for 2 h at RT with 2.5% 
glutaraldehyde in the same buffer with occasional stirring. Excess 
glutaraldehyde was removed from polymer suspension by rinsing with 
0.1 M sodium-phosphate buffer, pH 7.0. VHH immobilization was per-
formed by incubating wet polymer (1 mL) with 100 µg of each of the five 
different VHH-GFP constructs (total of 500 μg of protein) at 4 ºC for 
24–48 h with occasional shaking [31,34]. Protein concentrations before 
and after the reaction were determined with BCA assay and the coupling 
efficiency was calculated as the ratio between protein immobilized on 
the affinity resin and total amount of VHH used in the coupling reaction. 
Matrix was rinsed 3 times with 0.1 M sodium phosphate buffer pH 7.0. 
Free binding sites were blocked with 200 mM glycine at 4 ºC for 24–48 h 
with occasional shaking. Immobilized copolymer was stored at 4 ºC until 
further use. Stability of the VHH copolymer matrix after nanobody 
functionalization was tested for eight weeks. 

Collection of conditioned cell-culture supernatant 

Human embryonic kidney (HEK 293) cells were grown in DMEM 
medium supplemented with 10% FBS and 100 U/mL penicillin and 
100 µg/mL streptomycin. Immortalized human T lymphocytes (Jurkat 
cell line) were grown in RPMI medium supplemented with 10% FBS, 
100 U/mL penicillin and 100 µg/mL streptomycin. Cells were grown at 
37 ◦C under a 5% CO2/95% air atmosphere at constant humidity. 

HEK cells were grown until a confluence of 70–80%, while Jurkat 
cells were grown in RPMI medium supplemented with FBS for 3 days. 
The cultured medium was removed and cells were washed with phos-
phate buffered saline (PBS) before adding either FBS-free DMEM me-
dium (HEK) or FBS-free RPMI medium (Jurkat). Cells were grown for a 
further 48 h and then conditioned cells culture supernatants were 
collected in 50 mL polypropylene (PP) tubes. Cells were removed by 
centrifugation (30 min at 300 x g at 4 ºC). Supernatants were transferred 
to sterile tubes and used for chromatographic separation of EVs. 

Plasma collection and processing 

Blood samples from healthy control individuals (3 males, 2 females, 
age range 25–32) were collected after obtaining written informed con-
sent to the study, which was approved by the Ethics Committee of 
University of Belgrade, Faculty of Chemistry. The collection was per-
formed in accordance with the Declaration of Helsinki. Peripheral 
venous blood was collected in Vacutainer (Becton Dickinson) tubes with 

citrate as anticoagulant and processed within 30 min of collection. 
Blood was first centrifuged (30 min at 1550 x g at RT) to remove cells. 
Platelet-free plasma (PFP) was obtained by centrifugation (30 min at 
3200 x g at RT). Aliquots of plasma were maintained at − 80 ◦C until use 
or further processed to isolate EVs. Blood from each donor was collected 
3 times during a six month period, at two months interval. 

Purification of EV-enriched fractions from conditioned cell culture media 
and human plasma using immunoaffinity chromatography 

The VHH-activated copolymer (0.5 mL) was blocked with 5% (w/v) 
skimmed milk in PBS for 30 min at RT to block any remaining active 
sites on the copolymer surface. Then it was washed extensively with PBS 
and incubated with: (a) 500 μL of plasma pooled from healthy donors 
(group of 5 volunteers), diluted 1:2 in PBS with 1% milk; (b) 30 mL of 
conditioned cell culture medium from HEK or Jurkat cells diluted 1:2 in 
the same buffer for 1 h at RT. The copolymer was transferred into an 
empty gravity column (PP, inner diameter 6.5 mm, height 62 mm). 
Unbound proteins were washed away with PBS and bound vesicles were 
eluted in 425 μL of 200 mM glycine, pH 2.2 and collected in PP-tubes 
pre-filled with 75 μL of neutralization buffer (1 M Tris-HCl pH 9.0). 
The elution step was repeated until the Bradford assay indicated that no 
further protein was eluted. Concentration of proteins in eluted fractions 
was determined using Bradford assay. 

Determination of EXO protein and lipid content 

The amount of protein collected in chromatographic fractions was 
determined with Bradford reagent using BSA as a standard. 

Total lipid determination of EXO preparations was determined using 
the colorimetric sulfophosphovanilin (SPV) assay [40]. The solutions of 
lipid standards were prepared with cholesterol in chloroform. Fifty μL of 
EXO preparations were extracted with 70 μL of chloroform. The chlo-
roform was then evaporated in a heat block by incubating the tubes at 
90 ◦C for 10 min. Fifty μL of PBS were added to each dried sample and to 
each tube containing the lipid standards. Then, 250 μL of 96% sulphuric 
acid were added to the tubes followed by incubation with open lids at 
90 ◦C for 20 min in a heat block. An aliquot of 220 μL of each sam-
ple/standard was transferred into a 96-well polystyrene plate and 
allowed to cool to RT. Finally, 110 μL of 0.2 mg/mL vanillin in 17% 
phosphoric acid were added to each well, the plate was incubated for 
10 min at RT and sample absorbance was measured at 540 nm [41]. 
Lipid concentration of EV samples was expressed as cholesterol 
concentration. 

EXO quantification and morphology 

EXO particle size distribution and number was determined on a 
NanoSight LM10 system (Malvern Preanalytical, Malvern, UK) by ana-
lysing ~500 μL of affinity chromatography-isolated EV preparations 
diluted in PBS (~103–104 times). Individual videos of 60 s for each 
sample were acquired using the maximum camera gain and analysed by 
the NanoSight particle tracking software to determine particle size and 
density. 

Morphology of eluted vesicles was evaluated by transmission elec-
tron microscopy (TEM) after sample negative staining. The EXO sus-
pension was applied to carbon coated grids. After EXO adsorption, the 
excess of suspension was removed and each grid was fixed in 2.5% 
glutaraldehyde. EXOs were further contrasted by 1% phosphotungstic 
acid and allowed to air dry. Electron micrographs were collected using a 
Philips CM12 electron microscope (Philips, Eindhoven, The 
Netherlands) equipped with the digital camera SIS MegaView III 
(Olympus Soft Imaging Solutions, Münster, Germany). 

EXO morphology was also analyzed using scanning electron micro-
scopy (SEM). The EXO suspension was fixed with 2.5% glutaraldehyde 
in PBS for 10 min at RT. Samples were then loaded onto metal stubs and 
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air dried. A scanning electron microscope,Tescan FE-SEM Mira 3 XMU 
(Tescan, Brno, Czech Republic), operated at 20 keV was employed to 
characterize the EV morphology. All samples were coated with a thin 
gold layer using a sputter coater (Polaron SC503, Fisons Instruments) 
prior to SEM analysis. 

EXO marker analysis 

EXO samples isolated from cell culture supernatants and human 
plasma (40 μL corresponding to 200 µg protein) were mixed with 10 μL 
of buffer for sample preparation (5 x stock solution: 60 mM Tris buffer 
pH 6.8, 30% glycerol, 10% SDS, 2-Mercaptoethanol, 1% Bromophenol 
Blue and deionized water). Samples were heated at 95 ºC for 5 min and 
then loaded onto polyacrylamide (4% stacking and 14% resolving) gel. 
Sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS- 
PAGE) was run under reducing conditions at 190 V for 1 h [42]. Then 
proteins were transferred to a nitrocellulose membrane for 45 min, at 
55 mA. After blocking with Tween-Tris Buffered Saline (tTBS, 0.1% 
Tween-20, 20 mM Tris, 0,9% NaCl, pH 7.4) containing 1% of skimmed 
milk for 1 h at RT, proteins were incubated with primary antibodies 
(diluted 1:3000 in TBS with 0.1% BSA). Alkaline phosphatase-labeled 
anti-mouse IgG secondary antibodies (dilution 1:1000) were used for 
visualization in the presence of 5-bromo-4-chloro-3-indolyl phosphate 
(BCIP)/4-nitroblue tetrazolium (NBT) (Sigma–Aldrich, Germany). 

Flow-cytometry was performed by coating aldehyde/sulfate latex 
beads (4% w/v, 4 µm; Sigma-Aldrich) with EVs. Thirty μL beads were 
coated overnight at 4 ºC with 40 µg of total protein from EV-enriched 
fractions in PBS. Beads were washed 3 times with PBS and blocked 
first for 30 min at RT with 200 mM glycine and then 30 min in PBS plus 
5% (w/v) skimmed milk. Beads were washed 3 times in PBS before 
adding anti-CD9 antibodies (dilution 1:5) and incubated 1 h at 37 ºC. 
When anti-CD-63 (dilution 1:5) and anti CD-81 (dilution 1:5) antibodies 
were used for detection, beads were incubated for 1 h at RT. After 
washing, beads were analyzed using a BD FACSCalibur (BD Biosciences) 
collecting around 1000 events/s. A blue solid state 200 mW laser at 
488 nm was used for excitation. The emission was detected at 525 nm 
(FL1, AlexaFluor 488), 561 nm (FL2, PE) and 620 nm (FL3/PE/Dazzle 
594). The positive beads were gated on the FL1-AlexaFluor 488, SSC 
plot, FL2-PE, SSC plot and FL3-PE/Dazzle 594, SSC plot. AlexaFluor 488, 
PE and/or PE/Dazzle 594 specific fluorescence was assessed as the 
signal increase with respect to negative control (autofluorescence of 
beads not coated with EVs, blocked with milk and incubated with 
antibodies). 

Detection of lipoprotein contaminants 

Apolipoprotein A1 (APO-A1) and Apolipoprotein B (APO-B) were 
detected in a commercial clinical laboratory using immunoturbidimetric 
test by Abbott Laboratories on Alinity ci Analyzer (Abbott Laboratories, 
USA). Tests were performed according to the manufacturer’s 
instructions. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism v7 for 
Windows (GraphPad Software, San Diego, CA, USAa). A significance 
level of p ≤ 0.05 was used for analysis of variance, implemented using 
the Kruskal–Wallis test followed by the Tukey’s post hoc test (p ≤ 0.05). 
Correlation between different parameters was performed at significance 
level of p ≤ 0.05. 

Results 

Polymer synthesis and characterization 

Polymer particle size was evaluated as being in the range of 125 – 

250 µm while particle surfaces appeared highly porous (Fig. 1A). Modal 
pore diameter of copolymer after blocking and functionalization was 
determined to be above 90 nm (Supplementary Table 1), namely smaller 
than the values (150 nm) reported in the literature [43]. The conversion 
of the amination reaction was determined by the elemental analysis. The 
concentration of 0.0259 g of amino groups per 1 g copolymer was 
determined. 

Static binding capacity of the copolymer matrix was quantified using 
BSA as a model protein. Langmuir binding isotherms were obtained after 
fitting the amount of protein bound per unit of resin volume plotted as 
the function of the unbound protein concentration and into Eq. Eluate 
pools from replicate runs (n = 2) were sampled and analysed. 

The equilibrium binding isotherm after 48 h incubation is presented 
in Fig. 1B. The binding isotherm is nearly rectangular while the static or 
equilibrium binding capacity Qmax was 48.10 mg/mL. The equilibrium 
dissociation constant KD was in the range of 2.62 nM indicating a strong 
binding interaction and high matrix capacity of synthesized co-polymer. 

VHH-eGFP immobilization and stability on copolymer 

The VHH-eGFP constructs used bind to unknown, probably multiple 
EV biomarkers and have been expressed and purified by immobilized 
metal affinity chromatography (IMAC), as previously described [28]. 
Antibody yields were in the range of 3–5 mg/L of cell culture medium. 
Homogeneity of purified VHHs was determined using SDS-PAGE (data 
not shown). 

100 μg of each VHH-eGFP was immobilized covalently onto 1 g of 
dry aminated copolymer by means of glutaraldehyde linkers. The VHH 
immobilization efficiency was estimated at > 99%, as no remaining 
protein was detected in the unbound fraction using the BCA method. 
Stability of each VHH-eGFP construct was assessed during an 8 week 
period of storage at 4 ◦C by quantifying the binding capacity of the 
activated resin. Aliquots of VHH-copolymer were taken weekly and used 
to purify EVs from plasma of healthy donors. The protein concentration 
in the resulting samples was determined and compared (Fig. 2A). There 
was no significant difference between the constructs in terms of loss of 
functionality, since all showed complete stability during the first 4 
weeks of storage and a similar decline (20–25%) starting from week 6. 
Specifically, the binding capacity at the 8th week decreased by: 26.2% 
± 1.36% (H1); 23.3% ± 0.97% (H6); 27.1% ± 1.73% (D5); 25.8% 
± 1.08% (G2); and 25.9% ± 1.48% (B1). There was no statistically 
significant difference among the five constructs. EVs isolated from each 
time point were further tested by flow cytometry and all resulted posi-
tive for the CD9 biomarker (Fig. 2B). 

Isolation of EXOs on VHH-copolymer 

One g of copolymer was functionalized with 100 μg of each of the 
five VHHs to obtain a total of 500 μg of VHH per g of copolymer and the 
polyclonal matrix was used for EV purification from diluted, unfractio-
nated conditioned cell culture medium and human plasma from healthy 
donors. Binding was performed in batch with gentle agitation after 
which the matrix was packed in a column and washed thoroughly with 
PBS. Bound material was eluted in acidic buffer and the corresponding 
protein chromatograms were recorded (Fig. 3). One elution peak was 
observed when conditioned cell-culture media were used (Fig. 3A), and 
tested positive for EXO biomarkers in flow cytometry (Fig. 4). A major 
peak with shoulders resulted from the elution of EVs from human 
plasma (Fig. 3B) and in this case the material was also positive for EXO 
biomarker (Fig. 4). The blocking agent (milk) did not contain detectable 
EVs and did not affect the results of chromatography (Supplementary 
Figs. 1 and 2). 

A clear shift in fluorescence signal resulted as the consequence of the 
addition of the anti-CD9 PE antibody (Fig. 4A) to vesicles obtained from 
conditioned medium from HEK and Jurkat cells as well as from the 
plasma pool (30.20 ± 1.42%; 28.35 ± 2.62% and 24.05 ± 5.44%, 
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respectively). Similarly, a shift in fluorescence was observed in all the 
tested samples when anti CD63 (Fig. 4B) and anti CD81 (Fig. 4C) anti-
bodies were added to EXOs from media or plasma (CD63: 30.95 
± 0.78% HEK; 20.20 ± 0.57%; Jurkat; 13.90 ± 0.14% for plasma; 
CD81: 26.65 ± 0.50% HEK; 19.45 ± 0.21%; Jurkat;13.45 ± 070% 
plasma pool). 

The presence of CD63 was confirmed by western blot as well (Fig. 4 
D, E) that enabled identification of a band of the expected molecular 
weight (approximately 50 kDa) in EXO samples obtained from both 
Jurkat cell medium (Fig. 4D) and human plasma (Fig. 4E). 

Number and morphology of isolated EXOs 

Qualitative analysis of isolated EXOs was performed using the TEM 
and SEM analysis (Fig. 5). TEM micrographs demonstrated that the 
isolated EVs have a cup-like shape in the range of 50–200 nm (Fig. 5A). 
Size and morphology of isolated EXOs was further confirmed by SEM. As 
shown in Fig. 5B, C, isolated EXOs were spherical and ranged in size 
from 50 nm to 200 nm. 

Nanoparticle tracking analysis was used to determine size and 
number of isolated EXOs (Fig. 6). Mean particle size for HEK derived 
EXOs was 164.0 ± 64.7 nm (Fig. 6A, E). However, particles were 
grouped into two major population peaks of 156 and 216 nm (Fig. 6A). 
Similarly, for Jurkat derived EXOs, the mean particle size was 147.2 
± 55.4 nm, with four major populations of 52, 103, 149, 223 nm 
(Fig. 6B,E). Plasma derived EXOs had a mean particle size of 195.4 
± 88.3 nm, having two different size populations of 152 and 234 nm 
(Fig. 6C, E). There was no significant difference in the mean particle size 
of analyzed EXOs. Samples used for NTA were normalized by protein 
concentration to approximate the particle number in HEK-derived EVs 
(4.01 ×109 ± 0.01 ×109 particles/mL) and in Jurkat EVs 2.01 ×109 

± 0.03 ×109 particles/mL and 4.05 ×109 ± 0.01 ×109 particles/mL, 
respectively (Fig. 6D, Table 1). 

Reproducibility and purity of EV fractions 

The reproducibility of the chromatographic EV purification method 
was investigated using a plasma pool from five healthy volunteers 

collected at three different time points (Fig. 7). The mean amount of 
protein isolated from 1 mL was 0.11 ± 0.01 mg while the amount of 
lipids was 3.94 ± 0.92 mg. Flow cytometry confirmed the presence of 
the CD9 marker in the different eluate samples (Fig. 7A). There was no 
statistically significant difference in the amount of isolated protein 
(Fig. 7B), or lipid (Fig. 7C). 

APO-A1 is the marker protein for HDL, while APO-B can be found on 
VLDL, IDL, and LDL. Plasma samples used for purification of EXOs had 
values of APO-A1 and APO-B 109.5 ± 2.3 mg/dL and 79.5 ± 1.4 mg/ 
dL, respectively. Although EXOs isolated from plasma were concen-
trated 10-fold, both APO-A1 and APO-B were below the limits of 
detection of 7 mg/dL and 5 mg/dL, respectively. 

Discussion 

EVs released by all cell types are present in biological fluids and, 
since their composition and content mirror that of the parent cells, they 
are considered useful biomarkers for assessing physiological and espe-
cially pathological conditions [44–46]. Recent studies demonstrate that 
EXOs have a role in many diverse biological processes ranging from 
apoptosis, coagulation, antigen-presentation, cell homeostasis, inflam-
mation, intrecellular signalling, angiogenesis, and growth and metas-
tasis of tumors [4]. 

Various biophysical and biochemical properties can be used to 
isolate EVs, including dimension, density, shape, surface charge and 
antigen display [47]. At the end of 2015, differential ultracentrifugation 
was the most commonly used method for EV separation (81% of 
studies), according to a worldwide ISEV survey [48]. Other techniques 
including density gradients, precipitation, filtration, size exclusion 
chromatography and immuno-isolation are also used for that purpose. 
Most reports combine one or more methods to achieve better results in 
the case of subtype separation or to increase the specificity of separated 
EVs, but the level of contaminants such as albumin, immunoglobulins 
and lipoproteins can remain elevated [19]. Despite collective efforts, 
there is no standardized method for isolating and purifying specific 
subtypes of circulating EVs from human plasma. 

Immunoaffinity based methods could offer a reliable approach for 
EXO isolation, especially in the cases of pathological conditions [19]. 

Fig. 1. Characterization of polymetacrylate co-polymer matrix: A) Scanning electron microscopy image of methacrylate co-polymer under different magnification: 
the round structure of the matrix can be seen at magnification of 500x; highly porous nature of the co-polymer is visible at magnification of 10,000x (upper right 
corner) B) The adsorption isotherm plots for BSA: Static binding capacity of the copolymer matrix was quantified using BSA as a model protein. Langmuir binding 
isotherms were obtained after fitting the amount of protein bound per unit of resin volume (c; mg of adsorbed protein per mL of resin) plotted as the function of the 
unbound protein concentration after 48 h of incubation (q; mg/mL). 
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Fig. 2. Determination of stability of VHH on co-polymer resin. Individual VHHs were produced and immobilized on methacrylate co-polymer. Synthesized matrix 
was stored in PBS at 4 ◦C for 8 weeks and aliquots were taken at different time points to determine storage stability. Chromatography was performed using human 
plasma as source of EXOs. EXO isolates at different time points were analysed for A) concentration of protein; B) presence of CD9 marker. Gates were set according to 
the values of autofluorescence of naked beads (not coated with EVs; blocked with glycine and milk; red line). Presence of EVs was detected by measuring the binding 
of anti-CD9 PE at week 1 (blue line) and week 8 (orange line). H1, H6, D5, G2, and B1 represent isolates from VHH-matrices synthesized with respective VHH. The 
error bars indicate standard deviations for triplicate measurements. Means with different letters are significantly different (Tukey’s HSD, p ≤0.05). 
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Specific antigens such as members of the human epidermal growth 
factor receptor (EGFR) family [49] EpCAM, Mart-1, or TYRP2 are 
selectively displayed on the outer surface of EXOs generated by different 
tumors. Nonetheless at the present, immunoaffinity approaches have 
mostly exploited antibodies against universal EXO biomarkers such as 
CD63 for the terminal purification step [50–53]. The introduction of 
protocols exploiting new antigen/antibody pairs for the isolation of 
exclusive EXO subtypes is therefore particularly intriguing. However, 
immunoaffinity is usually coupled to a biosensor surface or (magnetic) 

beads that enable the recovery of minimal amounts of EXO sufficient for 
diagnostics but not for more accurate biological analysis that could be 
possible with a scalable and affordable method of EXO purification. 

In this study the efficiency of immunoaffinity for the capture and 
purification of EXOs from biological fluids of varying complexity using 
VHH-activated methacrylate-based copolymer was evaluated. Methac-
rylate based copolymer has traditionally been used for enzyme immo-
bilization due to its stabilizing effect [31,33,54] and, in the absence of 
capturing VHHs, was inert towards EV and any protein present in 

Fig. 3. Chromatographic separation of EV-containing fractions present in cell culture media and human plasma pool. EVs present in cell culture supernatant (A) and 
pool of plasma from healthy volunteers (B) were separated using an immunoaffinity resin composed of five different VHH constructs immobilized on poly-
methacrylate co-polymer. 
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biological samples (Supplementary Fig. 2). It formed pores of di-
mensions theoretically compatible with the size of only the smallest EXO 
fraction and, since a further significant reduction in mean pore diameter 
was induced by VHH immobilization and surface blocking, it is probable 
that most of the interactions between EVs and VHHs occurred on the 
matrix surface. VHH-GFP nanobodies were attached covalently to such 
matrix by using glutaraldehyde as linker. Although the Qmax was not 
determined for each individual VHH, the maximal amount of BSA bound 
per 1 mL was 48.1 mg or 723.6 μM of protein. VHHs were coupled well 
below this limit, approximately 7.1 μM of each individual nanobody or 
35.8 μM in total, a concentration significantly below the theoretical 
limit to minimize steric hindrance between VHH-immobilized EXOs. 
Low amounts of nanobodies for matrix functionalization were used to 
avoid activity loss as well as EV competition for active sites on the 
capture surface [55]. Coupling efficiency under given conditions was 
> 99% as no protein was detected in the removed buffer after coupling. 
This innovative chromatographic matrix was effectively used to purify 
EXO and when preserved at 4 ◦C in PBS its functionality was stable for 4 
weeks, a period after which a loss of VHH activity in the absence of 
stabilizing agents can be expected [56,57]. 

VHH construct immobilization on the matrix involved the protein 
primary amine groups, a random process that might lead to loss of 

binding capacity if part of the paratopes became inaccessible to the 
antigens [55]. To minimize such an effect, VHHs fused to eGFP were 
used as immunocapture elements. Binding the VHH-eGFP chimeric 
molecules to the surface of methacrylate-based copolymer increases the 
chance of proper orientation as the eGFP portion of the molecule harbors 
17 Lys residues, compared to only two present in the VHH scaffold. In 
such a set-up statistically only about 10% of the VHHs should be blocked 
in a probably unproductive conformation. 

Immunoaffinity capture has already been found to be superior to 
ultracentrifugation and density gradient separation as it was able to 
enrich EXO markers, and EXO-associated proteins by at least twofold 
more than the other two methods studied [10]. Recombinant antibodies 
can be selected from immune or naïve libraries. Immune libraries usu-
ally provide high affinity binders but, depending on the antigen, di-
versity is sometimes limited. On the other hand, non-immune (naïve) 
libraries, from which the binders used in this work derived, provide a 
higher diversity of binders, but high affinity can be reached only when 
selecting from very large functional libraries [25]. VHH nanobodies 
used in this work were selected from a naïve library and have already 
demonstrated a stabilizing effect on EXOs during immunocapture on 
solid surfaces and their differing binding characteristics suggest that 
they recognize different epitopes [28]. Using a blind approach in VHH 

Fig. 4. Detection of EV surface markers in isolates from cell culture supernatant and human plasma detected by flow cytometry and western blot. Isolated EXOs were 
immobilized on latex beads, which were than treated with glycine and milk for blocking, after which the surface markers were detected by flow cytometry using A) 
Anti CD9-PE, B) Anti-CD63-AlexaFluor488 and C) Anti-CD81 PE/Dazzle. Latex beads without EXOs treated with glycine and milk were used as a control. CD63 was 
detected in western blot (annotated with red arrow) from D) cell culture supernatant and E) human plasma. Lane 1 represents the sample, while lane 2 is the control 
of secondary antibody. The error bars indicate standard deviations for triplicate measurements. Means with different letters are significantly different (Tukey’s 
HSD, p ≤ 0.05). 
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isolation allowed the isolation of binders with distinct binding features 
in terms of specificity and affinity, but made it difficult to determine 
their respective antigen targets as well as their affinities [28]. 

One of the main disadvantages of immunoaffinity capture lies in the 
fact that using particular antibodies may select for some sub-sets of 

vesicles present and in that sense insufficiently reflect the complexity of 
the original sample [19]. By using a combination of five different VHH 
constructs with different specificities it was aimed to generate a poly-
clonal matrix with a wider binding range towards EXOs and probably 
synergistic capacity. Two major parameters are likely controlling the 

Fig. 5. TEM (A) and SEM (B, C) analysis of immuno-purified EXOs. EXOs recovered from human plasma were analysed by: A) TEM after PTA negative staining at a 
magnification of 40,000x; B) SEM after gold staining under magnification of 50 000x and C) SEM after gold staining at a magnification of 100,000x. The image shows 
the EV dimension variability (50–200 nm). Red boxes and red arrows denote EVs of different dimensions. 
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binding kinetics between an immune-activated matrix and EXOs in so-
lution, namely the affinity of the VHHs and the avidity effect dependent 
on the VHH density on the surfaces. Even though these parameters 
remain unknown, binders selected from pre-immune libraries have 
generally moderate affinity toward the antigen [58]. Whereas high af-
finity antibodies can make release of EVs difficult, consequently 
damaging their integrity [59], it seems that the combination of mod-
erate binder affinity and low density of active VHHs on the matrix used 
in the present experiments resulted in a chromatographic matrix with 
“optimal” conditions, namely functional enough to capture the vesicles 
but enabling their release under relatively mild conditions. EXOs’ native 
biological features were confirmed by the presence of tetraspanin 

biomarkers (Fig. 4) and morphological integrity (Figs. 5 and 6). 
Yield and purity of isolated EV varies significantly between methods 

and usually a lower yield is attributed to samples of greater purity [60]. 
The particle concentration reported in this work is similar to that which 
could be obtained by ultracentrifugation, but the low total protein 
content suggests fewer contaminants in our samples [60]. Furthermore, 
no lipoprotein biomarkers APO-A1 and APO-B were detected in the 
purified EXOs. 

Conclusion 

In this work, the first report on the use of spherical porous 
methacrylate-based copolymer coupled with VHH antibodies for isola-
tion of EVs from biological fluids was described. This inexpensive and 
simple immunoaffinity method was successfully applied for the isolation 
of vesicles that have the morphological and biochemical characteristics 
of EXO. 
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Table 1 
Summary of characteristics of EXO isolated using VHH GFP polymethacrylate 
co-polymer affinity resin: SEM-Scanning electron microscopy; TEM- 
transmission electron microscopy; ND-Not determined.  

Sample HEK293 Jurkat Plasma 

Starting volume, mL 25 25 0.5 
Final protein 

concentration, mg 
0.17 ± 0.02 0.37 ± 0.03 0.11 ± 0.01 

Tetraspanin 
detection 

CD9 + / 
CD63 + / 
CD81 +

CD9 + / 
CD63 + / 
CD81 +

CD9 + / 
CD63 + / 
CD81 +

Apolipoptotein 
detection 

ND ND ApoA1-/ApoB- 

Mean particle size, 
nm 

164.0 ± 64.7 147.2 ± 55.4 195.4 ± 88.3 

Particle 
concentration x 
109 

4.01 × 109 

± 0.01 
2.01 × 109 

± 0.03 
4.05 × 109 

± 0.01 

SEM ND ND Single vesicles, 
50–200 nm 

TEM ND ND Single vesicles, 
50–200 nm  
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