
Academic Editor: Leonidas A.

Phylactou

Received: 13 October 2025

Revised: 1 November 2025

Accepted: 7 November 2025

Published: 8 November 2025
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Abstract

Extracellular vesicles (EVs) are nanosized structures involved in intercellular communi-
cation that have high potential as disease biomarkers and for the delivery of therapeutic
cargos. However, translation to the clinic is hampered by time-consuming, low-yield, and
poorly reproducible EV isolation methods. We describe a cryogel-based immunoaffinity
chromatography system that exploits single-domain VHH antibodies as capture elements
for the selective isolation of EVs from human plasma. Supermacroporous cryogels func-
tionalized with five unique anti-EV VHHs (total immobilization capacity ~500 µg/g) were
prepared, yielding a highly permeable and hydrophilic support. They were captured and
eluted under mild conditions, and their morphology and identity were confirmed by SEM,
AFM, NTA, and flow cytometry. Proteomic profiling of the isolated samples identified 234
proteins, of which 63% were ExoCarta-listed exosomal proteins; contaminants such as albu-
min and apolipoproteins were also identified. The purification method provided samples
with ~2 × 109 EVs/mL, with EV median size of 135 nm and consistent protein-to-lipid
ratio across three independent isolations (CV < 10%). This study demonstrates that VHH-
functionalized cryogels (VHH-SMC) are a rapid and reproducible EV purification method
that represents a promising alternative to conventional ultracentrifugation- or precipitation-
based protocols. While optimization of nanobody density and reduction in plasma protein
carryover are still necessary, the platform holds potential for scalable EV enrichment, a
condition that can significantly speed up biomarker research and clinical diagnostics.
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1. Introduction
Extracellular vesicles (EVs), heterogeneous membrane-enclosed particles released

from cells, play important roles in both physiologic and pathologic processes [1]. Extracel-
lular vesicles (EVs) are heterogeneous, membrane-bound particles released by cells and
involved in intercellular communication. EVs derived from eukaryotic cells are commonly
categorized into three major classes exosomes, microvesicles, and apoptotic bodies based
on their cellular origin and biogenesis pathways. However, additional types of EVs have
been described in other biological systems, including bacterial outer membrane vesicles
(OMVs) and outer-inner membrane vesicles (OIMVs) [2]. The recently updated MISEV2023
guidelines provide comprehensive recommendations for EV terminology, classification, and
characterization, promoting clarity and consistency across different biological contexts [3].
Exosomes are derived from multivesicular bodies (MVBs), whereas microvesicles are shed
directly from the cell membrane, and apoptotic bodies originate from cells undergoing
apoptosis. Exosomes are biologically active EVs with a bilayer membrane structure of ap-
proximately 30–150 nm in diameter that are secreted from living cells, while microvesicles
have diameter between 50 and 1000 nm [4,5]. EVs carry biologically active substances
contained in the original cells, such as nucleic acids, proteins, lipids, and metabolites [6,7].
The composition of EVs may vary significantly based on the pathophysiologic status of the
parent cell [8]. It is becoming increasingly evident that the majority of EVs have specialized
functions and are essential for processes such as intercellular signaling, cellular waste
management, and coagulation [9]. EVs are promising candidates as clinical biomarkers
in the diagnosis and monitoring of a variety of diseases due to their specific molecular
cargo [6], contributing to the advancement of molecular diagnostics and personalized
medicine. Due to their small size and heterogeneity, the detection and classification of
vesicles still present major challenges. The main obstacle for practical applications of
EVs is that the procedures commonly used for their separation from body fluids are cum-
bersome, hard to standardize, and often lead to inconsistent results [10,11]. Vesicles are
commonly isolated using a combination of ultracentrifugation and size-exclusion chro-
matography, allowing for their separation based on size [12]. However, these methods are
time-consuming, often associated with limited purity and questionable reproducibility,
making inter-laboratory consistency difficult to ensure [13]. Furthermore, they do not
discriminate between physiological and pathological EVs. Immunoaffinity chromatog-
raphy offers an effective alternative for isolating EVs, and antibody fragments, such as
single domain antibodies (VHH), represent inexpensive reagents to use for EV capture
with respect to conventional IgGs [14,15]. VHHs used in this work have been obtained by
panning a naïve library against EVs isolated from cell culture supernatant and have been
applied for EV isolation starting from different biological sources [14–16].

Supermacroporous cryogels (SMC) can be prepared by free radical copolymerization of
acrylamide, bis-acrylamide, and allyl glycidyl ether in an aqueous medium by crystallizing
fluids and copolymerizing monomers under freezing conditions [17,18] and have been
successfully applied as chromatographic materials and carriers for the immobilization
of particles [19,20]. Water crystallization is crucial for SMC properties, as the formed
ice crystals serve as templates during cryogel formation [21]. At temperatures below
the solvent’s crystallization point, water freezes, while dissolved monomers and initiators
concentrate in the unfrozen regions, where polymerization occurs. In this way, the transition
of the solvent from the liquid to the solid phase occurs, enabling the formation of a
highly porous SMC structure. Upon thawing the gel to room temperature, the ice crystals
melt, leaving behind macropores (Figure 1) [22–24]. SMC supermacroporosity enables
the separation and purification of components from complex samples such as biological
fluids [18]. Hydrophilic monolithic cryogels have an elastic and spongy structure hosting
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interconnected macropores with a diameter up to 100 µm [25,26]. This highly permeable
substrate provides very little resistance to flow through [27] and offers an excellent solid
support for the attachment of VHHs necessary for the isolation of supramolecular structures
such as EVs. In this work, we have, for the first time, set up a VHH-based immunoaffinity
SMC chromatography system for the isolation of EVs from the plasma of healthy donors.

Figure 1. Schematic illustration of SMC synthesis.

2. Results
2.1. Characterization of SMC

The SMC composed of acrylamide (AAm), bis-acrylamide (MBA) and allylglycidyl
ether (AGE) was successfully synthesized and afterward characterized by measuring its
swelling behavior, flow rate, and hydraulic permeability. The physicochemical characteris-
tics of the SMC are summarized in Table 1. SMC is highly porous with determined modal
pore diameter of 20–100 µm. SMC has characteristic internal structure of cryogels with
heterogeneous interconnected pores with thin and smooth walls (Figure 2). The mercury
intrusion porosimetry results for dried SMC before and after VHH functionalization are
presented in Table 2. (Supplementary Figure S2, integral and differential pore size distribu-
tion curves). Parameters such as total intruded Hg volume (Vtot), bulk density, average
pore diameter (Davg), and most frequent pore diameter (Dmax) confirm the successful
synthesis of highly porous SMC, even after conventional drying (48 h in a laboratory oven
at 60 ◦C). A porosity of nearly 80%, combined with a monodisperse pore size distribution
exhibiting a maximum at approximately 29.5 µm, and 90% of the total volume of intruded
mercury (V0.9) occurring in pores larger than 25 µm, reveals the macroporous nature of the
synthesized material. This reflects a pore structure concentrated within a narrow range of
several tens of micrometers. Furthermore, the strong agreement between porosity values
derived from true density (He pycnometry) and apparent density (Hg porosimetry)—80.3%
and 79.7%, respectively—suggests that pore content smaller than the MIP detection limit is
practically negligible. The SMC modification with VHH resulted in a notable change of
over 12% in true density, indicating skeletal structure alteration due to successful VHH
binding to the initial SMC through the applied modification process. The functionalization
also yielded somewhat unexpected changes: Vtot increased nearly 2.2-fold, bulk density
decreased by a simultaneous 48% in both Davg and Dmax shifted toward larger pore
diameters. The pore diameter range accounting for 90% of intruded volume narrowed
and shifted toward larger sizes (45–60 µm). The resulting porosity exceeded 90%, making
the material comparable to freeze-dried cryogels, although freeze-drying was not used for
VHH-SMC preparation.
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Table 1. Structural and physical properties of the SMC.

Swelling Ratio Flow Rate Hydraulic Permeability

16 g/g H2O 8 mL/min 1.296 × 10−10 m2

 

Figure 2. SEM images of SMC.

Table 2. MIP results of SMC before and after VHH functionalization.

Parameter SMC VHH-SMC

Total cumulative volume (Vtot), cm3/g 3.00 6.53
Bulk density (ρbulk), g/cm3 0.266 0.139

Apparent density (ρApp), g/cm3 1.31 1.48
True density (ρt), g/cm3 1.351 1.519

entry 5
Average pore diameter (Davg), µm 38.40 56.35

Most frequent pore diameter (Dmax), µm 29.46 41.10
Pore diameter at 90% of Vtot, µm 24.84 41.75

Porosity (P), % 80.3 90.8

2.2. Isolation of EVs on SMC

The SMC was functionalized with a total of 500 µg of VHH antibody per gram of
SMC by adding 100 µg of each of the five different VHHs. The prepared cryogel was
used to isolate EVs from the human plasma of healthy donors. Plasma samples (500 µL)
were diluted with 4 mL of 0.1 M sodium phosphate buffer (pH 7.4) and the resulting
4.5 mL of sample were applied to the SMC column using a peristaltic pump. After washing
the unbound components, the bound vesicles were successfully eluted lowering the pH.
Individual 250 µL fractions were collected and their absorbance at 595 nm was used for
assessing the elution profile in order to determine the fractions enriched in vesicles. The
elution profile (Figure 3) shows multiple peaks in the early fractions, followed by a gradual
signal in the subsequent fractions. Protein concentration measured by BCA assay indicated
values around 10 µg/mL.
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Figure 3. Elution profile of EVs isolated from human serum by VHH-functionalized SMC. Elution
was monitored by measuring the absorbance at 595 nm.

2.3. Flow Cytometry Analysis

Assessment of tetraspanin markers in the eluted samples was performed using flow
cytometry. A pronounced fluorescence shift for all three extracellular EV markers: CD63,
CD81, and CD9 was observed (Figure 4). The addition of Triton X-100, a non-ionic detergent
that disrupts lipid membranes, resulted in a reduction in fluorescence intensity, indicating
that the fluorescent signal was associated with intact vesicular structures.

Figure 4. Analysis of the membrane biomarkers of EVs isolated with using SMC-VHH immune-
affinity matrix. Three common EV surface markers were targeted with specific antibodies: Anti-
CD63-AlexaFluor488, Anti-CD9-PE, and Anti-CD81 PE/Dazzle. Triton X-100 controls were used for
confirming vesicular structure. Error bars represent standard deviation of triplicates.

2.4. Number and Morphology of Isolated EVs

The SEM analysis (Figure 5) demonstrated that the particles exhibited spherical mor-
phology, with well-defined structures consistent with EV morphological characteristics.
AFM analysis illustrate representative 2D and 3D pictures, in which the vesicles exhibit a
characteristic spherical morphology (Figure 6A,B). Their diameters were estimated based
on the cross-sectional profile shown in panel C. The measured sizes ranged from 60 to
90 nm: the black marker corresponds to a vesicle measuring 62.7 nm, the green to 98.2 nm,
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and the red to 81.1 nm. NTA quantified the concentration (1.9 × 109 particles/mL) and
indicated that diameters ranged from 50 to 200 nm (Figure 7), and awith median vesicle
diameter of 135.6 ± 1.19 nm. The EV features are summarized in Table 3.

 

Figure 5. Scanning electron image (SEM) of extracellular vesicles.

Figure 6. AFM analysis of isolated EVs: (A) 2D image, (B) 3D surface rendering, (C) cross-
sectional profile.

Figure 7. Nanoparticle tracking analysis (NTA) of isolated extracellular vesicles. (A) Size distribution-
particles ranged in size from 50 to 200 nm, with the majority falling between 100 and 150 nm.
(B) Representative video frame capture. Data on size distribution represent the mean values of three
independent measurements.
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Table 3. Characteristics of EVs isolated from human plasma using VHH-functionalized SMC. Re-
ported values are calculated per starting volume of plasma (0.5 mL).

Parameter

Starting volume, mL 0.5
Protein yield, mg 1.21 ± 0.15
Lipid yield, mg 6.80 ± 0.34

Tetraspanin detection CD9+/CD63+/CD81+
SEM Single vesicles, 50–150 nm
AFM Single vesicles, 50–150 nm

Particle yield × 109 1.9 ± 0.1
Mean particle size, nm 135.6 ± 1.19

2.5. Reproducibility of EVs Isolation

The reproducibility of the EV isolation using VHH-functionalized SMC was evaluated
comparing the results from three independent experiments. For each isolation, protein
(Figure 8A) and lipid (Figure 8B) contents were quantified in technical triplicates and are
shown as mean ± SD. The measured L/P ratios were 5.559 ± 0.125, 6.365 ± 0.164, and
5.123 ± 0.163 for the three isolations, respectively (Table 4).

Figure 8. Reproducibility of EV isolation using VHH-SMC. Serum samples from healthy donors
were subjected to three independent EV isolations. Isolates were analyzed for protein (A) and lipid
(B) content. Data are presented as mean ± SD from technical triplicates (n = 3). A significance level of
p ≤ 0.05 was used for analysis of variance, implemented using the one-way ANOVA test followed
by the Tukey’s post hoc test (p ≤ 0.05). Values with a significance level of p ≤ 0.05 were considered
statistically different. ns: not significant.

Table 4. L/P ratio of EVs obtained from three independent isolations.

Isolate L/P Ratio

Isolate 1 5.56 ± 0.13
Isolate 2 6.37 ± 0.16
Isolate 3 5.12 ± 0.16

2.6. MS Analysis of EV Proteome

A total of 232 distinct proteins were identified in EVs isolated from plasma using mass
spectrometry (Supplementary Table S1, proteins present in at least three replicates). A
substantial portion of these proteins has been previously reported to be specific to EVs, as
confirmed by cross-referencing with publicly available EV databases, including ExoCarta
and Vesiclepedia. Table 5 lists representative EV-associated proteins grouped by functional
categories. These include proteins involved in cell adhesion, immune signaling, and cargo
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transport, such as LGALS3BP, CD14, LYZ, FN1, HSPA5, and S100A9. In addition to EV-
associated proteins, common contaminants were also detected, including abundant plasma
proteins (e.g., ALB, APOE), keratins (e.g., KRT1, KRT9), hemoglobin, and immunoglob-
ulin fragments. Their presence reflects co-isolation during EV recovery. The functional
enrichment analysis of the identified proteins, carried out within the Cellular Component
GO category using the FunRich tool, showed that the proteins in the highest percentage
belonged to the exosome (63.3%) and extracellular region (51.7%) categories. Additional en-
richment was also noted in categories such as lysosomes (37.4%), cytoplasmic cytoskeleton
(18.4%), and platelet alpha-granule lumen (9.5%). The data obtained from this analysis are
shown in Figure 9. A protein–protein interaction (PPI) network was constructed using the
STRING database to investigate potential functional relationships among the EV-related
proteins. The resulting network contains 46 nodes and 236 connections. STRING analysis
revealed a highly significant enrichment of protein–protein interactions (PPI enrichment
p < 1.0 × 10−16), confirming that the identified proteins are functionally connected rather
than randomly associated. The visual representation of the network (Figure 10) shows that
most of the identified EV-proteins form one connected component, with defined functional
clusters. There is a cluster of proteins associated with innate immunity and the complement
system, such as C3, C9, and HP, then a group of proteins involved in cell structure and inter-
cellular adhesion (FN1, ACTG1), as well as a cluster of proteins involved in stress-response
and redox regulation (HSPA8, PRDX2). Proteins involved in metal and lipid transport were
also identified, including LCN2 and S100A8. Certain proteins, such as GAPDH, FN1, and
HP, are associated with multiple clusters and function as hubs within the network.

Table 5. Functional classification of EV-associated proteins identified in samples.

Functional Category Protein

Cytoskeleton/structural proteins ACTG1, DSP, JUP
ECM/adhesion FN1, HSPG2, LGALS3BP, THBS1, VTN

Immune response/inflammation B2M, CD14, CD5L, FCN3, LRG1, LYZ, MST1, PPBP, S100A7, S100A8, S100A9
Complement and coagulation C1RL, C3, C4B, C4BPA, C4BPB, CFP, F2
Metabolism/stress response GAPDH, GPX3, HSPA5, HSPB1, PKM, PON1, PRDX2

Transport/vesicle-related/others AFM, CLU, CP, CTSD, DCD, GSN, HP, HPX, LCN2, ORM2, PC, PIP

Figure 9. Functional enrichment analysis of proteins identified in serum-derived EVs using FunRich
(Cellular Component category). The highest enrichment was observed for exosome (63.3%) and
extracellular region (51.7%), with statistical significance (p = 0.05).
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Figure 10. Protein–protein interaction network of EV proteins generated using the STRING database.
Protein–protein interaction network was generated using the STRING database with a medium
confidence score (0.4). Edges indicate known or predicted associations based on selected evidence
channels: turquoise (curated databases), purple (experimental data), yellow (text mining), and dark
blue (co-expression).

3. Discussion
EVs are now recognized as essential in cell biology and communication, but were previ-

ously overlooked due to their long history of being misidentified as “cellular waste” [28,29].
A more significant investigation of these membrane-bound particles started in the early
2000s, resulting in accelerated scientific interest. In 2011, the term “extracellular vesicles”
was coined to refer to lipid bilayer-containing particles released actively by cells. It is now
well established that bacteria, archaea, and eukaryotes all secrete EVs [30,31]. Extensive
research concentrated on the involvement of EVs in diseases like cancer and autoimmune
disorders. Wider translation of EVs in the clinical settings has been hampered by ineffective
and non-reproducible methods. For extracellular vesicles isolation, various techniques,
such as ultracentrifugation, size exclusion column chromatography (SEC), and polymer
precipitation, are used [32]. Ultracentrifugation has long been the standard method, but
requires specialized equipment and can lead to contamination by non-EV particles and
damage to the vesicles themselves due to high forces [33]. SEC enables size separation and
preservation of EV integrity, but often does not provide sufficient purity because it does
not remove all protein contaminants [34]. Polymeric precipitation is simple to apply but
results in low specificity and a large amount of co-precipitated proteins [35]. On the other



Molecules 2025, 30, 4337 10 of 20

hand, affinity methods, especially immunoaffinity chromatography, allow highly specific
isolation of EVs based on the expression of surface molecules [31]. Nanoantibodies derived
from naïve libraries enable selective and stable isolation of specific EV subpopulations for
research and diagnostics [15]. VHH can be fused to tags that simplify their biotechnological
use and such constructs bind to markers on the surface of EVs, allowing their isolation
from complex biological material [14].

Porous polymer monoliths are a novel class of materials that have emerged in the
past two decades. These materials are produced using a straightforward molding process
conducted within a closed mold [24]. Cryogelation techniques have been employed to
create macroporous monolithic materials from hydrophilic monomers and polymers for
biomedical applications [22,27]. Cryogelation allows for the creation of monolithic matrices
that are elastic and mechanically stable, with large interconnected pores that are readily
permeable to aqueous protein solutions and cell suspensions that otherwise would obstruct
the conventional chromatographic columns manufactured using beads. Allyl glycidyl
ether is commonly used to introduce epoxy groups for subsequent functionalization with
bioactive agents [27].

This work describes the characteristics of an immunoaffinity material obtained by
exploiting five anti-EV VHH nanoantibodies to functionalize monolithic SMC. This strategy
enhances EVs capture capacity and the data collected so far indicated its consistency. Since
monoclonal immunoaffinity-based capture can potentially isolate only specific subsets of
vesicles that may not accurately represent the whole range of the original sample, we opted
for the mix of five monoclonal VHH. The binding affinities of such VHH nanoantibodies
are not yet available, but it is generally presumed that nanoantibodies recovered from naïve
libraries have moderate affinity. This condition turns out to be optimal because the monolith
surfaces represent a polyvalent binder element with elevated avidity effect that is effective
for EV capture, but the moderate affinity of the single binders still allows the elution of intact
vesicles under mild conditions. The characterization of SMC indicated that the material
possesses structural and physical features that are beneficial for affinity chromatography
and the isolation of biological particles. The high swelling ratio (16 g H2O/g gel) indicates
significant hydrophilicity and the cryogel ability to retain considerable water within its
structure, which is crucial for preserving the biological activities of attached biomolecules
and preventing denaturation throughout the isolation process. The measured flow rate
(8 mL/min) and the computed hydraulic permeability (1.296 × 10−10 m2) validate that
the cryogel features an open and well-integrated macropore network. The SMC structure
facilitates the unobstructed transit of molecules and vesicles across the matrix, with minimal
flow resistance.

Mercury porosimetry analysis revealed a significant increase in total porosity from
80.3% to 90.8% alongside an expansion in average pore size following the functionalization
sequence (EDA → GA → nanoantibodies). Unlike typical solid supports, where modifica-
tion reduces porosity by pore filling, VHH-SMC showed a substantial increase—an effect
that can be attributed to multiple factors. These include altered polymer-water interactions
during functionalization, potential removal of labile matrix components, and possibly the
formation of secondary VHH-based supermacroporous frameworks, effectively creating
a new, more open porous architecture that uses the initial network as a scaffold. This
interpretation is consistently supported by the distinct shift of Dmax toward larger diam-
eters in both differential and integral PSD curves. This substantial enhancement can be
attributed to several interconnected mechanisms. The introduction of polar amino groups
during ethylenediamine treatment promotes increased swelling and hydration of the poly-
mer network, while subsequent crosslinking with glutaraldehyde effectively “locks” the
structure in this more expanded configuration. During nanoantibody immobilization and
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subsequent washing steps, partial removal of weakly associated matrix segments may
occur, generating additional interchannel connections and further opening the structural
framework. Comparable porosity increases following chemical functionalization have been
documented in other hydrogel systems, including aminated lignin hydrogels and gelatin
cryogels [36]. Furthermore, the potential contribution of VHH nanoantibody aggregates
forming secondary supermacroporous structures accessible to mercury intrusion cannot
be excluded.

Orthogonal analytical approaches confirmed the successful isolation of EVs from
plasma. Flow cytometric analysis indicated a clear fluorescence shift in EV samples incu-
bated with markers CD9, CD63, and CD81. Treatment with Triton X-100 caused a sudden
signal loss, supporting the observation that fluorescence required intact membrane vesicles
rather than protein aggregates or other contamination. Nanoparticle Tracking Analysis
(NTA) indicated that both particle concentration and median size were within the expected
values for serum-derived EVs. In our study, the applied isolation protocol yielded ap-
proximately 3.8 × 109 particles per mL of plasma, as determined by NTA. This value is
consistent with previously reported ranges for plasma-derived EV preparations obtained
using size-exclusion chromatography or differential ultracentrifugation, which typically
yield 109–1010 particles/mL, depending on pre-analytical conditions and measurement
settings [14]. It should be acknowledged that NTA quantifies all nanoparticles within the
analyzed size range, and therefore the reported values likely represent an upper estimate
of the true EV concentration. Nevertheless, the obtained particle numbers are in good
agreement with comparable methodologies reported in the literature. High-resolution
microscopic methods (AFM and SEM) confirmed the spherical shape and homogeneity
of the isolated particles, with diameters corresponding to the characteristic range of EVs.
Proteomic analysis by mass spectrometry identified a total of 232 different proteins. A
large part of them have already been previously recorded in the ExoCarta and Vesiclepedia
databases, confirming that the isolated samples correspond to the EV-proteome. Among
these, there were those involved in cell adhesion (FN1, LGALS3BP), immune processes
and signaling (CD14, LYZ, S100A9), as well as proteins related to stress response (HSPA5,
PRDX2). Taken as a whole, the integration of data obtained by flow cytometry, NTA,
microscopy, and proteomics unequivocally confirms that the isolated particles are indeed
EVs and that they possess the expected morphology and biochemical composition, as well
as a representative protein profile.

The acrylamide-based cryogel enabled the rapid and straightforward isolation of
highly pure EV samples, ensuring both speed and sample quality. However, the binding
capacity and overall capture efficiency may be limited by the comparatively low density of
immobilized nanoantibodies on the cryogel surface, which is estimated to be approximately
500 µg of protein per 1 mL of cryogel. Future optimization efforts could focus on improving
the immobilization density or enhancing the orientation of nanoantibodies. Finally, we
still need to optimize the conditions to minimize the EV sample contamination with
soluble proteins highly represented in body fluids. Surface coating and more extensive
washing will be tested, taking as models protocols developed for preparing ELISA or
biosensor substrates.

4. Materials and Methods
4.1. Chemicals

Acrylamide (AAm, 99%, Sigma-Aldrich, Saint Louis, MO, USA), N′,N′-methylene-
bis(acrylamide) (MBA, 99%, Sigma-Aldrich, Saint Louis, MO, USA), Allyl glycidil
ether (AGE, 97%, Thermo scientific, Waltham, MA, USA), N,N,N′,N′-tetra-methyl-
ethylenediamine (TEMED, 99%, Fishcer Scientific, Waltham, MA, USA), Amonium-
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persuflate (APS, 99.5%, Betahem, Belgrade, Serbia), Ethylendiamine (EDA, 99%, Thermo
Scientific, Waltham, MA, USA), Glutaric dialdehyde (25% w/v, Thermo Scientific, Waltham,
MA, USA), cell culture media and reagents, fetal bovine serum and bovine serum albumin
(BSA) were from Sigma Aldrich (Steinheim, Germany). Anti-CD63 (clone TS63) antibody,
anti-CD9 Phycoerythrin (PE)-labeled (clone MM2/57) antibody and Protein Quantification
BCA Protein Assay Kit were from Abcam (Cambridge, UK). Alexa Fluor® 488 anti-human
CD63 (clone H5C6) antibody and PE/Dazzle™ 594 anti-human CD81 (TAPA-1) antibody
(clone 5A6) were from Biolegend (San Diego, CA, USA). All other chemicals were p.a.

4.2. Production of Super Microporous Cryogel

Supermacroporous AAm-AGE cryogel was prepared according to the free radical
cryo-copolymerization method combining solvent crystallization and polymerization of
monomers. Allyl glycidyl ether is used to insert reactive epoxy groups. The monomers
(0.780 g AAm, 0.130 g MBA, 365 µL AGE) were dissolved in deionized water, and the
solution was stirred for 1 h to ensure complete dissolution and homogeneity of the monomer
mixture. The total concentration of monomers was 6% (w/v). Radical polymerization of
the reaction was initiated by TEMED (10 µL) and APS (14 mg) in an ice bath. The reaction
mixture was transferred into a plastic syringe with a sealed bottom. The polymerization
solution was frozen at −18 ◦C for 18 h and thawed at room temperature. The column was
washed with deionized water.

4.3. Characterization of SMC

To determine the swelling ratio (S), the SMC sample was washed with water and
weighed (mwet gel). It was then dried to constant mass at 60 ◦C (mdry gel) [37]. The swelling
degree was calculated according to the following formula:

S =

(
mwet − mdry

)
mdry

Flow rate was determined by monitoring the volume of liquid eluted from the SMC
column per unit time (mL/min). All measurements were performed in triplicate. The flow
resistance of the affinity SMC column was determined using Darcy’s law, as described in
the corresponding equation. The was determined according to the following equation [21]:

K =
Q·µ·L
A·∆P

where Q is the volumetric flow rate of the fluid, A is the surface area of the SMC, ∆P is the
differential pressure, L is the length of the column, and µ is the µ-fluid viscosity

The porosity of the synthesized SMC, both before and after VHH immobilization,
was determined using mercury intrusion porosimetry (MIP). Prior to measurements, a dry
cylindrical sample of appropriate mass was placed in a CD3 dilatometer. Low-pressure
measurements (0.0136–0.1 MPa) were conducted using a Macropore Unit 120 (Carlo Erba
Strumentazione), preceded by a 2 h drying step under vacuum (<1 kPa). This unit was also
employed to introduce mercury into the dilatometer for determining sample pore volume
in the range of 110 µm to 14.7 µm, as well as bulk density determination. To extend the pore
diameter range coverage, a Porosimeter 2000 (Fisons Instruments, Glasgow, UK) was used
for high-pressure measurements (0.1–200 MPa), covering pore diameters from 14.7 µm
down to 7.5 nm. Data acquisition and calculation of key parameters—including porosity,
total pore volume, bulk density (by Hg pycnometry), apparent density (by Hg porosimetry),
mean, and most frequent pore diameter—were performed using the Milestone 200 interface
and PASCAL ver. 1.05 software package, respectively.
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For porosity determination of SMC and VHH-SMC, the true density of both samples
was measured at (20.00 ± 0.01) ◦C using a Pycnomatic ATC gas pycnometer (Thermo
Scientific, Thermo Scientific, Waltham, MA, USA) equipped with integrated automatic
temperature control. Five measurement cycles were performed, with the true density value
calculated as the mean of these cycles with a 95% confidence interval. Each cycle was
repeated until five consecutive measurements showed a standard deviation difference of
less than 0.1%. The porosity was calculated according to the equation.

P = 1 − ρbulk
ρt

where ρbulk and ρt are the bulk density determined by Hg pycnometry and true density
determined by He pycnometry of the samples, respectively.

The morphology of the affinity SMC was examined using a field emission scanning
electron microscope (Tescan (Brno, Czech Republic) FE-SEM Mira 3 XMU) operated at an
accelerating voltage of 20 kV. Before imaging, the SMC samples were dehydrated in an
oven at 60 ◦C for 48 h to remove residual moisture. A small section was then cut from the
central region of the dried SMC and coated with a thin layer of gold using a sputter coater
(Polaron SC503, Fisons Instruments) to improve conductivity and reduce surface charging
during SEM analysis.

4.4. VHH Production

VHH antibodies (H1, H6, D5, B1, and G2) were isolated previously from a naïve
pre-immune library using direct panning against extracellular vesicles (EVs) obtained
from cell culture supernatants [15]. The VHH sequences were subcloned into a modified
pET-14b vector between Nco I and Not I restriction sites to produce fusion proteins with
C-terminal eGFP and 6×His tag [38]. The constructs were introduced into Escherichia coli
BL21(DE3) cells containing plasmids for the production of sulfhydryl oxidase and DsbC
isomerase [39–41]. The production of VHH antibodies adhered to a modified version
of previously reported methods [14,15]. In summary, 1 mL of overnight pre-cultures
were introduced into 400 mL of LB medium with 100 µg/mL ampicillin and 25 µg/mL
chloramphenicol. Cultures were incubated at 37 ◦C until an OD600 of 0.4 was attained.
The expression of DsbC and sulfhydryl oxidase was stimulated by the addition of 0.2%
arabinose, and the temperature was lowered to 30 ◦C. After 30 min, IPTG (0.2%) was
introduced to promote VHH expression, followed by overnight incubation at 21 ◦C. Cells
were subsequently collected via centrifugation, and the pellet was reconstituted in 20 mL
of TBS buffer (50 mM Tris-HCl, 500 mM NaCl, 5 mM MgCl2, pH 7.4). Following sonication,
lysates were centrifuged at 12,000× g for 20 min at 4 ◦C, and the supernatant was subjected
to immobilized metal affinity chromatography (IMAC). The resin was equilibrated with
buffer A (50 mM Tris, 500 mM NaCl, 30 mM imidazole, pH 8), and unbound proteins were
removed using the same buffer. Bound proteins were eluted using buffer B (50 mM Tris,
200 mM NaCl, 300 mM imidazole, pH 8). Fractions containing VHH-eGFP fusion proteins
were pooled and 20% glycerol was included for prolonged preservation.

4.5. SMC Functionalization and Immobilization of VHH-eGFP on the SMC Column

The AAm-AGE SMC was treated with ethylenediamine (1 M EDA in 0.2 M Na2CO3),
which reacts with the epoxy groups and opens them. Afterward, the column was washed
with water and 0.1 M sodium-phosphate buffer, pH 7, until a neutral pH was reached [42].
A solution of glutaraldehyde (5% v/v) in 0.1 M sodium-phosphate buffer, pH 7 was
applied to the column for 4 h in recirculation mode (Figure 11). Subsequently, the excess
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glutaraldehyde was washed with 0.1 M sodium-phosphate buffer. VHH-eGFP was added
to the column and allowed to circulate for 24 h.

Figure 11. Schematic representation illustrating the activation of epoxy-functionalized cryogel for
covalent immobilization of VHH nanoantibodies.

4.6. Blood Collection and Plasma Isolation

Plasma samples were collected from healthy volunteers in compliance with the Decla-
ration of Helsinki, following informed consent and approval by the Ethics Committee of
the Faculty of Chemistry, University of Belgrade (2-6/24). Peripheral venous blood was
drawn into citrate-containing Vacutainer tubes and processed within 30 min of collection.
To remove blood cells, an initial centrifugation was performed at 1550× g for 30 min at
room temperature, followed by a second centrifugation at 3200× g for 30 min to obtain
platelet-free plasma (PFP). PFP aliquots were either used immediately for EV isolation or
stored at −80 ◦C for future analysis.

4.7. Extracellular Vesicle Isolation from Human Plasma via SMC-Based Affinity Chromatography

The VHH-SMC was subjected to blocking with 200 mM glycine at pH 7 and 5% (w/v)
milk to eliminate any residual surface groups. Subsequently, the sample was washed
with 0.1 M sodium phosphate at pH 7.0. PFP (0.5 mL) was then applied, diluted 1:4 with
0.1 M sodium phosphate at pH 7.0, and recirculated for 2 h under a constant flow rate of
0.1 mL/min. Excess unbound proteins were removed using 0.1 M sodium phosphate at pH
7.0 until a negative reaction to proteins. Bound vesicles were eluted using glycine at pH 2.0
and subsequently collected in a tube containing 1 M Tris-HCl, pH 9.1, for pH neutralization.
Individual 250 µL fractions were collected and analyzed by Bradford assay (595 nm) to
monitor the elution profile. The sample was concentrated up to 1 mL. Reproducibility was
evaluated by performing three consecutive isolations using the same cryogel column and
the same plasma sample from a healthy donor.

4.8. Determination of EVs Proteins and Lipids

The protein concentration in EV isolates was determined with the BCA Protein Assay
Kit (Abcam, Waltham, MA, USA) according to the manufacturer’s instructions using
BSA as a standard. Lipid concentration was determined using standards of cholesterol
(25–200 µg/mL) dissolved in chloroform. Aliquots (70 µL) of standards and samples were
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placed in microtubes, and the solvent was evaporated by incubation at 90 ◦C with open
lids. Dried standards were resuspended in 50 µL of PBS, while 50 µL of vesicle suspension
was added to the dried sample tubes. After incubation for 20 min at 90 ◦C, 250 µL of
concentrated H2SO4 was added to each tube. The mixtures were transferred to a 96-well
plate, with 220 µL of sample per well, and allowed to attain room temperature. Then,
110 µL of vanillin reagent (0.2 mg/mL in 17% H3PO4) was added, and the mixture was
incubated for 10 min. The absorbance was determined at 540 nm. Lipid concentration was
expressed as cholesterol equivalents calculated from the standard curve.

4.9. Flow Cytometry

Latex beads (3 µM, Sigma-Aldrich) were diluted in PBS to obtain a 1% suspension. A
mixture of 4 µg of vesicle proteins and 30 µL of latex beads suspension was gently agitated
and incubated at 4 ◦C overnight. The beads were blocked in two subsequent phases the
following day: first, with 200 mM glycine for 30 min, and then with 5% skimmed milk in
PBS for an additional 30 min. Following a thorough PBS wash to eliminate any remaining
blocking agents, separate aliquots of commercial antibodies anti-CD9, anti-CD81, and
anti-CD63 that target extracellular vesicle markers were added. Each aliquot was diluted
1:5 in 1% BSA, and the samples were incubated for 1 h at 37 ◦C. The antibody-coated beads
were examined using a BD FACS Calibur system (BD Biosciences, Franklin Lakes, NJ, USA)
that features a 488 nm blue laser. Emissions were measured at specific wavelengths for
each antibody: 620 nm (PE/Dazzle) for anti-CD81, 525 nm (AlexaFluor 488) for anti-CD63,
and 561 nm (PE) for anti-CD9. Milk-blocked, non-coated beads functioned as negative
controls. Detergent controls have been performed by incubating samples with 0.5% Triton
X-100 for 30 min at RT.

4.10. Nanoparticle Tracking Analysis (NTA)

The size and concentration of the EV samples were determined using the ZetaView
Quatt PMX-430 nanoparticle tracking analyzer and ZetaView software version 8.05.16 SP3
(Particle Metrix, Inning am Ammersee, Germany). Before the analysis began, the camera
and laser were automatically calibrated, and focus was verified using 100 nm polystyrene
beads in accordance with the manufacturer’s guidelines. Measurements were performed
using a blue laser at 488 nm in light scatter mode-LSM. Video recording was performed
with a shutter speed of 100 and a frame rate of 30 frames per cycle, while the sensitivity was
set to 78. Following the acquisition, the analysis parameters were set to a minimum particle
area of 10, a maximum area of 1000, and a minimum brightness threshold of 30. EV samples
were diluted in particle-free 0.05 M PBS (pH 7.2) to obtain an optimal number of particles
per frame for analysis. Extracellular vesicle sample was analyzed in three measurements at
up to 11 positions, to ensure data reliability.

4.11. Atomic Force Microscopy

Atomic force microscopy (AFM) was used to assess the surface morphology of the
samples, employing a NanoScope 3D system (Veeco, Plainview, NY, USA). Etched silicon
cantilevers with a spring constant ranging from 20 to 80 N/m were used for imaging.
Before the sample application, the mica substrate was gently polished with adhesive tape.
A few microliters of the extracellular vesicle suspension were deposited onto the prepared
surface and allowed to air-dry. Image analysis was performed using Nanoscope software
(version 1.40r1).

4.12. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was employed to analyze the morphology of
purified EVs. The EVs samples were deposited onto metal stubs and left to dry naturally in
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air. Before starting SEM analysis, samples were coated with a gold layer using a sputter
coater (Polaron SC503, Fisons Instruments, Glasgow, Loughborough, UK). Morpholog-
ical characterization was carried out using a Tescan Fe-SEM Mira 3XMU (Tescan, Brno,
Czech Republic).

4.13. Protein Precipitation and Peptide Preparation for Mass Spectrometry

Suspended EVs were aliquoted in five technical replicates and processed in parallel.
Precipitation of 4 µg of protein was performed by adding six volumes of cold acetone and
incubating the mixture at 4 ◦C for 1 h. Samples were centrifuged at 15,000 rpm for 10 min
at 4 ◦C, and the supernatant was carefully removed. The protein pellets were solubilized in
15 µL of LC-MS-grade trifluoroacetic acid (TFA) and vortexed. The acid was neutralized by
adding 90 µL of 2 M Tris base. Subsequently, 10 µL of a freshly prepared 1:1 solution of
tris(2-carboxyethyl) phosphine (TCEP, final concentration 10 mM) and chloroacetamide
(CAA, 40 mM), along with 180 µL of Milli-Q water, were added. Samples were incubated
at 95 ◦C for 5 min with agitation at 350 rpm, and then allowed to cool to room temperature.
Proteins were digested by the addition of 40 ng of trypsin (2 µL trypsin working solution at
20 ng/µL in tris base 0.1 M). Digestion was performed overnight at 37 ◦C at 450 rpm. The
next day, 5 µL of 100% TFA was added to each sample, and the pH was confirmed to be
acidic. Peptides were desalted using C18 as previously described [43]. The stage tips were
conditioned with 250 µL of acetonitrile and equilibrated with 250 µL of elution solvent
(40% acetonitrile, 0.5% acetic acid), followed by 250 µL of solvent A (0.5% acetic acid in
water), each step performed by centrifugation at 4000 rpm for 5 min at 25 ◦C. Acidified
peptide samples were loaded on the C18 microcolumns, washed with 250 µL solvent A,
and eluted with 40 µL of elution solvent. After drying overnight in a vacuum at 2000 rpm,
room temperature, peptides were reconstituted in 40 µL of solvent A. The final peptide
solutions were analyzed by mass spectrometry.

4.14. Mass Spectrometry

The method has been detailed elsewhere [43]. The peptides were analysed in a Bruker
(Billerica, MA, USA) timsTOF fleX mass spectrometer operated in Data Independent
Acquisition (DIA) mode. The resulting spectra were analysed with FragPipe v23 and
DIA-NN v2.0 in a library-free mode [43]. Lists of identified proteins were obtained from
the 5 technical replicates, with 62% of proteins quantified with a coefficient of variation
below 20% across the five replicates, showing good repeatability of the proteomics analysis.
Proteins identified in at least 2 replicates are listed in Supplementary Table S1, and their
presence in respective replicates is displayed in Supplementary Figure S1 showing excellent
overlap (Venn diagram created with https://bioinformatics.psb.ugent.be/webtools/Venn/,
accessed on 2 October 2025).

4.15. STRING-Based Analysis of EV-Associated Proteins

Protein–protein interaction (PPI) analysis was performed using the STRING database
(version 12.0; https://string-db.org) to examine the functional connectivity of the proteins
identified in the extracellular vesicle samples. Only proteins previously confirmed as EV-
specific by cross-checking with the publicly available ExoCarta (http://www.exocarta.org/)
and Vesiclepedia databases (http://www.microvesicles.org/) were included in the analysis.
Proteins known as common contaminants from plasma or serum, including albumin (ALB),
apolipoproteins (APOA1, APOB, APOE), immunoglobulin chains (IGHG, IGKV, IGLV),
and hemoglobin (HBA, HBB), as well as keratins (KRT1, KRT10, KRT14), were not included
in the analysis. This provides an analysis that reflects a representative EV proteomic profile.
The STRING network was generated using a medium confidence threshold (0.4), and

https://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org
http://www.exocarta.org/
http://www.microvesicles.org/
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evidence channels were included: curated databases, experimental evidence, text mining,
and co-expression.

4.16. FunRich Analysis

Functional annotation of the identified EV-proteins was performed using the software
tool FunRich (version 3.1.3). Only EV-specific proteins, confirmed by comparison with
ExoCarta and Vesiclepedia databases, were included in the analysis. The analysis was
focused on the Gene Ontology (GO) category Cellular Component, to identify the predomi-
nant subcellular localization of proteins. The statistical significance of the enrichment of
GO terms is expressed by p-values corrected by the Benjamini–Hochberg method, and the
results are shown as the percentage of proteins present in each category.

5. Conclusions
The cryogel-based immunoaffinity chromatography system functionalized with VHH

single-domain antibodies described in this contribution successfully provided specific
capture of human plasma-derived EVs. The supermacroporous cryogel porosity, flow
characteristics, mechanical stability, and functionalization opportunity for VHHs allowed
the rapid recovery of intact EVs, the identity of which was confirmed by microscopy,
NTA, flow cytometry, and proteomic analyses that revealed good enrichment of exosome-
associated proteins.

Relative to classical ultracentrifugation or polymer precipitation, the procedure is
rapid and gentle, preserving EV integrity. Further repeats will be necessary to confirm the
presented data that otherwise indicate elevated reproducibility. The system was tested
only with healthy donor material, but it has been conceived as a platform to isolate EVs
specific to disease states. This developmental step will be dependent on the availability of
suitable VHH.

In summary, VHH-functionalized cryogels represent a promising and flexible tool
for the enrichment of EVs, with potential applications in biomarker discovery, therapeutic
monitoring, and diagnostics in clinics, as long as further optimization and standardization
are achieved.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30224337/s1, Figure S1: Venn diagram illustrating the
overlap in identified proteins between the five EV samples; Figure S2: Integral and differential pore
size distribution of SMC and VHH-SMC determined by mercury intrusion porosimetry; Table S1:
Proteomic dataset of EV samples including calculated coefficients of variation (CVs).
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