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In the present work, we report a proof-of-concept application of
a composite Aga-Q3 hydrogel for the gentle confinement and
analysis of extracellular vesicles (EVs) on microarray analytical
platforms. Thanks to their peculiar functional properties, our 3D
microdroplets are suitable to phenotype EVs with specific anti-
surface antigen bioprobes, including antibodies and peptides.

Hydrogel materials have grown in popularity in recent years
thanks to their versatility and diverse application
possibilities, including the development of drug delivery
systems, tissue engineering, biosensing platforms, and
diagnostic biosensors."® A fundamental figure of merit of
hydrogels is that they can be tailored to mimic the biological
milieu where biomolecular interactions occur.”

On these bases, the field of three-dimensional (3D)
immunoassays is an expanding niche of hydrogel
applications, where they are used as soft matrices to locally
confine biomolecules onto analytical surfaces under semi-
wet, native-like conditions. Efforts toward next-generation 3D
immunoassays are fuelled by some appealing and relevant
advantages over conventional planar, two-dimensional (2D)

systems, such as increased loading capacity, lower
nonspecific binding, and an improved signal-to-noise
ratio.*"?

In this scenario, there has been an increased interest in
composite hydrogels, which consist of blends of distinct
nanostructured (bio)materials with synergically improved
properties. The favourable supramolecular interactions that
are established between the individual components can
indeed induce new functional properties in the resulting
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blend,
opportunities.

Our group has recently contributed to this field by
exploiting either peptide-based or composite hydrogels to
realize microdroplet arrays, which we applied in the field of
immunodiagnostics. In particular, our findings showed that
the use of composite hydrogels obtained by the combination
of a self-assembling peptide (Q3 peptide) with low-
temperature gelling agarose (Aga) is ideal to balance hydrogel
functional and mechanical properties."?

Herein, we propose a proof-of-concept study in the
application of our composite Aga-Q3 hydrogel for the gentle
confinement and analysis of extracellular vesicles (EVs) on
microarray platforms. Extracellular vesicles (EVs) are cell-
derived bio-nanoparticles that are arising with almost
unprecedented expectations as circulating carriers of
biomolecular information to be decoded for diagnostic
purposes.' EVs, depending on their biogenesis pathway, can
be categorized into endosome-origin exosomes (50-150 nm),
plasma-membrane-derived microvesicles (50-1000 nm)
(MVs), and apoptotic bodies (500-2000 nm). However,
achieving a precise distinction remains exceptionally
challenging in routine practices due to the lack of a
consensus on specific markers for EV subtypes. Notably,
exosomes and MVs exhibit size overlap and share numerous
known biomarkers enriched in EVs. As a result, the ISEV
(International Society for Extracellular Vesicles) guidelines'®
recommend concurrent classifications based on physical EV
characteristics such as size or density. Specifically, the
existing literature emphasizes that within the diverse array of
extracellular vesicles, small EVs (30-250 nm)"® are key
players in intercellular communication, assuming a crucial
role in various pathological conditions, especially cancer
metastasis.">*® As such, they are broadly investigated as a
promising class of EVs from both diagnostic and prognostic
perspectives. On the other hand, EV analysis is facing
remarkable challenges due to the peculiarities of these
bioanalytes, and new methodologies are still needed to
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complement current technologies in EV analysis.”’* Among
the reference strategies presently employed for the analysis of
EVs, the protein microarray platform plays a pivotal role in
phenotyping EVs.”® In this technique, a panel of antibodies
are employed to selectively capture EVs on an analytical
surface targeting their most common surface proteins (e.g.
tetraspanins, Annexin V). Subsequently, characteristic
transmembrane proteins are detected through fluorescence-
based immune staining. This strategy has been applied to
the analysis of antibody-captured vesicles and also in a label-
free mode, for example using surface plasmon resonance
imaging (SPRi)*®* and a single particle interferometric
reflectance imaging sensor (SP-IRIS).>” However, targeting
surface-exposed proteins for capturing presents several
drawbacks, including potential bias due to soluble antigens,
variability in antibody specificity and affinity, and poor or
fluctuating relative abundance of surface protein markers.

In this work, we present a different approach by showing
that small EVs can be successfully confined within our Aga-
Q3 composite hydrogel through physical entrapment, without
the need for specific surface targeting. This represents an
unbiased technology for phenotyping EVs, potentially
expanding the range of molecular tools available and
enhancing analytical consistency.

We provide a proof-of-concept that microdroplet arrays are
suitable systems to phenotype EVs by specific anti-surface
antigen bioprobes, including antibodies and peptides.

The direct application of hydrogels in 3D microdroplet
arrays is closely bound to the preservation of a narrow
window of ideal rheological properties, which are
prerequisites for hydrogel printability and physical stability
under assay conditions.

Then, to assess the properties of our composite hydrogels
in the presence of EVs, we probed the rheologic properties of
the composite materials by mixing Q3, Aga and EVs in a
phosphate-buffered saline (PBS) buffer. With this goal, EVs
from the conditioned HEK medium were isolated by
sequential centrifugations as previously reported®® and
characterised according to the guidelines,'> by nanoparticle
tracking analysis (NTA) and western blotting (WB) to
demonstrate the presence of the EV membrane surface and
luminal proteins (see further details in the ESIf). Results
confirmed the presence of vesicles with size and protein
content compatible with EVs as shown in Fig. 1. Moreover,
TEM analysis was also performed to assess the morphology
of EVs (see Fig. S21).

Afterwards, a Q3 peptide stock solution (1 mM) was
diluted at different concentrations (25-100 puM) in Aga
solution (0.05-0.2% w/v) in PBS, and EVs added at a final
concentration of 10'® EVs per mL, which is in the upper
range of concentration typically used in EV microarray
analysis.”>** The formation of transparent gels was not
impaired by the presence of EVs, as determined by
oscillatory rheological measurements (Fig. 2), showing that
all the tested samples behaved like typical viscoelastic
fluids.
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Fig. 1 Characterisation of isolated EVs from the HEK cell line
performed by NTA and WB. Inset: the presence of transmembrane
proteins CD63 and CD9 and luminal proteins ALIX and TSG101 was
assessed by western blotting (see the ESIf). The HEK-EV preparation
resulted positive for all the four proteins. Results of the analysis by
NTA provided a mean particle size of 176 + 3 nm and a concentration
of 2.1 x 10** particles per mL.

Of note, the presence of EVs within the hydrogel matrix
only affected hydrogel deformation properties to a negligible
extent, thereby excluding a detrimental effect on its structural
properties. The G' module for EV-loaded hydrogels was 8 Pa,
within the G’ reference value of <10 Pa that is to be
considered for compatibility with the microfluidic apparatus
and direct microarray printing. Printed
microdroplets also retained their characteristic sponge-like
behavior, reversibly maintaining their volume over repeated
cycles of drying and swelling, as verified by drop shape
analysis.

Supported by the favorable premises, we designed a model
test to assess the potentialities of our 3D system in EV-
microarrays (Fig. 3). EV samples were added (10" EVs per
mL) to the hydrogel matrix under the Aga-Q3 optimized
conditions (25 pM Q3/0.05% w/v Aga) and directly spotted on
the SiO, layer as previously described (see the ESIf). As
already demonstrated in our previous paper,'*?" the selective
tuning of hydrogel microstructure allows us to control the
permeation of various analytes differentially, with the
hydrodynamic radii of biomolecules controlling the diffusion
properties through the hydrogel. In this line, the hydrogel
composition was finely optimized to selectively allow the
diffusion of antibodies and peptide bioprobes while ideally
retaining extracellular vesicles (EVs).

Microdroplet arrays were tested in EV-phenotyping
immunoassays through the incubation of fluorescently
labelled probes (antibodies and peptides) directed against
tetraspanins CD81 and CD63, some of the most common EV-
associated surface markers reported in the literature, for
which specific peptide binders with nM affinity have already
been described.”” Empty gel spots were used as negative
controls. A fluorescence response was clearly detectable in
EV-loaded spots, demonstrating that the vesicles are stably

successful

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison between strain sweep experiments (linear Visco elastic region) obtained for different concentrations of Aga-Q3 mixtures™® and
Aga-Q3-EV (fixed concentration at 10%° EVs mL ™) mixtures in PBS, detailed as follows: (a) Aga-Q3 0.2% w/v 100 uM (grey solid) and Aga-Q3 0.2%
w/v =100 uM with EVs (black solid); (b) Aga-Q3 0.1% w/v -50 uM (green solid) and Aga-Q3 0.1% w/v -50 uM with EVs (black solid); (c) Aga-Q3
0.05% w/v -25 uM (red solid) and Aga-Q3 0.05% w/v -25 uM with EVs (black solid). Oscillation amplitude table: frequency 0.3000 Hz, 10 samples
per decade. Each analysis was repeated three times, and representative measures are reported. (d) Drop shape analysis performed by contact angle
measurements. Aga-Q3 0.05% w/v -25 uM with EV droplet volume observation by video capturing over three repeated drying/rehydration steps.

Inset: hydrogel spots on a microarray slide.

entrapped, and that the 3D matrix is permeable to probes
that can specifically recognize the EV-associated tetraspanin
markers. Negligible signals were instead detected in empty
control spots, excluding the role of nonspecific probes-matrix
interactions. Of note, the peptide probe showed higher
fluorescence signals than anti-tetraspanin antibodies in the
same experimental concentration (Fig. 4).
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Fig. 3 Scheme of the assay: a matrix composed by the Aga-Q3-EVs
gel and EV sample was spotted on a SiO, chip, three washing steps
were performed to remove entrapped macromolecules, then a
labelling step was performed by incubation with fluorescent peptide
probes.

© 2024 The Author(s). Published by the Royal Society of Chemistry

This can be ascribed to improved peptide diffusion through
the matrix, which is related to the hydrodynamic radii of the
differently sized bioprobes.” In order to estimate the lower
concentration of peptides suitable to obtain a significant
signal, we tested serial dilution concentrations of Cy3-CD81
and Cy3-CD63 peptide probes (from 500 nM to 2 nM).
Experimental results highlight that a statistical difference can
be observed until a concentration of 2 nM for both peptides
(Fig. 4 and S17). To assess how the 3D system performs in
comparison to more canonical assays, we performed a
conventional microarray experiment for detecting EVs in a 2D
format, exploiting a pan-tetraspanin panel of antibodies (CD9/
CD63/CD81) directly spotted on the analytical surface for EV
capturing (further experimental details are provided in the
ESIt). However, it should be emphasized that this does not
constitute a true direct comparison due to possible variability
in CD9/CD63/CD81 abundance.

From the experimental results, the 3D assay showed better
performances than the conventional planar 2D assays
probably due to a more favorable interaction of epitope
probes in the semi-wet system, combined with increased
surface loading capacity (see Fig. S3t)."**"

We then moved to investigate the use of the composite
hydrogels to detect putative EV-based biomarkers involved
under pathological conditions, e.g., cancer diseases.

Sens. Diagn., 2024, 3, 395-399 | 397
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Fig. 4 Detection surface markers (CD63 and CD81) of EVs loaded in gel-spots (10*° EVs per mL) by several concentrations of peptide and Ab
probes (from 500 nM to 2 nM). Empty control spots (red plots) were analysed to discern the presence of nonspecific probes-matrix interactions.

Data were obtained from three replicates.

According to the driving principles of liquid biopsy
applications, it is indeed well known that EVs derived from
tumor cells are enriched with specific biomarkers, as their
content reflects the nature and status of progenitor cells.**"**
In this context, extensive evidence has highlighted that the
presence of EVs-uPAR (urokinase-type plasminogen activator
receptor) expression in plasma patients could be a powerful
diagnostic biomarker in the pathophysiology of cancer
dissemination (e.g. breast cancer, bladder cancer and
melanoma).**™” Moreover, it has been demonstrated that an
increase in EVs-uPAR levels could be connected to drug-
resistant mechanisms in cancer treatment, underlining the
importance of uPAR in prognosis and providing a useful
predictor of high-risk patients.*® With this aim, we
synthesized the fluorescent conjugate of a non-natural
peptide that showed great targeting properties toward
uPAR.*® Based on the experimental conditions optimized
above, EV-phenotyping immunoassays were performed to
compare the expression of uPAR in two distinct EV
preparations (HEK-EVs and RT112-EVs). RT112 is a grade 2
bladder cancer cell line, representative of luminal-like
FGFR3-driven cancer, and expresses uPAR on the surface.*’

UPAR
1500
%k Kk
1000
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4
500
Blank—
0-
& \\,bﬁl
R

Fig. 5 EVs derived from two different cell lines were tested with the
uPAR-peptide (20 nM) in labelling. A significant difference can be
observed between RT-112-EVs and control HEK-EVs. Statistical
differences were assessed using Student's t-test (p < 0.05) compared
to the background signal detected for the blank sample. Data were
obtained from three replicates.
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The results showed a statistical difference between the two
sample cohorts, demonstrating that microdroplet arrays can
indeed represent a suitable platform for EV phenotyping
aimed at distinguishing EV subpopulations with prospective
clinical relevance (Fig. 5).

In conclusion, we provided a proof-of-concept
demonstration of the use of composite peptide-agarose
hydrogel microarrays for physically entrapping EVs within a
3D environment, thus avoiding any possible bias due to the
differential expression of surface markers usually employed
for antibody-mediated capture. Thanks to the hydrogel
structural features, direct phenotyping of confined EVs could
be performed exploiting different bioprobes.

Importantly, the hydrogel matrix did not interfere with the
molecular recognition of EVs, nor did it show nonspecific
interactions, allowing biomolecular diffusion of bioprobes
and their specific target recognition, including clinically
relevant ones. Due to the high versatility and robustness of
this sensing platform, we foresee future applications in the
multimodal and multiplexed analysis of extracellular vesicles
for liquid biopsy-oriented applications.
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