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Abstract

ExtracellularVesicles(EVs) are cellderived membranous structures ubiquitously found in all
biological fluids that have been only recently unrevealed as fundamental players in intercellular
communicatioh Lying at the crossoads of biology and nanoscience, EVs are progrelssi

being acknowledged as the new frontier nanoparticles.

Yet, many aspects underlining their biological roles remain mostly unexplored due to severe
limitations that plague current EV isolation and characterization protdoaésto the complex
nature ofbiological sample matrices of origin and the physicochemical properties of EVSs,
accurate and reproducible isolation of EVs still poses significant and mostly unmet challenges,
particularly towards the prospective of routinely Edé&sedanalyticalworkflows.

In this direction, microarrays represemtuseful platform for the analysis of extracellular
vesicles.This technology allows different simultaneous analysis, low volocomsumptiorof
thesamplas, and high sensitivity. In thigchnology peptides have been largely investigated as
valuable alternative probes to antibodies, particularly in the immunodiagnostic field, thank to
their low cost, stability, synthetic versatility, and tunability of fumal groups.

In this thesiswork, we set to develop different approaches fbe use of peptides ithe

microarray technologpropaedeutito EVs analysis

In the first casewe present the use of membrasensing peptide@MSP) as new effective
ligands for directly integratingxtracellular vesicles (EV$3olationand analysis odifferent
microarray platforma. In summary, we could show that M®Perae as generic yet selective
EVsbaits and display higher binding cafig thancommonly usedntitetraspaim antibodies
Based on the membrane sengmgpertiesof a precursor sequence derived frBnadykinin
protein, we performed molecular design that led to the generation of dibragyl of peptides.

In particular, the sequences were developaded ontheir electrostatic and hydrophobic
interactions with thghosphtipid membrane ofEVs. These rolecular probes have been
evaluatedand compared with each other through tests to capture extracellular vesicles on
microarray platformThe results showed that, in addition to a first purely electrostatic approach
with the membrane, the presence of hytiapc anchors within the peptide sequence plays an
important role in capturingf these biological nanoparticles

Another aim of the thesis wdlse synthess of a reference material for the standardization of
our platform For this reasonye investigate a new approach for the production of synthetic

extracellular vesicles (synEVSs).
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Bottomup manufacturing processes use small molecules as the foundationabdulibdiks to

create huge, complex structures through a methodical assembling process that combines their
physical and chemical features. Specific lipids, ranging from conventional formulations to
replicating the makeup of extracellular vesicles, are emglaygroduce a lipid bilayer before

being modified with chemical groups or designed with surface proteins to replicate the structure
of natural EVs. As a result, comprehensive knowledge of the roles played by important natural
EVs components is necessaoy bottomup approaches. Artificial extracellular vesicles can be

pure in composition and have tunable properties by assembling desired components learned

from natural EVs.

In the secondapproach we focused on the use of peptides in the field of hydrogel 3D
microarrays.Hydrogels represent ideal semet systems, as biomolecules can be gently
confined within a nativdike environment, preserving their structural and functional properties.
Hydrogel basd immobilization platforms can indeed provide highly versatile systems for the
fabrication of functional bienterfaces on diverse analytical formats: from mwiéll plates to
microarrays slides.

However, some hydrogel properties still limit their widkessad use for the creation of bioassays.
Herein we developed composite hydrogebtainedoy mixing a seHassembling peptideith
low-temperature gelling agams In this approach, agarose represent the core structural
component while the presence efyide is crucial to balance out the rheological properties and
the introduction of biofunctionalizatioWVe show the viability of our 3D approach in real
applications by profiling the serum IgG immunoreactivity of Celd patients, which
displayed a markedly better sigriatnoise ratio over conventional assays in the 2D format and
exceptional specificityFinally, we demonstrate th@oofof-conceptuse ofour hydrogel for

the physical confinement of EVs under controlled permeability iiond and its use as a
platform forthe prognostic valuef extracellular vesicles as potential biomarkers of bladder

cancer.
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1. Introduction

1.1Extracellular Vesicles: Exosomes, Microvesiclesand Apoptotic bodies

Extracellular vesicles are membranous mie@nod nanesized biological particleseleasedy

cells and their secretion was initially described as means of eliminating unneeded compounds
from the celt.

The first and most notable study demonstrating the existence of extracedsicles (EVSs)

was published in 1946 by Chargaff and West, who called them procoagulant olataiet
particleg, a term which was later replaced with "platelest” by Wolf in 1967. The early
1980smarkedthe start of the era of expansion awhore specific understanding of EVs and
these early studies laid th@undation for the explosion of interest that followed over the next
30 years(Fig. 1).

Documents by year
4000+

3000

2000

N° of pubblications

1000

0 N T  EEEEE—— |
1990 2000 2010 2020

Year

Fig. 1 Publication trends on extracellular vesicle studies fro@01® 2021. Publications were selected by
searching the keyword "extratdhr vesicla' in the Web of Science.

Based on their biogenegisig. 2), traditionallytheyhave beemroadly divided intolreemain

categories(i) exosomes(ii) microvesiclesand (iii) apoptotic bodies
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Biogenesis Types/Characteristics

Lipid bilayer Integrins
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P Multivesicular bodies (MVB) CD40 ligand
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: \ Selectins (CD62)

NS
Golgi ‘ Exosome-like Exosome-like vesicles
vesicles Size:  20-50nm
Vo7 ) Shape: Irregular
- é y “\ mFm-g

Markers: TNFRI
Lipids: No lipid rafts

Origin: MVB from other organelles?

Nucleus || Endoplasmic ‘endosome Receptors
« reticulum g
/_ / "' E Exosomes
-\ Size:  50-100nm
‘ Shape: Cup shaped
/' . Markers: Tetraspanins (CD63/CD9),

Alix, TSG101, ESCRT

Tetraspanins 3 Lipids: Cholesterol, sphingomyelin,
Multivesicular (CD63/CDY) ceramide, lipid rafts,
Fusion to endosomes \ Q phosphatidylserine
create late R Origin: Multivesicular endosomes
endosomes n sloase (+) gin:

GQ‘QE

Degradation

Membrane particles
Size:  50-80nm

Shape: Round

Markers: CD133, no CD63
Lipids: Unknown

Origin: Plasma membrane

Fig. 2 Intracellular pathways of EWiogenesis and secretion.

Exosomediogenesis occurs via the exocytosis of multivesicular endos@mé43) and in this
process, cytosolic contents, transmembrane panigpheral proteins are incorporated into the
vesiclesExosomes arasually consideredhe smallest vesiclesubtypewith a diameter range

of 30-150 nmand a density between 1.13 and 1.18igl>. Of note, recent ldrature highlights

t hat precaution must be adopted in assignin
the basis of sizé&=xosomes are carriers of several molecules, such as DNA, RNA, proteins, and
lipids, and their contents directly reflect thestabolic state of the cells from which they
originate.Endosomal proteins involved in MVB biogenesis (Alix, TSG101) are enriched in
exosomes, as are proteins related to membrane traffickinggRBhasesand cellmembrane
derived Tetraspanins such as CDB3DP81, and CD9(Fig 3). The exosomamembranes
enriched in cholesterol, sphingomyelin, lipid raftlike structuesnd phospholipids carrying
short saturated fatty acids, which render them highly StaBlempared to other EV types,
exosomes stand out due to their molecular composition, physiochemical propemnties

biogenesis
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. @ 6(98 * Long Body Circulations
* Compartmentalization
; / * Targeted Delivery

% . » Biocompatibility & Safe
s> % ( * Cargo Protection & Encapsulation
~ (\ * High Penetration
® if&‘ii‘i“/\ \  Biodegradable
“*"ie“aspanms * Enhanced Biodistribution
FLOT-1 <« \\\ (CD63, CD81, CDY)
N

Fig. 3 Typical structure and content of exosomes. Abbreviations: FLOT1, flotillin 1; HSP, heat shock protein;
TSG101, tumor susceptibility gene 101.

MicrovesicledMVs) derive from outward blebbing (buddingf)the plasma membramaad are
sized in the range fr@ 50 nm to 1um in diameter but can be even larger (up o0

Many processes and effectors are believed to contribute to MV biogenesis, samehahight

not have been uncovered yet, as it appears likely that MV secretiondson and celitype
dependeri. The membraneibl ay er ma i sidedadsi st hl rihgpaisgdhmeiric
distribution of phospholipidsand besides displaying surface receptors, adhesion molecules
and other membrar@ssociated proteing)eyalso carry cargo in their lumal space.

MVs are involved in important functions in both health and disease, anddlegise is highly
sensitive to celsignallingpathwaysThefirst important process in whiddVs play a central

role is coagulatiowhile, in malignancy, MVs released liymor cells can facilitate tumour
progression

In contrast to the others EV typespgaotic bodiesApoBDs9 are generated by cells undergoing
programmed cell death They arestronglydiffering in size, ranging from 0.5 pm to 5 pm in
diameter.Given their involvement with cell death, their release and clearing are tightly
regulatedieakage of their contents (biomolecules, organedled other remains of the dying
cell) could have serious cormeences, including inflammation and autoimmune reactions
While MVs a n d exosomes can operat e a s-cellalara f e
communication, apoptotic bodies appear after the disassembly of an apoptotic cell into
subcellular fragmentsThe main function of the cell disassembly process and release of
ApoBDsis to ensur¢he safe and efficient disposal of cell contents during apoptosis. This role
in itself impartsthem with notable significance in pathology. Indeed, perturbations of this
orderly processesult in inflammatory anadnmunological problemt$. During the early stages

of apoptoss, a membrane lipid rearrangement occurs, which involves phosphatidylserine (PS)

translocation from the inner to the outer ledflet
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Multiple cells have the capacity to release EVs, which may explainewtngicellular vesicles

are found in almost all body fluids, including blood, saliva, semen, cerebrospinal fluid, bile,
uterine fluid, nasal fluid, urine, synovial fluid, bronchoalveolar fluid, amniotic fluid, breast
milk, and faecé$. Exosomes play anajorrole in intercellular communication between cells

by interacting with target cells viaeceptormediated endocytosidipid raft interactions,
clathrin interactions, phagocytosmicropinocytosisand possibly direct fusioihe biogenesis

and content of exosomdstermingheir destiny and mission as intercellular messengerse
uptake, exosomes will deliver their cargnto cells for the regulation of multiple cellular
activities, such as cellular development, immune response, and disease condition of recipient
cells. Extracellular vesiclesare also involved in various pathological conditions, such as
different types of canc&; neurodegenerative disea$ednfectious diseas&$ pregnancy
complications, obesit§ andautoimmune diseasés

Therefore one of the most attragé aspects dEVsis theirusedaspotentialbiomarkerfor the
detection of pathological conditions fact the enrichment of specific diagnostic biomarkers
(e.g., CD63, GPC1)n circulating exosomes would help the discovery of relative lowly
expressed ibmarkers, that normally would go undeteéfedn recent years, investigating
diagnostic techniques based on the content analysis of biofluids has gained popularity as a study
area. EVs are seen as a promigipgroactior norrinvasive diagnosis since they are stable and
can transport a variety of ggr moleculesThe ability to protect the cargo molecules from
degradation represent an advantage of EVs as a biomarker compared many soluble molecules
in the blood like hormones and cytokinésr this reason, EVs can be released from any
location and intahe bloodstream making them easily accessible for liquid biofziesn their
widespread distribution among biofluids, extracellular vesicles (EVs) represent one of the
largest biomarker spaces in the liquid biopsy paradigm. Indeed, it has been sutgedtexd
numerous and diverse functions of EVs in intercellular communication play a key role in the
etiology and spread of many diseases, including infectious diseases, tumors, and
neurodegenerative disorder. In this case, the hégradanslation of Evbased systems towards
minimally invasive diagnostic methods must also be compliant with the alleged clinical
significance of low to very low abundant EV styipes within complicated medidn this
regard, the enormous diagnostic potential of EVs coultheashed by the sensitivity provided

by the isolation and characterization platforms.
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Overall, EVs are a class of highly heterogeneous bio nanopar@a#s release EVs into the
extracellular environment that differ biophysically in size, densityargdy, and cargo
composition.The heterogeneity of EVs introduces a level of complexityxjplagning and
understanding the functions of EVs.

From now on, with the term EVs o0 wi | | indicate extracelluwu
50-200 nm.
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2. EVslsolation and Characterization Methods: Challenges and Neesl

In this chaptey a panoramic view of currerEVs isolationand characterizatiostrategiess
provided. Working principles, procedures, advantages and disadvantafjesdividual
techniquesre briefly introduced and discussed.

Extracellular vesicles are highly heterogeneous, and this heterogeneity furthecateshe
challenge of EVs separation from biofluid samples. It is now widely accepted that EVs consist
of distinct subpopulations which utilize different biophysical (e.g. size, zeta potential, stiffness)
and biochemical (e.g. surface expression, molectdago) properties to mediate different
effects on recipient cells. The combination of exacting EVs isolation and characterisation is
suitable for dealing with the complexity of diverse EVs-populations, providing clarity in

the distinct biological fuctions of nhumerous EVs subpopulations. Extracellular vesicles can
reportedly be isolated using a variety of wallown techniques either individually or in
combinatia. Evaluation of the physicochemical properties, such as size, shape, surface charge,
densty, and porosity, is required to determii®/s biological interactions and hence, the
accurate determination of these characteristics is of the utmost impoBaneeal techniques

have been routinelgmployedincluding various methodsuch asiophysical, molecular, and

microfluidics.
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Fig. 4 Different conventional and modern technologies towardsphisical and/or biochemical isolation and
characterization of extracellular vesicles.

All the techniques described presstrengths and weaknessexl the best choice depends on
the intended downstream applicatiorad the type of EV of interestHowever, here is a
significant needto develop improved methodolieg for increased performance and
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reproducibility of techniques for EV isolation and comprehensive characterization.
challengeis because théluids that EVsaretypically complexmatricescontainingmultiple
contaminants, often of similar size anddensity

2.1Isolation Methods

High-efficiency isolation and separatiaf EVs from either contaminating proteins or other
possible matrix contaminants is needed taisnaccurate inferences of the biologiedévance

of EVs. The yield andourity of isolated samples are significantly influenced by the particular
EV isolation technique usett.is significant to note that various isolation techniques have a
significant impact on the downstream assessments of EV cargo and physicochemical
charateristics Because of the overlap or similar in physicochemical features between EV sub
types, it is challenging to develop reliable methods to isolate EVs. These factors make it
challenging to isolate using methods including ultrafiltration,-si&uson chromatography,
precipitation, and immunoaffinity capture. Therefore, it is crucial to standardize isolation
techniques as well as to clearly characterize and describe EV subtypes.

Priorities for EV isolation includes creating protocols dependable and repeatable isolation

of total EVs as well as particular EV subpopulations based on morpholdgjigahysica)
biochemical compositignbiological, and functiongbroperties.Moreover, it is of utmost
importance to create simple, repeatabiel clinically applicable EV isolation methoénally,

in order to support possible quick and accurate diagnostic applications, downsizing of EV
separatia technologies that would enable effective and robust isolation is also of significant
priority. The batckho-batch reproducibilityshould also be improved by robust isolation
techniques, which may also help with some of the heterogeneity issues in EV samples.

- UC

- Ultrafiltration
Lack of standardization

- Current -- SEC/cromatography

Recovery state Source heterogeneity | Immunoaffinity

[ Challenges | ----------- _m_ L Precipitation

/ Microfluidics
Reproducibility EV subpopulations AF4

Acoustics

- Emerging
Source matrix complexity
Combined multistep methods

Fig. 5 Summary of isolation technologies and challenges
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2.1.1Ultracentrifugation

A typical techniquefor enrichment of EVs from biosamplesultracentrifugation (UC), which
separates and concentrates EVs from other specimen constituents according to their density.
This methodmay also isolate MVs and microparticle$ various size and composition,
including viruses, lipoprotein particles and protein complexsthe purity of products can be
further increased using an additional density gradient?’stéfowever, UC is also low
throughput, requires expsive specialized equipment, and can damage EV membranes or cause

aggregation during processing.

2.1.2Sizebased isolation

Other methods are skmased isolation technigsesuch as ultrafiltration(Fig. 6) and
sizeexclusion chromatography (SEQig. 7). Ultrafiltration uses matrices defined by
molecular mass and size exclusion range, usually with cellulose fiteemndemconfigured
microfilter (Fig. 6A), etracellular fluids are passed through tanemnfigured microfilters

with defined sie-exclusion limits around 2@00 nm. When passing through the two
membranes, large vesicles including cell debris, apoptotic bodies and the majority of
microvesicles are trapped in the 206 membrane, while vesicles with diameter from 20 to
200 nm are retined on the lower 20 nm filte€ontrarily, in £quential ultrafiltratior{Fig. 6B)
extracellular fluids are first passed through a X0@0filter to get rid of larger particles (e.g.,

cells or cell debris); then the filtrate is passed through a sddterdwith 500kD cutoff to

remove small particles such as free proteins; finally, exosomes < 200 nm are collected via a
200-nm filter.

Compared with UC, filtration offers several advantages, including mild pressure, time
efficiency, effective purificationand scalabilityHowever, filtrationbased methods also have
important drawbacks: the use of pressure to push the sample through the membrane can deform
or damage the vesicfsand a nomegligible fraction of the purified vesicles can be lost due

to adherence to or clogging of the membfane

A B

1000nm 500kDa 200nm

Biofluids Biofluids -

Fig. 6 Schematic demonstration of ultrafiltratitsased separation. (A) Tanderonfigured microfilter.
(B) Sequential ultrafiltration
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SECseparates the components of a sample based on the hydrodynamic volume. SEC is simple,
robust, and scalable, does not require expensive equipment, and can be used wild mild elution
conditions. When passing a solution through a stationary phase consadtipgrous resin
particles, molecules can be separated according to size. This causes particles with different sizes
to exhibit different retention times and therefore facilitate-based separation

However, preprocessing of the sample can include tooasuming steps such as enrichment

of the mixture and removal of bigger components, like cell d&bris
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Fig. 7 Principle forSizeexclusion chromatograpHyased isolation.

2.1.3Immunoaffinity capture

For immunoaffinity capture, antibodies targeting a particular antigen are typically adhered to
solid support surfaces suak within microfluidic channels or on magndigads.

The presence anrichedproteins on the membrane surface&¥t (e.g. CD9, CD81, CD63)
give the opportunity to develop highly speciolationvia immunoaffinity capturéFig. 8).

First, antibodies recognizing exososgecific markers are immaized onto solid matrices.
After incubating exosomeontaining fluids with antibodgonjugated solid matrices, EVs can
be enriched onto such solid matricesl finally, fee EVs can be collected via an additional
elution step.A major benefit of immunoaitfity isolation is that it allows for distindEVs
subpopulatiorsorting (with different surface protein expression) as lbased on selective
antibodyantigen bindingUsing the immobilized antibodies on the higher surface area ratio
aids in intensifyingeVs binding interactions from small sample volumes and obtaining higher
isolation yields.
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Fig. 8 Schematic of immunoaffinitpased isolation
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However,targeting surfacexposed protein still present several disadvantagssding the
following: (i) the analysis can be biased by the presence of soluble antigetiee (iiherent
variability of antibody specificity and affinity may reduce the effectigsng EV capture(jii)
protein markers' relative abundance may be subpar or be subject to significaintintdual

variations, which diminishes the usefulness of comparative studies.

2.1.4Microfluidics

Microfluidics is the technology of manipulating small amount of fluids ranging beth@&to
10 L within micronsized channels. The advantages of using microfluidics technology
include portability*, reconfigurability, higkthroughput®>, and automatioff. Using the
immobilized antibodies on the higher surface area ratio of the microfluidic device aids in
intensifying EVs binding interactions from small sample volumes and obtaining higher

isolation yields.

2.1.5Precipitation

Recently, several commercial kits have been introduced to isolate EVs with yields comparable
to UC-based techniques without the need for any speedequipmen®olymer pecipitation

based commercial kitareused to isolate exosome by capturing and collecting exosomes of
certain size, bet ween 50 and 150 n=speedi n A
centrifugation. These methods are easyige and do not require any costly or specialized
equipment, however, the disadvantages are that exosomes of different sizes are mixed together

and there is no specificity for n@xosomal material such as protein aggregates.
2.2 Characterization Methods

Size,counting the presence of protein markers, protein concentratiormangother factors

are routinely used toprovide EVs characterizationMany techniquesare availablfor EVs
characterization which can provide information on EMsmsed on theitiophysical or
biomolecularfeatures Enabling the following capabilities seems particularly appealing in the
domain of EV characterizatioli) biochemical and molecular cataloguing of EV populations
with a range of characteristics, sources, afuhctions; (i) sensitive quantitative
characterization of EV proteingiji) insightful multiomics characterization of identical EV
isolates from the same specimé@m) high-sensitivity deep molecular profiling of EV isolates
from constrained samples; a(g highly specific and sensitive detection and quantitation of
target EV molecules of interest in EV isolatesjnimally processed biological fluids,

unprocessed physiological fluids, and even archived samples derived from physiological fluids
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Fig. 9Summary of characterization technologies and challenges

2.2.1Physicochemical Characterization Methods

2.2.1.1Size andCounting

The most populacounting and sizingnethodfor EV analysis isrxanopatrticle tracking analysis
(NTA, Fig. 10%". This method combines a camera and a laser light scattering microscopy to
enable the observation and recording of nanoparticleslution.Vesicles of around 3@ em

are transported by a flow in this systamd he NTA software tracks the Brownian motion of
individual particles determing their sizes, antheir overall concentration.
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Fig 10 (A) Schematic of the optical configuration used in NTB) Typical NTA spectra.

The advantages of using NTA are the simple and quickly preparation of samples and the
measurement that require just several minieseover, the possibility to use a fluorescence
mode can provide the detection of antigens on EVs by applying fluorescently labelled
antibodie€®. However,the preparation of sample and the correct dilution factor represent the
crucial parameters for the success of NFArthermore, a drawback is that two populations
can only be resolved if their particle diameter differs by at leagoll5
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An alternativetechnique to measure the size of extracellular vesicles igyth@mic light
scattering (DLS)also known aphotm correlatiorspectroscopyDLS offers a simple and time
saving technique that provides information about the mean size and the dispersity of the particle
size distribution (polydispersity indexPDI) for particles ranging from 1 nm to&n. The
presencef large particles can be a problem for accurate size determiatibhessential to
remove large partick such as cell debris and dead cells, as well as aggregated proteins and

protein complexes

2.2.1.2ElectronMicroscopy

Although themethods described aboagee widely usedElectron MicroscopyEM, Fig. 11)
remains the standard method to characterize extracellular vé&side® types of electron
microscopy are typically used: Transmission Electron Microscopy (TEM) andEepbron
Microscopy (cryeTEM). The working principle oTEM is the creation of images as a beam of
electrons passes through a sample, where secondary eleateaqyeneratedcollected,and
magnified sing special lens&EM images need to be taken under a vacanthanmportant
consideration is the sample prepanatiarhich is extensive, involves multiple steps, and may

induce changes in the morphology of the EVs.

Fig. 11 Schematiaepresentationf electron microscopy (EM)

To avoid the damage caused by the electron beamEvys being applied for E\analysis,
since it utilizes a different sample preparation protdtd.revealed that cry&M can preserve
the true shapes of extracellular vesicles as the sample preparation -lBMngfree from
dehydration and fixatioand it is considerethe bestnethod for visualizing nanoparticles and
proteins without dehydration artifactslowever, the drawbacks of using TEM/cfy&M
include a high demand for computational power to convert images>fp@iallenging sample

preparation and handling methods, low sigioahoise ratio, high cost, and low throughput.
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2.22 Biochemical and Molecular Methods

One of the most straightforward ways of characterizing biological samples is to determine their
protein compositionand he molecular composition of EVs includes nucleic acids, lipids,
proteins, and various other biomarkétsr the evaluation of a patient's health and early disease
diagnosis, the biochemical composition of EVs circulating in bodydligdhelpful However,
compared to the number of EVs originating from normal cells, the concentration of EVs
generated by pathogenic cells that are present in body fluids is negligible. Thus, it is essential
to translate and modify cuttirgdge and precismethodologies for the examination of EVs.
Traditional met hods f or EVs 0Westerh @oandELSSA con't
but recentiabetf r ee opti cal met hods are being empl
composition since they prale several advantages over the traditional metbocts asRaman

spectroscopandSPRIRIS.

2.2.2.1Raman Spectroscopy

In order to characterize EVs on a broad biochemical level without lab®lifogusing on any
recognized markers at the singlarticle level, vibrational spectroscopies, and in particular
Raman spectroscopy, are appealing metho@ike sample is exposed to a higlensity light
sourceand molecules scatter the incident photons. The quantity and quality of the sample are
revealed by the frequency and intensity of the scattered radiations, respekctisetyTweezer
Raman spectroscopy, which combines optical trapping and Raman probing, is one method that
has been applied in the study of nanoparticles. A stable-dimesnsional trapping technique
known as optical tweezers involves employing a diffractionited beam to produce a net force

that pulls the particle toward the axial center of the incident laser. In a variety of biological
models, this method has already been utilized to describ& EVs

2.2.2.2SingleParticle Interferometric Reflectance Imaging (§RS)

The SPIRIS detection method is based on the increased contrast in the scattering signal from
particles caught on a silicon substrate with a thin coating of silicon diSxiR¢S illuminates

the surface of the sensor, which is made upsdicn dioxide layer on top of a silicon substrate,

in order to detect and size nanopatrticles that are bound to the silifagegesence of particles
alters the interference of light reflectiafiormation about the size and quantity of proteirse
SRIRIS platform can count and phenotype multiple typeswéeellular vesicleiom a single
sample The proportional size of the nanovesicles may be calculated from their contrast in the

SRIRIS image, and the phenotype of t¥s can be inferred from thespatial placement in
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the array.SRIRIS can enumerate, estimate particle size, and phen&ypdrom purified

samples from cell culture, or directly from clinicaimple
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Fig. 12 Schematic representation of the-B®#S detection process. Figure reported with the permission of
Daaboul, G., Gagni, P., Benussi, L. et al. Digital Detection of Exosomes by Interferometric Imaging. Sci Rep 6,
37246 (2016). https://doi.org/10.1038/srepdG 2

2.2.2.3Enzyme Linked Immunosorbent Assays (ELISA)

The characterisation of exosomes by surface protein expression has been accomplished using
enzyme linked immunosorbent assays (ELIFA)ISA is a semiquantitative protein detection
technique based antigenspecific antibody bindingt can be carried out in a variety of ways

as a standard immunology procedure, including the sandwich approach, the indirect method,
and the competition methodVE are often immediately immobilized on an ELI®ased
charcterisation microwell platéifter the plates have been blocked with a blocking agent, a
recognition antibody (such as aftD9) is added to the wells in order to attach to particular
antigens that are present on the exosome surface, such aBi@dll9, a sensitive (through an
enzymatic signal amplification step) and specific readout is achieved using a horseradish
peroxidasdinked detection antibody.

2.2.2.4Western Blotting

The basis of Western blotting, also known as immunoblotting, is the apmticatparticular

antibodies to samples that have undergone gel electrophdtesecellular vesicle research
typically uses Western blotting to identifye presence d@heir distinct surface proteinBefore
performing Western blotting, theampleis first treated with a lysis solution containing a
protease inhibitorAfter membrane transfer and sodium dodecyl sulfate polyacrylamide gel

electrophoresis, theVsin the solution are separated, and thagyen incubated with primary
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and secondary antibodied/ith low variability, Western blotting is useful for revealing the

molecular weight of target exosome proteins in various subpopulations.

In thiswork we are focused on the use of microanalyteethhiques, specifically on microarray
technology Indeed, aalytical platform for extracellular vesicleéggh-throughput analysis that

do not strictly rely on sample pteeatment, limiting purification artefacts, are highly desirable.

In thisscenario, microarray represents a powerful tool to study extracellular véschasse it
allows different simultaneous analysis, the consumption of low volume of sample, efficient

sample to results time, and high sensitivity.
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3. Microarray

Microarrays are miniaturized libraries of molecular probes (DNA, proteins, peptides)
immobilized onto a solid surface (slide or chip) using a standard contact spotteraumact
microarrayel(Fig 13). Thecollection of moleculearranged (in arrays) on the substraténen
probed with cellular extracts, serum, PCR productstber samples chasing for molecular
recognition eventdMinimal nonspecific binding of biomolecules to the surfasgherefore

one of the most importantiteria for high qualitymicroarray experiment$
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Fig. 13 Schematic representation of microarray platform

Functional protein microarrayare constructed by printing a large number of individually
purified proteins and used tmmprehensively query biochemistry properties activities of
those immobilized proteindn particular, theyhave been successfully appli¢o identify
proteintprotein, proteidipid, , proteirDNA and proteinsmall moleculesnteractions. In this
categoryfall reverse phase array wheigsuescell lysates or serum samples are spotted on the
surface and probed with one antibody per analyte for a multiplex readout

On the other hand, detection or analytical arraesusuallycomposed ofvell-characterized
biomolecules with specific bindingctivities, such as antibodies,analyse¢he components of
complex biological samples (e.g., serum aedl lysates) or to determine whether a sample

containsa specific protein of intege.
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Several critical factors such astability, native conformatioror activity of the proteins
immobilized on the surfaceppse stringent demands on production, storage and experimental
conditionsleadingto the development of alternative assaypvercome these limitations.

Current detection strategies for microarrays are generally classified af¢swallabelbased
methods.The labelbased detection methods require labelling of query molecules with
fluorescent dyes, radioisotopes ortepe tagsmeanwhile, abelfree detection methods utilize
molecular biophysical properties such as molecular weight, refractive index, and molecular
charge to monitor molecular presence or activity.

Labelled probe methods have directly evolved folimcalimmunoassays, radioimmunoassay,

or ELISA protocols where they are widely usétesedetection methods rely on fluorescence,
chromogenic, chemiluminescence, electrochemiluminescence or radioactive labelling
strategies

All label-freedetection methods are promising toolgharacterize binding events on surfaces.
They do not require labelling of molecules that may affect protein actinity they are
generally based on sophisticated equipment not easily available in all clinicalttalss.

Labelree methods includenass spectrometry (MS), surface plasmon resonance (SPR) and
gratingcoupled surface plasmon resonance {&¥€R), atomic force microscopy (AFM),
micro-electromechanical systems (MEMS) cantilevers and quaytstal microlalance
analysis (QCM)

3.1 Extracellular VesiclesMicroarray (EVs array)

The protein composition of EVs can be determined using a variety of techniques that are either
based on the phenotype of a surface marker or the proteins included in the EVasargo
reviewed by Revenfeld et®8l While the EV phenotype is crucial for identifying the origin of
cells and subcellular structures, it can also reveal information abouhbda¥/s function when
combined with a protein cargo studyigh-throughput screening for different EV markers is
made possible by the construction of antibody arrays on solid surRxogésin ceexpression

in EVs can be analyzed pairwise combinatorialling antibody microarrays.

The EV Array is based on the protein microarray technology. It has a high throughput method
for detecting and phenotyping EVs from unpurified starting matefibk method was
developed to perform multiplexed EV phenotyping anogen platform. Protein microarrays

are well recognized as effective tools for screening various sample types for antigens or

antibodies. The benefit of protein microarray is that many proteins can be tracked
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simultaneously. It is a quick and highly seiv& approach that uses little reagent and sample
material.

A typical Extracellular Vesicle Array ibased on antibodies immobilized on a surface of the
microarray andised for the selective capture of &W their most common surface associated

proteins(e.g. tetraspanins, MHC | and Il, Annexin V, eté&dllowingin the capturing step, a

cocktail of fluorescent antibodies is used to phenotype EV surface associated markers

STEP 4 STEP 3
STEP 1 Cy5-labeled 9‘* Biotin-labeled
Antibody S Streptavidin < 53& i detection antibody cocktail

microarrayr \_/ ;\\Y\\ §% \\ anti-CD9 //Bxanti-CDs-’»
£ \/ \// g ;gsanﬁ-CDSI

Fig. 14 Scheratic representatioof EVs array

The firstEVs Array was introducedby Jgrgenseand collaborator$o capture exosome and
other extracellular vesicles from plasma and other cells surffatarthis work, amicroarray

print with spots of 21 different antibodies was usedapture exosome and thesicles were
detected with a cocktail of biotinylated antibodies agaiinsttetraspanins CD9, CD63 and
CD8L1 followed by fluorescendabelled streptavidinThey denonstrated the possibility to
semiquantify and phenotype exosomes directly from small cell cultaygsg the stage to
setup largescale experimentsvioreover,Jgrgensen et al. showed the great variance in the
protein profiles of the plasmderived exosmes highlighting how e use of different
antibodies opens the opportunity to detect other several populations of exosomes or sub
populations of extracellular vesicldaurthermoreit has been demonstrated that this technique
could also be used for tumepecific exosome tracking. In fact, the potential use of exosomes
as diagnostic markers for cancer or other diseases demands technologiesdhbsitates the
possibilities to deteé@xosomes in a highly sensitive, multiplexed, and‘igbughput manner
without extensive isolation procedures

Subsequently, this technique has been extended to the anébysidodycapturedresicles in

a labelfree mode using surface plasmon resmeaimaging (SPRij and single particle

interferometric reflectance imaging sené8RIRIS)%,

29



3.2Peptide Microarray

Proteins are highly illuminating systems and well adapted to study protein interactions
occurring over large complementary surfaces because of their intricate structure and functional
makeup.However, anumber of crucial elements, such as the immobilized proteins' native
folding, stability, or activity, place strict requirements on the conditions of manufacture,
storage, and experimentatiollthough protein microarrays represent a technological
improvemat, their cost continues to limit their broad use in diagnostics since the manufacture
of individual recombinant proteins remains a limiting issue.

In comparison with proteins, peptides are relatively easy to produce, chemically stable,
compatible with vaous immobilization chemistries and preserve partial aspects of protein
function. Peptide arrays are composed of a large number of peptides spatially arranged in an
addressable format on a solid suppdite arrays have proven important for determining
sulstrate specificities of enzymes, profiling antibodies, mapping epitopes, studying-ligand
receptor interactions, and identifying ligands that mediate cell adheS$ion. specific
applications will depend on the number of peptides in the array, the comyatibthe array
material with sampleghe control over peptide attachment and density, and the compatibility
with different detection methodshere are two widely used methods for synthesizing peptides
arrays that can be classified by #ssembly of peptides on the surface: Merrifield sphdse
synthesi{SPPS)ndin situ synthesis.

The first approach is the traditional method for synthesizing peplilepeptides are assemble

on a solid support, deprated of the side chains, cleaya from the support, purdd and

finally immobilizedto the array suppctt

Thein situsynthesis, on the contranyses automated instrumentation for parallel synthesis of
the peptides directly on the solid suppdrthe arrg34°.

Peptide arrays provide a significant opportunity to advance our understanding of the molecular
mechanisms underlying both healthy and diseased cell functiogside the drugliscovery
process, and to diagnose and monitor treatment in disHasg.also permitor a number of
different investigations to studsequencalependent reactivity and properties of peptides.
Epitope mapping for antibody binding, identifying atfthracterizing protetpeptide binding
interactions, looking for active enzyme substrates, profiling enzyme activity in complex
samples, and identifying and researching peptides that mediate cell adhesion are a few of the

early uses for peptide arrays.
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3.3 3D Hydrogel Microarray

The use of surface immobilization probes in array technologwéiaa new paradigm in the
development of innovative surface chemistries that balance stable binding with retained
functionality of immobilized bieprobes. The fixation of probésachieved based on different
interactionssuch as physicaé(g.,adsorpton) and chemicak(g.,covalent or ionic), on a range

of different substrates or coated slidétowever,the delicate structure of proteins, which
comprise biological functions in intimate relation to their complex struetodethedifficult to
immobilise these proteins on a solid support without compromising their funotoessitated

the development of new approach for microarrays technology.

In this scenario, ydrogelsrepresent ideal semaet systems, as biomolecules can be gently
confined within anativelike environment, preserving their structural and functional properties
Hydrogel based immobilization platforms can indeed provide highly versatile systems for the
fabrication of functional bienterfaces on diverse analytical formats: from mwiéll plates to
microarrays slides. Such platforms can be applied to the simultaneous arttirbigihput
screening of drugs, biomolecular interactions, enzymatic activities and cellular*&&says
Increased sample loading capacity, smaller unspecific binding and enhancedosiunsé

ratio are common features of 3D hydrogel arrays over conventional 2D dry platiBecasise

of the hydrophilic environment, chging the geometry to 3D increases the binding capacity
and better preserves protein funcfion

Poly-acrylamide, alginate, agarose, and polyethylene glycol matrices are commonly used in
hydrogels for (micro)arraylsut also dw-molecularweight supramolecular hydrogelators have
been used to construct sewet 3D array$* and hydrogel sensdfd’. However, some
hydrogel properties continue to limit their widespread use in bioassay develppspatially

the ability to match target diffusion rates through the gel matrix with stable probe entrapment.
Themajority of current applications concentrate on arrayed enzymes or antibodies probed with
small substrates/analytes, with only a few reported systems allowing permeation of large
biomolecules such as antibodies.

In this regard, hydrogel droplet microarrare a more accessible format than hydrogel layered
surfaces, but chip fabricatiazould be laborious, especially if large molecule permeation is
desired Because gel viscosity is a significant barrier to direct microarray printing, in situ
hydrogel formabn after spotting of constituent units is commonly used to overcome this issue.
While 2D platforms are of simple production, immobilized bioprobes can significantly suffer
from surface phenomena that impair their molecular recognition properties. Convaixe

systems based on hydrogels are developed to preserve the full functionality of confined probes
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while providing and increased loading capacity. On the other hand, their fabrication is not trivial
(Fig. 15)

/

Planar 2D assays

/
3D Hydrogel // f-‘
; Bioprobes gently confined in Common hydrogel matrices:

/ agueous environment
/)L\ _J(\ 4 %&% e - Polyacrylamides
sl ‘l’ Ko o Increased sensitivity - Nanocelluloses/alginates
) J ( over 2D systems - Supramolecular gelators
- Possible denaturation upon - Higher loading capacity J
adsorption/ covalent binding - "Native"-like probes immobilization

Fig. 15 Comparative features of planar vs 3D assays.

This is frequently accomplished through Wh\ggered crosdinking, a process that can be
detrimental to the functionality of sensitive biomolecules. As a result, it is highly desirable to
develop robust stragies that enable us&rendly and automated array fabrication with few,
simple, and benign manipulation steps that are compatible with existing production workflows.
In recent years, it isaisedtheability of peptide molecules to adopt specific secopdartiary,

and quaternary structurpsoviding unique opportunities for the design of nanoscale materials
that traditional organic molecules and polymers do not reaffdy. Thespontaneous assembly

of monomer peptide motifs can drive the formation of ordered supramolecular architectures in
a tunedéle and controlled manner, that can easily generate new functioihahnaterials,
including peptide hydrogefs

Generally, the presence of the following factors governs thesséfmbly of small molecules:

(a) Hydrophobic interactiongb) “-" stacking,(c) hydrogen bonding, an¢tl) electrostatic
interactions Peptide molecules adogt specific secondary conformation, which then-self
assembles to form nanofibres in the presence of appropriate stimuli or favourable physical
conditionsand the Bngation of these fibres in thremensional space results in thicker and
longer fibres, whih then join to form a fibrillar network.

Recently, our group have developed a soft hydrogel matrix for biomolecule localization on
microarray slide using a sedssembling peptidéSAP) namely YFQ11%. The developed
hydrogel demonstrated a combination of favourable properties that overcome mamy of th
limitations commonly associated with hydrogels for bioassdys.begin, low viscosity
hydrogels made with micromolgseptide concentrations can be used directly for array
fabrication while remaining stable enough to confine biomolecular probes locathbli, the
diffusion properties of various macromolecules (peptides, proteins, and antibodies) through the
hydrogel matrix can be advantageously tuned depending on the concentration- of self
assembling monomeBased on this workywe anticipate that analogs versatile peptide
hydrogel platforms will find widespread use as modular 3D microenvironments with selution
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like properties in a wide range of automated and multiplexabgays, including labn-chip

devices and cebhased biosensars
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4. Aim of the Thesis

This thesis workleak withthe development afovel peptidebased platforms for extracellular
vesicles microanalyti@pplications with a particular focus omicroarray technologyln
particular, he overarching goal of this projectagploitingthe broad potentiadnd versatility

of peptide in the development ahtegratedEV isolationand analysis protocols, to untap EV
potential towards redife scenario applications as biomarkers for prognostic and diagnostic
use

On these premiseghe research project idivided in two main sectionsdiffering in
methodologies but sharing the sagoals

1. The development of peptide baits @su n i v eaptsriag ppobef EVs based ora
membranesensing approadind the generation of synthetic extracellular vesicles.

2. The development of peptidesedhydrogels for 3D microarraypropaedeutic to EVs
analysis

Specifically, in the firstection we addressed one thfemajorlimitations commonlassociated

by the use ofintibodiesj.e. the isolation of EVs subpopulations mediated bystection of
unevenly expressed E&ssociated protein markers. Heree introdued the conceptof
targetingthe EV lipid membrane asf@u n i v and paspetific EV marker exploiting
membrane sensing peptides as molecular .bdits accomplish thedevelopment of
(micro)analytical platforms based on membrane recognition, we turn our attention ongeptide
derived fromthe Bradykinin protein applied to a microarray technolo@¥e investigated the
chemistry behind the immobilization of peptides on theroarray platform studying the role

of surface chemistry in the vesicle binding. Weleated the size dependency of peptide
capturing and the ability of capture in different complex serum. In addition, we demonstrated
that our mechanism of capture ist mediated by surfaeassociated proteif.o deepen the
understanding of the molecular determinant8@dykinin peptide BP) binding to EVs, v
designed and testedpanel of2nd generationerivatives Computational modelling waalso
developetb elucidatethe mechanissat t he basi s of t henempbeapet i de
at the atomic level, providing guiding principles to rationalize peptides binding efficiahcy
together, this section resultdte first report on peptide muearrays for extracellular vesicles

and a proobf-concept demonstration of the use of membigamesing peptides as a unique

class of molecular ligands for integrated sEV extraction and characterization.
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In the first section, the research was also focueada new methodor the generation of
synthetic extracellular vesicles. The idea istart from a simple material to construct more
complex objectThis systemoffersmaximum flexibility and it isbroadly applicable

In the second part, he pr o] devdlopirsghydragets far the physical confinement of
EVsin controlled permeability conditions. In principle, thigporoactallows EVs from complex
biological samplsto be stably entrapped within a biofldidle ervironment by a simple mixing

step, whilesimultaneouslypermitting other molecules (proteins, antibodies, enzyme substrates)
to freely diffuse in/out of the soft hydrogel matrbhe idea is t@void/reduce EVs pranalysis
purification and isolation stepsnabling the immediate transfer of {samples to high
throughput analytical platforms, including microarrays slidéesrealize a printable peptide
hydrogel for microarray applications, we focused on a composite hydrogel obtained by the
combination of aelfassembling peptide (SAP) and agaroserder to obtain a material with
good hydrogel printability, unimpaired analyte diffusion through matrix, and stable probe
confinement.Oscillatory rheological measurements and transmission electron microscopy
(TEM) experiments were performed to assessasd&mbling properties tiie hydrogel. To
elucidate thepeptide assemblymechanism molecular dynamics simulations (MD) were
performed We evaluated the comparison between 3D immunoassays and the conv@mional
planar formatAdditionally, we validated our platform in the profiling of CoMd9 pat i ent
serum immunoreactivity against an immunoreactive peptide eftopethe SARS CoV-2N
proteinregionl 5 6 1 (sefuence AIVLQLPQGTTLPKI®, reaching a discriminatory signal

for Covid-19-positive individualsFinally, biological assays were used to assess the analytical
performance of material and the confinemehtEVs. Overall, arr findings strengthen the
arguments supporting the necessity for 3D analytical platforms, advance the development of
nextgeneration bioassays, and, more broadly, highlight the promise of novel composite (nano)

materials.
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5. Results andDiscussion

5.1 Membrane-sensing peptides

As described in the chapsebefore in microarray technologyhe use ofantibodiesfor the
targeting of surfacexposed proteingf extracellular vesiclestill presents several drawbacks.

The possibility to identify a precisebu Auni ver sal 06 EV mar ker suc
would broad the range of molecular techniques accessible and improving analytical
consistency.

In this scenarioseveral EVs present highly curved membranes as a distinctive felture
particular small EVs (SEV, 30-150 nm)outer leaflets typically contain a high amount of
anionic, unsaturated phospholipi@s.g. phosphatidylserindpgether with the presence of
characteristic lipid packing defectdlotable, many proteinare involvedin the dynamic
modulation of membrane curvaturethe cellular process@sd some of them are able to sense

and bind with selectively only highly curved membrane

As a result, pptides derived from membrane sensing prot@¥SP) have emerged as novel
molecular probes for targeting highly curved membraimas. vast numbers of differeMPS

interact with lipid membranes through many different interactions and mechanisms.

The mechanism behind the recognition and the bindibgged on complementary electrostatic
interactions between peptide/protein effector domains and phospholipids on the outer
membrane leaflet, that subsequently can lead to the insertion of the sensing effector into to the
membrane defects that charactehgghly curved membraned/oreover, e role of surface
lipid-packing defects in curvature sensing has to do with the increased number of sites through
which certain residues can be insert@this mechanism igharacteristic of amphipathic

peptidest.

@\472002 —> T eaAAASoe,
Oooiﬁ\s& / % Odﬁ&@\\ 4 %

Fig. 16 Amphipathic peptides usually approach highly curved membranes through electrostatics, and subsequently
insert into lipid packing defects. Binding can be stabilised by peptide folding within the membrane, facilitated by
the presence of hydrophobic groups.
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5.1.1Bradykininpeptide as Membran8ensing peptides

Among the set of reported curvattgensing peptides, we focused a short amino acid
sequence RPPGFSPFR (BP), derived from Bradykinin prétéiatural levels of bradykinin

are found in bodily fluids, and it has pharmacological effects like vasodilation and analgesia.
By attaching to specific receptor sites on the nedimbrane, B produces biological effects

such as paf, smooth muscle contractitha decrease in blood presstirend other poorly
known biochemical processes.

Physical analyses of the peptide conformations in vesicles and micelles have shed light on the
molecular basis of peptide activify

Prior to binding and activating receptors, it is thiughat interactions with membrane
phospholipids help peptide ligands likd®Bo achieve the desired shape, showing thBt B
interacts with lipid bilayers. According to general consens&sisE random coil in aqueous
solution but undergoes conformational changes when it interacts with membrane lipids,
enabling the formation of the active peptide conformation outside of cells. According to the
structures revealed WyD, solid-state NMR speocbscopy and molecular dynamics simulations

BP have been found to possess a large degree of flexibflisgdechainin aqueous medium
preservinghe peptide backborir its preferred conformatich

BP can pass through membrane bilayers and interact differently with lipid vesicles and micelles,
with a clear preference for mixes containing more highly anionic compoidrese results

were regarded as evidence that the cationic arginine residues at locations Argl and Arg9 (Fig.

17) firstly control the interaction of peptide at the vesicle surface by electrostatic attraction.

Phe5

Fig. 17 Model representatioof Bradykinin peptide. In green ashiowed Phe residues and in violet are showed

Arg residues.

However, it was found that BK can easily interact with acidic lipids that bear a net electrical
charg&®. This feature demonstrates tmat only the presence of two positively charged Arg in

BP, which would increase the local peptide concentration at the anionic vesicle,dutfatso
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the hydrophobic residsePhe in positions 5 and Biwvolves in the interactions with the
membranelt is also conceivable thatydrophobic effect is a key componentimteraction of
BK with membrane lipidenhance its interaction with the receptor

5.1.2 Peptide design and Microarray

All the peptides were synthetized by Sefitiase Peptide Synthe$i€SPPS Fig. 18)

Omx + HOOCNHR
P

Loading
Qs
lJ
Wash/Deprotecting/Wash

Repeat the cycle: AA,

Qs
P

) NN C peptide NH,
Coupling HOOC—]AA}l—NHR ©
l)
P
lCIeavage

H O
O"""‘S”_CNHR Ho0C —{peptdel—Nr;
p P

Fig. 18 General scheme of solghase peptide synthesis (SPPS)

The selected peptide was adapted to fit for the microarray platform for site selective oriented
peptide immobilization introducing a short PEG spacer terminating with a propargyl group for
click based bioconjugation to the azide of the copolymer coatitigeo$urface® (Fig. 19A).

Given the key role of electrostatiateractions in initiating complex membrane sensing
mechanism, a negative cont(BIPn)was obtained changing arginine residues in glutamic acid
residuesvhile the multivalency presentation of the peptide from the surface of EV was designed
repeating twicehe bradykinin sequence in a branckB&b)and tandem conformatidBPt).

38



BP: RPPGFSPFR-K-G-(0,0c),-Prg
BPb: (RPPGFSPFR),-K-G-(0,0c),-Prg
BPt: RPPGFSPFR-(O,0Oc)-RPPGFSPFR-K-G-(0, Oc),-Prg

Si(Me)y
TN BPn: EPPGFSPFE-K-G-(0,0¢),-Prg

MCP-6 copolymer

| a1

A A CuAAC

Clickable chip Bp linear Bp branched Bp tandem

Fig. 19 (A) Representation of MCB copolymer. Peptidic probes are synthesised in a linear form (BP) and in two
multivalent presentatianbranched (BPb) and tandem (BPt). Asegative control (BPn), a peptide where arginine
residues were mutated to (oppositely charged) glutamic acid residuesymthesised(B) Scheme of eptidic
probesthatare immobilised on chips through chemoselective dijgde reaction between azidoogips provided

by MCP-6 surface coating and propargliycine- terminated peptides.

Firstly, we set an experiment to probe the pepgbideed EV capturingsilicon chips, suitable

for SRIRIS on the ExoVieW platform were arrayed with five replicated spatispeptides

via copper catalysed aziddkyne cycloaddition (CuAAC) mediated chemoselective
immobilisation (Fig 19B). EVs isolated from HEK cells by ultracentrifugation (UC) and
characterised according to MISEV2018 guidélingere analysed b$PIRIS that digitally

count, size andimageanovesi cl es wi tS3pecificallg MISEVEOLSEdefindd 5 0 |
as fAsmall EVs0 vesicles that -280me. around 100
Serial dilutions of the HEK UC sample in the range dt1@ particles/mL were prepared in

PBS and incubatddr 150 min on peptide chips. We detectesipmificant amount of EV within

the area of BP spotisith a particle signal clearly distinguishable down td pérticles/mL,

whilst negligible binding was observed for the negative control peptide(Bign20A-B).
Comparison with antibody microarrayspotted with antietraspanins IgG (anti
CD81/CD63/CD9), the average particle counting detected on the antibody spots was lower than
that provided by Bmvith a particle signal distinguishable from the negative cootuly in the

highest concentration of 9Qparticles/mL (Fig. 20C). Furthermore, the size distribution
observed for captured particldemonstratethe preferential affinity of BP peptide for small
vesicleqFig. 20D).
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Fig. 20 (A) HEK UC particle densy per mm2 detected on BP and BPn peptide spots in a blank sample (filtered
PBS) and in 1 x 191x1@ particles/mL concentrations range. A clear dossponse effect is visible. Signal on
BPn peptide is negligiblg€B) Representative images of BP and BPn peptide spots incubated withillx 1¢°
particles/mL: blue dots indicate detected particl€3.HEK UC particle density per mm2 detected on antibody
microarray (anti CD81/CD63/CD9). Only 1 x *Ifarticles/mL concentration provides on CD antibodies spots a
signal distinguishable from that on the negative control antibddly.Qbserved size distributioaf captured
particles reported as the number of counts detected in each 5 nm bin.

Thereatfter,he size dependency of vesicles capturing by BP peptide was investigate using three
different size of liposomes (150, 250, 450 nm) made of the dpide composition(see
Experimental Section)A concentration of 2.5xfdiposomes was incubated ehip spotted

with the set of linear (BP), branched (BPb), and tandem (Bftfidesand analysed with SP

IRIS. Peptides clearly bound for the small lippsss (150 nm) whereas no capture was
observedor the larger (250 and 450 nm) liposom&dditionally, we carried out a threeolor
fluorescence detection of EV transmembrane proteins (CD81, CD63, and CD9) by using a
secondary antibody stainimgth a cocktail of aniCD81, antiCD9, and antiCD63 antibodies

in order to corroborate the EV nature of the peptdptured vesiclegFig. 21A). Bright
fluorescence signals were found on particles trapped by BP peptides in the three fluorescence
channels, \Wile only a small increase in vesicle binding wasedfor the multivalent peptide

forms BPb and BP{Fig. 21B-C). In this view, a surface multivalency effecesulting from
peptides’ cooperative interaction in binding to nanovesiddselieved to beesponsible for

the high capture efficiency that has been reported. Thespecific binding of the negative
control BPn was barely detectable.
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Fig. 21 (A) Schematic of the assay for laete and fluorescence detection of EV captured on microarray chips.
(B) EV density after incubation with HEK UC sample at the concentration of 1°pdricles/mL label free
detected on BP peptide€;)(correspondent EVahsity detected by fluorescence on BP peptides

The capture of EVs from human serum was evaluated with vesietegedfrom a pool of
serum samples in order to test our peptide arrays with more complex biological s&¥ples.
were isolated from human sen by UC followed by a combined polymleased precipitation

and SECThe multivalent BPb and BPt peptides demonstrated an improved capturing capacity
of serumderived vesicles in comparison to linear.BRportantly, celocalization detection of

EV transmembrane proteins (CD81, CD63, and CD9) shows the similar pattern of higher
binding yield for multivalent peptides and confirms the capture of EV by all of the peptides
except for the negative contr@tig. 22A). In addition, peptide ligands were tested with pure
serumA peptide arrayed chip was incubated for 150 minwidsa pooled sera sample filtered
through a 0.Zm syringe filter and diluted 1:8 in PBS. With the exception of the negative
control BPn, labefree particls from untreated serum were identified with comparable
efficiency on all the peptides. Surprisingly, aniCD9/CD63/CD81 antibody fluorescence
staining showed a distinct effect of peptide multivalency in collecting a greater proportion of

tetraspanin posite particles as compared to linear @#Ry. 22B).
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Fig. 22 (A) Analysis of EV isolated by ultracentrifugation, polymer precipitation and SEC from human serum
incubated on peptide microarrays at 1 ¥ particles/mL concentration. Density of particles captured by BP
peptides (left panel) is confirmed by fluorescence staining using CD81/CD/63/CD9 fluorescent antibodies (right
panel) (B) Analysis performed on unpurified human serum diluted 1:8. Densipadfcles captured by BP
peptides is detected label free (left panel) and by fluorescence staining using CD81/CD/63/CD9 fluorescent
antibodies (right panel).

Moreover, we assessed the peptides spatial exposure upon chip surface on the efficiency of SEV
capturing We compared nonspecific immobilisation on nucleophileactive polymercoated

chips with a click-type peptides binding strategy able to provide-getermined probes
orientation(Fig 23A). Notably, both methods use the same chip coating piy(iMCR2),

which may bemodified in various ways to incorporate azido reactive han(&SP-6) and
SEGisolated EVs from serum at the concentration 8fpidticles/mLwas usedinterestingly,

the EV bindingefficiency for the whole range of BP peptides observed forsstectively
immobilized peptides was completely reduced when peptides were bound randomly to the
surface Peptide surface orientation was also pursued using the&kma@Nn biotinstreptavidin
techniqueo provide additional insights on the general viability of our straEgy 23B).
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Fig. 23 (A) EV density on BP peptides immobilised either chemoselectively on-BG@Prandomly on MCR.

(B) Comparison of binding capacity of the SEC isolated EVs fhaman serumix1( particles/ml) incubated

on BP and BPn immobilized by click chemistry, via streptavidin/biotin and by random immobilization

Finally, we verified whether the mechanism of binding is directly mediated by the lipid
membrane omfluenced by its associated proteiid/s isolated from SEC were exposed to a
treatment of trypsin digesti®hfor 6h (to ensure complete proteolysis) and incubated on the
peptide microarray at the concentration of ffrticles/mL.By comparing thgarticle density

of a sample after trypsin treatment to a sample that underwent a comparable incubation without
a proteolytic enzyme, it was demonstrated that membrane protein digestion has no impact on
vesicle binding(Fig. 24A). In reality, the bindingn the case of multivalent peptides is even
improved by proteolysimegating the direct involvement of surfemgsociated proteins.
Contrarily, no binding was visible with the trypsiigested sample when the same samples
were incubated on an antibody (CD8D63/CD9) microarray, as was expec(edy. 24B).

A B

N
(=]
']

80+ = &P Il CcD81
I BPb B CDé63

I BPt
60+ M BPn | cD9

T

37°C 37°C with Trypsin 37°C 37°C with Trypsin

-
(5]
Il

KParticles/mm?

) '

e <@

KParticles/mm?
>

T

o
L

Fig. 24 (A) Particle density of EV from human serum incubated at the concentration of*Iparfibles/mL.EV
capturing by BP peptides is not affected by trypsin treatmBpEY binding on CD81/CD63/CD9 antibody chip
is abolished by surface protein digestion using trypsin.
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5.2 Second Generation of Membranesensing Peptides

5.2.1 Peptide design and Microarray

After proving the ability of Bradykinin peptide to capture EVs, our research was focused on the
extension othe panel of membrane sensing peptidasswe know, the mechanism of binding

is strictly correlated to thelectrosaticsdominated recognition mechanism further stabilised

by hydrophobic interactiondromatic groups have a crucial role as mediators in the connection

of proteins with membranes at cell surfaces, influencing hydrophobic effectsraachbrane
interactiors.

In general, he predominance of aromatic amino acids (Trp, Tyr, and Ph@ptideat lipid-

water ancpeptidemembrane interfaces provides a hint for improvimr interaction®. Such

amino acids offer favourable free energy for insertion into lipid bilaylersexampleTrp

having the highest affinity on the Wiml&y/hite interfacial hydrophobicitgcalé@®. Aromatic

group association on membranes is regulated by a number of aspects, including electrostatics
and hydrophobicity, which drives aromatic groups from water into I(padion” i nt er act |
in peptideare also moreommon for Trp than Phe. Peptit¢eraction with membranean be
increased by aromatic sidechaiBased on these peculiarities, we centred the attelotidimg

into the hydrophobic effects on the membrane recognition efficid@iiey BP peptide presents

two phenylalanine (Phe) in position 5 and 8, that are involved in the hydrophobic interactions.
A small library of peptides was developed by replatiegtwo Phevith residues with different
hydrophobic nature to understand how the position of hydrophatigties and its nature could
modulate the binding efficiency of BP peptidEgy. 25) In this regard, we introduced Alanine

(Ala) and Isoleucine (lle) as aliphatic hydrophobicity and Tryptophane (T4p®do-L-
phenylalanine @€ and3-(1-Naphthyl}L-alanine (Nil) as aromatic hydrophobicity. Moreover,

we analysed the different nature of halogen atom on the aromatic ring replacing the iodine atom
with fluorine, F, and bromine, BFEinally, we capped @erminal of peptide using Rirkmide

resin during the synthesis order to removehe negative charge of the carboxylic aaitt
increaseahe hydrophobicity of thpeptide.
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Fig. 25 Library of second generation afiembrane sensing peptid&ed moieties represent the sidechain of
peptides that play a key role in the interaction of peptide with EV membrane.

All the peptides were synthetized by Solid Phase Peptide Synthesis, (S§FX). Based on

this strategy we first immobilised commercially available Fmm@gs-Trt onto 2CTC resinand

Rink Amide resin for the capped peptidubsequent peptide elongatia standard Fmoc
SPPS then generated rebiound peptides using DIC and Oxime as activator for the coupling.
Deprotectionof the Nterminal of each AA using 20% of Piperidine at room temperature
afforded the Nterminal ready for the next coupling. Finally, cleavage to remove the resin and
the deprotection of the sidechain usingFA/triisopropylsilanghioanisolewater
(92.52.5:2.5:2.5)furnished thefree desiredpeptide.The purity of each of the peptide was
confirmed througtHPLC and LGMS analysis

; g C
o Q Q H.N—RPPGXSPXRKG-(0,0c),-C~ ™ O O
), DIEA (8x eccess) Cl O

Cl Loading
O Fmoc-Xaa-OH (0.12 eq.), DMC/NMP (75%/25%

Fmoc Deprotection
Piperidine Conc., 50 °C, 2 min

Coupling (standard residue)

Global Deprotection and Resin Cleavage
Fmoc-Xaa-OH (5 eq.), DIC 2M (10 eq.), Oxyma 1M/DIEA 0.3M (5 eq.), 50 °C, 20 min

92.5:2.5:2.5:2.5 v/v/v/v TFA/H,0/iPr,SiH/Thioanisole, rt, 3 h

o]

HN—RPPGXSPXRKG-(0,0c),- oH

SH

Fig. 26 Sheme of soliephase peptide synthesis (SPR8)Bp peptides derivates
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Differently from the original peptide immobilization, we utilised a copfree Click chemistry
introducing a DBCOdibenzylcyclooctyngamoiety at the @erminal of peptide to fit the probe

on the microarray platform. This strateigwery fast at roortemperature and does not require

a Cu(l) catalysbverconing thelimitations due to residual copper catalyghe DBCO strain
promoted or Cu(Hree [2+3] cycloaddition strategy relies on the use of strained
dibenzylcyclooctynethatdecreassthe activatbn energy for the cycloaddition click reaction

| t uSexd enablet be carried out without the need for catalysis at low temperatures with an
efficiency greater than that of the Cu¢htalyzed ligationCyclooctynes are thermostable with
very narrow andpecific reactivity toward azides, resulting in almost quantitative yields of
stable triazole

Peptides were modifiet fit for the microarray platform in order to obtain the site selective
oriented peptide immobilizatio®pecifically, they were conjugad to DBCO reagenising the
Michael addition reactiofFig. 27A).

The Michael addition of the maleimideh i o | reaction relies on a
bond of the maleimide by the nucleophilic thiolate anion. The enolate intermeeieiteonates
another thiol group resulting in additional maleimttiel reactions and the final product is the
result of the protonated enolate intermediate. The main driving force due to the withdrawing
effects of the two activating carbonyls groups &hé resulting release of ring strain
(Fig. 2B). Moreover, we used a DBCO with a PEG spacer to better display the probe to the

membrane of EVs
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Fig. 27 (A) Schematic over the maleimidiiol Michael addition reactian(B) Conjugation of peptide with

cysteine tdDBCO reagent
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5.2.2 Liposome/Peptid&odel System

Firstly, the capacityof second generatiopeptides to capturenanovesicles was assessed in a
model experiment by usinftporescensynthetic liposomes mimiakg the lipid composition

and sizeof natural extracellular vesicles.

For the preparation of liposom&e usedthe ThinrFilm Hydration followed by Extrusion
Method. This approadhvolves making a thin lipid film in a rourdottom flask by theemoval

of organic solvent. Upon the addition and agitation of the dispersion medium, heterogeneous
liposomes are formed. Finally, after extrusion through polycarbonate membranes,

homogeneous smdiposomes are obtaing#ig. 28.

Lipids in organic Dried lipid film formation: Hydration:
solvent Organic solvent is completely Dried lipid film swells by
evaporated by rotary evaporation adding aqueous medium

Polycarbonate filter
(with pores)

oo

.......
o ®e,
o' .,

s,
e, o
e, °*'

--------

Hydration and Agitation: Extrusion of suspension through a polycarbonate filter with
Lead to multilamellar defined pore size to obtain unilamellar vesicles
vesicle formation

Fig. 28 Thin-Film Hydration followed by Extrusion Method for the preparation of Liposomes.

To mimicking the lipid composition of natural E%s liposomes were prepared with
DOPC/SM/Chol/DOPS/DOPE at a molar ratio of 21/17.5/30/14/17.5 with% percentage

of 1 ,-Diddtadecyd3 , 3 -TetdymedhMjndocarbocyaninBerchlorate (D) as fluorescent

dye. Firstly, exactly volume of chloroform/methanol stock solution of each lipid was added in
a flask to obtain a final lipid concentration of 10mg/mL. The dried lipid film was formed
evaporating the organic solvent on a rotary evapotaior leaving the flask in sacuum
desiccatorfor 30 minutes to remove the solvent residues. Subsequently, the fil was hydrated
with 1 mL of PBS andhe solutionwas vortexedor 10 s on maximum speed three times to
suspend the lipid materials in tbelution.Once all lipid materials are suspended in the solution
the lipid/PBS mixture was extruded 13 times through 200 nm pore sized polycarbonate

membrane to obtain uniformly sized liposom&ke concentration particle/mL and the size
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distribution of Iposome was confirmed b\anoparticle Tracking AnalysisNTA) and
Dynamic Light Scatteng (DLS) analysig(Fig. 29A-B).

A B
1.5+

1.0

0.5+

Concentration (particles / ml)
Normalized Intensity
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0 100 200 300 400 S750(1 600 700 800 800 1000 1 10 1 UO 1000 1 Uouo
1ze (nm) Radius [nm]

Fig. 29 (A) NTA analysis ofEVs-mimicking liposome (B) DLS spectra of EMsimicking liposome The two
analysezonfirmed the200nm size of liposomes.

The new panel was spotted ocoatedmicroarray slide and incubated with a concentration of

10° particle/mL for 2hand the binding capacity was revealdthe fluorescent of liposomes
(Fig. 30)

E
i
;

|
N 111 M 1111}

Fig. 30Assay schem#éor the detection of liposonsavith peptides

As shown in the graph beloflsig. 31) theincreased of hydrophobicity thepeptide sequence
improwe the ability of captureand thesubstitutionwith Trp, Nal andI-Phehas doubled the

catch of liposomegd-or these three derivates, the substituin position 5 or 8 provide a better
result. Additionally, the chang®f halogen atom with Band Flead to an improvement of
binding capacity.
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Interesting,is the case of hydrophobic aliphatic substitutidta-pepides showa drastically
decreasedor both position 5 and & the sensing of liposons Oppositely, lle-derivates
displayeda capacity of bindingomparable to peptides with hydrophoaromatic substitution.

Finally, the capping of @erminal ofBp peptidedoes notnfluence themembrane curvature

sensing.
Fluorescent exosome-mimicking
liposomes 200nm
Conc. 1079 particle/mL
800007
60000
fF 40000

20000+

Fig 31. Hydrophobic effect on the binding capacity qf-Beptides derivate®r the capture ofiposomes.

These results suggest ththe hydrophobic nature and compositionBp peptideinfluence
drastically the performanceof capturingby membrane sensingh\romatic hydrophobicity
positively impactsthe properties of peptide while the aliphaligdrophobicity negatively
affectsthe capacity oBp. For this type of replacementhe only exception is the derivative

with lle that improves the binding wiiposomes.
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5.2.3 Natural EVsandPeptideSystem

To verify the hydrophobic effecn the capturingropertiesof natural EVs, te new panebf
peptidesvas spotted on microarray slide and incubated withreentration of 1particle/mL

of EVs from HEK293 cell culture fa2h. The effect of hydrophobic substitutions was revealed
by fluorescence staining with a mix aft-rCD9/CD63/CD8lantibodieqFig. 32)

Fig. 32 Assay scheme for the detection of natural EVs with peptides.

As show in the grapbelow (Fig. 33), the recognition efficiency is significantly increased by
the replacemendf Phés with more hydrophobic residues as Naphialdnine(BpF5[Nal]),
iodo-phenylalaningBpF5FRl) or Trp (BpF5W)compared to the original peptideor the first

two derivates, we observed a slight increase in vesicles binding also for the Phe8 sulstitutio
while the presence of Tryptophan in position 8nild decrease¢he captureMoreover, the
substitution of lodie atom with Bromine (BpFaBr) for the residue Show a slow enhande
while the presence of FluorifBpF5RF) significantly declines the binding.

On the other handhe aliphatic residues as Al@BpF5A) or lle (BpF5I) deeply reducehe
capacity of bindingfor both positionsLastly, the capping of @erminal provides alight
increased.
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EVs + Mix anti-tetraspanins
Conc. 1079 particle/mL

30000
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RFI
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Fig 33. Hydrophobic effect on the binding capacity gi-Beptides derivatefor the capture ofiatural EVs

Accoarding to dataye finally evaluated the effect of multivalencgnformationon peptide

where the Phe5 wasplacedwith Nal (BpF5[Nal]), 4-iodo-L-phenylalanine (BpF5#) and

Trp (BpF5W).

The tandenderivates present the repeating of the original sequence separated by a PEG spacer.
Based on this approach, we obtained final peptides with a double substitution in Phe5 and
Phels, respectively.

The panel with tandemrpbes was spotted on microarray slidend incubated with a
concentration of 10EVs from HEK293 cell culture for 2h. The effect of multivalency was
revealed by fluorescence staining with a mibanf-rCD9/CD63/CD8lantibodies.
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EVs + Mix anti-tetraspanin
Conc. 10"9 particle/mL
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Fig 34. Comparison of Wdrophobic effect on the binding capaditgtween the linear and tandem configuratbn

BP-peptides derivates

Fig. 34 show that the multivalencgonformationenhance the properties of captuid. the
peptidesmprovel the ability of binding compared thdinear orientatiorand thesubstitution
with Nal and lodinePhe lead to the better resuFurthermorethe double presee of Trpdo
not drastically affect the properties of peptide resulting in a binding capaaitarsto the

original Bp.

To summarise,he resultsobtained with thesexperimensg confirmed that the hydrophobic
contribution play an important role in the membrane senBggacement of Pheesidues with
differentnature othydrophobic grounas allowed us tanalysan more detaithe effect of this
contribution.In particular, weconfirmedthat the aromatic hydrophobicity better influence the
properties opeptide in terms of capacity of bindingcontrast to thaliphatic group.

Moreover, we demonstrated the possibility to sigethetic liposome as model of natural EVs

obtaining the same results trend in termalafity of sense curvature membrane.
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5.2.4Molecular Dynamics (MDBmulations

The biological process of membrane curvature sensing is crattiaughtheir molecular
recognition is not fully understood biophysicalljnvestigation of the mechanisms and
dynamics ofpeptides/membrane systasessential to studying how to generate rp@ptide
designs. An understanding of the motions and intei@ts of individual atoms at the
microscopic level is crucial for thign this sense, MD simulations have emerged as a crucial
tool for studying the dynamics of biomolecular systems.

In order to provide mechanistic insight into the peptide/membrane bimdli@gction, we
performedall atoms (AA)molecular dynamics simulations, a we#itablished approach to
study peptides and structural propeffie$he representation and consedigimulation of the
dynamic evolution of all the atoms of the system considered allow to obtain more detail and
accurate data of the interaction behind the mechanism of birBasgd on the experimental
results, we developed the-silico model of Bp peptide and its derivatiesm the substitution

of Phe5 with Ala, lle, NI, Ipe and Trp (BpF5A, BpF5I, BpF5/Y, BpF5KI, and BpF5W,
respectivelyweresimulated with a lipid membrane nanovesicles mimicking the phospholipids

bilayer of naturbextracellular vesicle@ig. 35)

Bradikynin (BK): Aliphatic Derivatives Peptides:
ILE-Bradikynin (BK-ILE): ALA-Bradikynin (BK-ALA):

‘Ef’%«* %:::4" (;% ng’* k T\w

Aromatic Derivatives Peptides:

Iodo-Bradikynin (BK-IPE): Naphtyl Bradikynin (BK-Nal): TRP-Bradikynin (BK-TRP):
n
{ by

Fig. 35 Representation of generated moddie residue 5 is coloured in yellomhile the residue 8 is in green.

The models were initially generated with tthesign ofpeptidesand of the membrane in two
separate syster(Fig. 36) Subsequently, the peptide wassitioned in bulk water with a
minimum distance of 5 A with respect to the membraie lipid composition of membrane
reflects the same composition of the liposome used in the experimental approach
DOPC/SM/Chol/DOPS/DOPE at a molar ration of 21/17.5/30/14/17.5.
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1) Design of Atomistic Peptide: 3) Merge of Peptide and Membrane:
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2) Design of Atomistic Membrane: DOPC/SM/Chol/DOPS/DOPE *}6

(_»4_ _(u‘_"’j,r /ey
& ot 864,

O o
; o PN L TP ."f'/.‘.“;” '.‘P ['°)
o Y EE @ BRGY © o'§ WER PO E S

Fig. 36 Design of peptide/membrane complex

The peptide/ membrane binding pr wms,thgsdimtmgs t vy
the application of standard simulation techniques like classic MD. We overcome such limitation
by performing a total of 240 ns of Adaptive Biasing F8¥¢aBF) calculations for each peptide
which allow us to provide the Potential of Mean Force (PMF) as thidpspgo from bulk

water to the center of the membrane. In the PMF plots, the maximum in the PMF corresponds
to the state in which the peptides are buried into the membrane, leading to high energy, while
the energy minimum represents the preferred positipaf each peptide with respect to the
membrane.

We further analyzed the PMF profile to elucidate in more detail the energetics of the
peptide/membrane interactioRig. 37A). Starting from the bulk water and approaching to the
lipids bilayer, the wild tpe peptide show an energy state that reach the minimum value closely
with the membrane surfacéhe BpF5[Nal] peptideincrease the potential energy of the system
and induce the shift of the energynimum deeper into the membrane. Moreover, the
introductian of an lodine atomBpF5I) on the aromatic ring decreases the energy potential but
move the energy minimum even more in depth compared to the original peptide. On the other
hand, no energy minimums are show for the peptides containing Ala, lle and TgteQtthe

presence of lle generates an energy barrier between the surface and the bulk water.
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Fig. 37 (A) The PMF for the translocation of the bradykimaptide derivates through the lipid bilayer calculated
using the ABF techniquéB) Comparison of hydrophobic contaetith the membranéor each residue.

The noncovalent interactions between the lifindayer and the peptides are tightly connected

to the aromatic moiety of peptides. The Ipe residue has the highest number of hydrophobic
contacts (Fig. 37B), consistent with it being buried in lipid bilayer. Furthermore, the presence
of Nal instead of Phencrease the number of hydrophobic contact while the presence of
aliphatic residues provides a lower number of interactions (Fig. 37B).

We characterized the binding poses of peptides starting from the conformational state at the
low-energy minimum for each model. A classical MD simulation for 300 ns was performed and
we analysedhe number of hydrophobic contacts between the resifiLand &f peptides and

the phospholipid tails and tlaeerageoccupancythe percent of simulatiotime in which such

interaction is observedf cation” (Fig. 38A)and anion” i nt e(Figq 88B)i on s

A B

N 0N

— —

7

Fig. 38 (A) Schematic representation of cation ( B) Schemati c -r.epresent at

In the vesiclepeptide complexintramolecular catiof i nteractions may o
aromatic residues, PhealNIpe and Trp, and the positively charged of lipids PSM, DOPS and
DOPC. On the other hand, the anion i nt er acti ons take place b
and the negately charged atoms of phospholipids.
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At the beginning o$tudy, we analysed the comparison between the residue 5 and 8 of the same

peptide Afterwardswe studied the total interaction comparing the entire peptides to each other

as well as the individuaide chains.
For the wildtype peptidgBP), Phe5 and Phe&@re directed inside the membrane (FHBA)
inducing a peptiderientationwhere the Arg residues are located on the surface of membrane.
Theaverage occupancy of cation b h0adl% for Phe5 and 3.5% for Phgdg. 39B) while
11%

the average occupancy ofanion i s o f

f sfFig.BEYX h Phe

25

204
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of Cation-n

104

%

Cation-nt

—

T
Phe$S Phe8

of Anion-nt

%
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40+

204

Phe$

Anion-nt

Fig. 39 (A) Orientationrepresentationf peptide at membrane surface. tion”

residues. (C) Aniof

As we assumedreplacing residue With Trp or Nal led to an increase in the number of

0 ¢ ¢ wiPhed ang Phe&@sidues.

I B

Phe8

posit

0 ¢ ¢ wiPhdy anyg Phe8

interactiors with the membranalso confirming the better capture efficiency.
In the first casgpeptide present Trp5 and Phe8 not completely buried in the membrane but on

the top of lipids(Fig. 40A) This orientation confirms the lower number of hydrophobic

interactions off rp compared to the Phe of the original peptide in the same podsititarms of
v a |(Rige40B) f

cation’

occupancy,

whereas theccupancy oinion~ f or

peptide

Trpb5
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Fig. 40 (A) Orientation representation of peptide at membrane surfac€af®)yn”~ o0 ¢ c whTgph ang Phe8
residues. (C) Aniofi o ¢ ¢ wpTgph ang Phedesidues.

In the second case, the incorporation of a double aromatic ringalagréVidesa drastic
increased in the number of anibn f o r albamd Fhe§Ng. 41C). This interactionwas
observed with an occupancy of 47.3% fal®™Nand of 53.7% for Re8. Additionally, we did

not observe a significantly changethe cation™ wi t h a v al alseandd% fo6 . 3 %
Phe8(Fig. 41B)compared to original BfAs regards the orientation of peptittee hydrophobic
residues araotcompletely buriedn the phospholipid membrangéig. 41A).
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Fig. 41 (A) Orientation representation of peptide at membrane surfac€aB)n” o0 ¢ ¢ wiNalh angPhe3

residues. (C) Aniotfi o c c wfNalh angPhe3 residues.
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Thereplacing of Phe5 with-iodo-L-phenylalanin€lpe) changed the orientation of peptate
the lipid interfaceduring the simulation. As shown in Fig2A, the Ipe residue is completely
buried into the membrane providing a higher exposure of Bhit pogively head of lipids

on the surface. Consequently, the average occupancy of-Caith@neased until a value of

20.5% for the Phe8 while no catidon was f ound (Fig 42B)IMganwhilegtsei d u e

anion” occupancy sl ight 1.7 % ferlpe atredidué®igt 4&3). Ph e

B Cation-nt C Anion-nt
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20+
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% of Anion-n

%
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104 20

1
Ipe5 Phe8 Ipe5 Phe8

Fig.42 (A) Orientation representation of peptide at membrane surfac€dfg)n” o ¢ ¢ whlEeh angPhe
residues. (C) Aniofi o ¢ ¢ wiehandPhe residues.

Peptides containing the aliphatic residues, Ala andgshiey cationic and anionic interactions
strictly related to the presence of Phe in position 8.

Peptide with Ala in position & oriented with the hydrophobic residudisected towards the
inside of he membranevith the Phe able to interact with the charge of phospholiids
43A). ThecatioRn occupancy observed is of 3.5 %
of 20%(Fig. 43B-C).
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Fig. 43(A) Orientation representation of peptide at membrane surfac€aB)n” o0 ¢ ¢ wipAas angPhe
residues. (C) Aniofi o ¢ ¢ wfpAaH angPhe residues.

Derivate with lle residue show an orientation of peptide with the Phe8 direct itusitie of
membrane and the Ile5 more on the surface of the lipid #&ygr 44A) Compared to Ala

derivate, the interaction with cationic group is relatively low with a value of 0(&83644B),
t wo t i ma derivative wath atvhlue of 40700 A |

while the occupancy of anien i s
(Fig. 44C).
A
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Fig. 44 (A) Orientation representation of peptide at membrane surfac€g8)n” o0 ¢ ¢ wflleSraedPhes
residues. (C) Aniofi o ¢ c wflesrandyhes residues.
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The global cation occupancy(the sum of the contributions of residues 5 an#&ig. 45A)
showsthat the peptide containing Trprovide the major percentage of cation dur i ng
simulation (25%). At the same time, peptide with lodine atom present an average occupancy
(20.5%) slightly lower than Trpderivative (25.3%) but higher than the wiltype peptide
(3.9%) The llederivate shows the worst percentageof occupancy(0.83%) while the
BpF5[Nal] provide a percentage of cation dr asti cally decreased
percentage leg48.5%)than the original Bp.

Fig. 45B shows the interaction corresponding to the side chain of the amino acid in position 5.
The indole ring of Trp more contributes to the interaction with the positively charge of lipids
compared to thether sidechains(16%, respectively) Naphthyl group eontributes with a
percentage 06.3% to the cation wher eas t llaesnot cahtribute to rthisn g

interaction. Ala and lle cannot contribute tothe cationi nt er act i on.
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£ 204 z 20
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o
& a2
54 5]
0- 0- T T T

Phe Trp Nal Ipe Ala lle

Fig 45 (A) Global ation” o ¢ ¢ u(B)Xationy o0 ¢ c u pdédferentyesidues positions.

Finally, the globalanion” occupancyFig. 46A) showsthat peptide containindNPA provide
the presence ofnion” interacton during all the time ofthe simulation(100%9. As for the
cationt”, lle-derivateshow a better percentage of occupaf@t;7%)than Bp(21.4%) despite
the only contribution of Phe8pF5RI and BpFSW display a slightlyenhancedin the
percentage oanion ~ comparedo the Bp(28.7% and 23.3 %respectively)while BpF5A
shows a value obccupancy 020% comparable to Bp.

As regards thénteraction corresponding to the side chain of the amino acid in posjtthe 5
Nal display a percentagef @7.3% compared to the PBen the Bp peptide(10.3%). The
residus 5 of BpF5kI and ofBpF5W contribute to the interaction with percentagef 12.7%
and 15.3% Ala and lle cannot contribute to thaeion” i nt d€HRigad6B)i o n
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Fig.46(A) Anion-~ occupancy for e‘acdic pwmpdarn dy .of( BJi fAfnd roen

To summarizethe computational modelling of peptideembrane compleelucidated the
results obtained by the experini&n

The better binding capacity of BpF5lj, BpF5RI and BpF5Wcompared to the wildype Bp
was clarified shoing the higher number afteractionsof peptidesvith thephosphtipids. We
also demonstratedhat the lower ability of binding of aliphatic derivates is duette low

chances to interact with the membrane.
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5.3 Synthetic Extracellular VesiclegsynEVS)

The wide rangeof separation methods and measurement instruments, as well as a lack of
appropriate reference materials for accurate calibration, normalization, and method
developmentrestrictEV research and its biomedical applications. A reference material suitable
for all of these purposes should (1) have-liR¢ physical and biochemical characteristics,
indicating that it is of biological origin; (2) be trackable and thus distinguishable from sample
EV; and (3) behave similarly to sample EV under various experimamditions.Polystyrene
beads, silica beads, and liposomes are currently used as calibration reference materials.
Despite the rapid advancement of technology for creating sgmtheticextracellular vesicles

the primary obstacles to their use nmedicine are the need for largeale, clinicalgrade
manufacturing, isolation, modification, and purificatidtowever, due to these limitations,
entirely synthetic EVs-like particles have been created utilizirhemistry, chemical
engineeringpio-nanotehnologyand biology. There are two main trends in nanofabrication:
top-down and bottorup approaches.

Top-down approaches rely on breaking larger, more complicated units into smaller ones in
order to produce nanosized materidls.this instance, cultivatl cells are used to create
membrane fragments that will later be used to construct the vesicles in order to make artificial
EVs. Based orthis strategy, many methodologies have been created, mostly for drug delivery,
but also for promoting cell prolifeian and creating exosonmimetic models for
biodistribution investigationddowever, his methodologypresentertain limitations, though.

Due to the passive encapsulation of the surrounding media during membrane fragment self
assembly, cargo sorting lacgslectivity.

In contrast, bottorup methods use the physical and chemical properties of molecular building
blocks to construct complex structur@ne of these techniques is the creation of liposomes,
which are small particles made of a lipid bilayer tregembles the plasma membrame
represent aaxcellent place to stdiar the creation of synthetiesicles These can be modified
usingspecial lipidsandchemical groups that can form covalent connections with the specified
biomolecules using/ell-known bioconjugation procedures, such as carboxylic, amine, or metal
chelating agent§.he primary benefit of this approach relies on the manufacture otjuglty
products because ttimal composition is determined by a fixed formulati@émotherbenefit

of this approach is that it may be modified to encapsulate nucleic acids

In this regard, | spent 4 months at the Max Planck Institute of Medical Researchtindere

researctwas focused on the synthesis of bottomassembly of fully synthetic funenal EVs
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(synEVs).Specifically, this method produce fully synthetic LUVs (Large Unilam&lisicles)

or GUVs (Giant Unilamellar Vesicle¥)

The synthesis of synthetic vesicles is based on the chagdeated fusion of small unilamellar
vesicles (SUVs) or proteoliposomes inside surfaessatbilzed droplets. In the experimental
settings(Fig. 47), the aqueous solution containing the SUVs and/or piiggesomes and the
species for entrapment was layered on top of fluorinated oil supplemented witbha3EG
fluorosurfactant. At this point, the formation of surfactatatbilized watein-oil droples was
induced by manual shaking or vortexing forming a spherical supported lipid bi#lyB}) at

the droplet interface. Upon addition of an aqueous buffer and a droplet destabilizing agent
(1H,1H,2H,2HPerfluore1-octano)] PFO) synEVs were released fraime surfactant shell and
the oil phase into the aqueous buffEine generation of a sustained lipid bilayer at the droplet
perimeter is necessary for thgnEVsformationprocessvhereVan der Waals and electrostatic
interactions between the SUVs and thpport, in this case the surfactant layer, are the driving

forces behind it.

Step 3
Shaking +Buffer
—_—
+Destab. agent
. 1 C ®
I .
® o) = .
8 % 2 -
b o it e 9 % ® °
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- ©'0°, . @ >
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8 ‘e ® . O GUVs
®suvs or « « Species for encapsulation PEG-based
¥ proteo-liposomes * (e.g. dyes, proteins, NPs) surfactants

Fig. 47 Schematic illustration of the-&ep strategy for the formation of synthetic vesickgure reported with
the permission of Kerstin®pfrich, Barbara Haller, Osk&taufer, Yannik Dreher, Ulrike MersdoHtia Platzman,
and Joachim P. Spat20l: 10.1021/acssynbio.9b00034

For the successful vesicles formatisrio consider the interplay of the charges present in the
system: charged lipids, ions in the buffer, and charged surfactants presented at the droplet
interface.The SUVs do not fuse when charged surfactants are not present at the droplet
interface, such asvhen the droplets are stabilized by inert PEfSed fluorosurfactants.
Additionally, when applying negatively charged surfactahéy remain uniformly dispersed

throughout the dropleln particular, thédormation of negatively chargeatsicless succesful
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in the presence of Mgions which can screen the negative charg&kernatively, a higher
concentration of monovalent ions (100 mM) can be used to ackesidesformation.

On the other hand, the synthesis of positively chasye&Vsis only pos#le in the absence
of Mg?* ions offering a direct path for the development of multicompartment systeiths
unique lipid compositionsn the absence of Mg, encapsulation of a mixture of positively and
negatively charged SUVs during the shakprgcess results ithe fusion of the positively
charged at the droplet peripheGontrarily, the negatively charged SUVs are dhdtento the
droplet edge under these circumstances, leaving only a few small interior compartments
(Fig. 48)

To equip the assembled vesicles with theliased functionalitythe recombinant extracellular
protein domains are immobilized on the vesicle surfacd, bwards this end, the DGS
NTA(Ni?*) lipids can be included in the lipid composition to bind-tdiggedproteins As
alternative approaches for vesicle biofunctionalizationbesexploit different binding methods

such as primary amines with NHS esters or bistreptavidin binding

Fig. 48 Confocal microscopymagesof synthetic extracellular vesicles.

This method provides the design of engineered EVs moving the boundaries of EV application
beyond the limits of natural vesicles, such as production, isolation, and sample consumption.
This approach opens the investigation on the use of synthetic vesiee@ternal standard

for the comparison of different techniques for EV analysis. Furthermore, the possibility to
functionalize the surface with several ligands (e.g., peptides and proteins) provides the
production of increasingly complex synthepartides to explore the principal biophysical
mechanisms on which EV functions rely. Finally, this methodology could be representing a

new class of therapeutics based on merging synthetic, lifelike assemblies and living systems.
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5.4 Printable peptide hydrogelsfor 3D microarray applications

54.1 Strateqy design

Hydrogels represent ideal semeét systems, as biomolecules can be gently confined within a
nativelike environment, preserving their structural and functional propeRiégy figure of

merit of hydrogels is their versatility: hydrogel properties can indeed be conveniently tailored
and set to mimic the biological environment where biomolecular interactions occur.

Starting from oumpreviously supramolecular peptide, YF®3 e investigatedhe potential

for using a composite material with increased stbess by the combination of our SAP with
(bio)polymers of common usge.g., polysaccharides, polyalcoholg/e explored alternative
sequences studying smathnel of YFQ1iderivated peptides until the identification of-anér
sequence, AYFQQQFK-conh2, which we called Q3. TIfg3 design was based on the use of
short peptide with Merminal acetylation and theapping of Cterminal in order to facilitate

the selfassembly proces®n the other hand, as biopolymers was selected théslmperature
gelling agarose (hereafter referred as Agayeltknown and cheap gelling agent.

According to our hypothesis, th@3 nanofibrillar network and Aga gel combined at specific
ratios could produce a slightly viscous yet resilient gel matrix with the particular features
needed for 3D microarrayk this approach, the Aga hydrogel's physical characteristics may
be enhancely the addition of SAP, which also makes it easy to functionalize withelictive
moieties(Fig. 49.

600000

Was

~
LA ' Q3-Epitope conjugate
Epitope

400000
e Was - } } Q3 units

W

Aga l Q3 fibrils
A s L—\rv-’“ 6 é 1|0 1I5 2In
,JF . Silicon chip

200000

Intensity (mV)

Time (minutes)

FJN

i
‘ LT Y J,‘ Y
1000000 T ‘,J"-:‘:'--'}‘L: !\3.: \cﬁ‘;:.'/L: T“VJL__,F! ‘},A:Lﬂ._,&: e
800000
Microarray

printing 600000~

400000

Intensity (mV)

Hydrogel 200000~
microarray

T T J
0 5 10 15 20
Time (minutes)

Fig. 49 Conceptualized strategy used to produce 3D hydrogel aarad/s1PLC profile of Q3 and NO1 epitope.

The model of assembly wasaluated by molecular dynamics simulatitmet highlighted the
formation of b sheets with several coetwfigur
C-symmetry and (i) fac¢o-face paring, typical of a class 1 steric zigpdFig. 50). In
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particular, we identified two different stezgopersstabilized by the intramolecular hydrogen
bonds (HBs).
The propensity of assembl e i nrapdiffadien¢PXRD)wa s

experiment showing the perfect correlation with the MD predictions.

Fig. 50 MD simulations of Q3. (A) inear structure of Q3 peptide. (B) Q3 satfsemblyshowing two distinct
steric zippers(C)Hi g h 1 i g ht -sleét, cansigting ofgdaradlel dtacking of Q3 stra@udor code: carbon,
light blue and green; oxygen, red; nitrogen, violet. Hydrogemsiioave been omitted for clarity

54.2 Composite Agd&)3 hydrogekharacterization

To assesshe Q3 peptide's sefssembling abilitiesl mM solutions in phosphateuffered
saline (PBS) werpreparedo produce a transparent gailsda serial dilution of the Q3 solution

was characterized bysoaillatory rheological andransmission electron microscopy (TEM)
experimentsThe first measurements showedeallgi ke b e havi that contiued >
down t o (Fig®B0DA) coridentration while TEM proved the formation of nanofibrillar
network with a detection of nanofibrils downto29M concentr ati on.

Based on these resultsewhen proceeded to combine Q3 and Aga in different ratios to test the
AgaQ3 hydrogelsproperties aki ng i nto considerations t hat
microarray printing is of <10 P@nly extremely diluted (0.2% w/v) Aga solutions can satisfy
this requiremenwhile the rheology of Ag&3 blends was fully studied by tlgect dilution

of Q3 peptide stock aliquots (1 mM) at various final concentrations1(@beM) in Aga
solution (0.050.2% wi/v) in PBSAccording to stress recovery experimegtgngsto the gel
microstructures within the linear viscoelastic region (LVER)oaiiekly and reversiblyestored

and all the samples investigated showedventional viscoelastic fluidsehaviour outside the
LVER.
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Fig. 51 Strain sweep experiment (linear ei®lastic region) for different concentrations ofQ3 in PBS. Oscillation
amplitude table: 0.3000 Hz frequency, 10 samples per decade. Detailed view of the stabilizing interaction within
the Q3 fibril. (B) Time sweep experiments (0.3 Hz, 0.01 Pa)

Notably,we were able taefinean Aga concentration threshold (0.1% w/v) above which Q3
addition weakens the hydrogel .Orethewthear &ide,@l o we
larger LVER and a smoother exit from the linear rawgeeseen, indicating thated mixes are

more resilient to prolonged deformatid@ontrarily, at lower Aga concentrations (0.1% wi/v),
the mix with Q3 produced mutually reinfor
compared to those of the monocompongydtems, indicating a maximal and synergistic
interaction of the dual network of fibrils. This is especially clear in very diluted conditions,
where both the monocomponé@dseM Q3 and the 0.05% w/v Agdisplayed fluidboehaviour

( GNjNj > G Njp the blemdedcmaterialis presdominately elastic qualiEes 51B).

The analysis of the hydrogel samples' nanostructural characteristics by TEM revealed that the
Aga-Q3 blends are made up of complicated fibril networks that nevertheless have trtriaddivi
morphological characteristics of the two compongirig. 52). The improved rheological
properties of the composite hydrogel are probably dubeontersection ofarger Q3 fibrils
through the Aga matrix, which strengthened the overall fibril nddw@Qa3 fibrils have a mean
diameterof 24 + 6 nm and are bigger and more polydispesapared tcAga fibrils which

showa mean diameter of 164 nm.Using smaHangle Xray scattering, the morphology of

the supramolecular hydrogel network was ats@mined in solution (SAXS)A flexible

cylinder model was used to fit the scattering patterns for both Aga and Aga@Bmingthat

the Aga matrix retains itsiorphologyeven when combined with Q3.
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Fig. 52 TEM images of Aga 0.05% w/v as the monocommont , 0. 05% w/ v Agai 25 &M Q.
Q3 as the monocomponent. Scale bars correspond to 200 nm.

As has already been discussed for other composite Hggi¥§’°, the observed rheological
behaviour for AgeQ3 is thought to be the result of ei®static interactions as well as hydrogen
bonds and hydrophobic interactions between the two distinct species. We hypothesize that the
interwoven Q3 fibrils might serve as a scaffold for the formation of an extended supramolecular
network via noncovalenhteractions with the Aga network, leading to a composite hydrogel

with high mechanical deformability, even though these can be very difficult to finely dissect.

54.3 Setup of Microarray application

In order to fabricate a microdroplet arrapsth Q3 and composite hydrogels werarained
onsilicon slides coated with MG, a commercial polymer used for its antifouling qualities to
minimize nonspecific background interactions in the microdropletr@mvient Microarray
printing was possible for composite matrices at Aga concentrations of less than 0.2% wi/v
(8 Pa)in combinationwith varied Q3 concentrations (Z%0&M). Once depositecthe 3D

spots quickly dried after deposition but may ibenediatey rehydrated when slides were
submerged in an agueous buffidotably, after being incubated in PBS, monocomponent Q3
microspots displayed nonreproducible stability on the chip syrfadereas Agdd3
microspotsremained firmly anchored and clearly discernible even after a lengthy incubation
(>12 h) for active solution mixingThis feature is extremely important since immunoassay
techniques frequently use active mixing to speed up the binding kinetics anduyet assay
restrictions related to analyte diffusion.

To determine the size and shape of deposited microspots under wet conditiepeptaro
excitation fluorescence (TPEF) microscopy investigationsing fluoresceidabelled
antibodieswere carried ouin an aqueous environmefftig. 53). The images captured using a
lem pitch i n t hethaZspattédmerodropletstakeonm a dike shape wlith

a height of about Zm.
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Fig. 53 Two-photon excitation fluorescence (TPEF) images showing average intensity projection on the sagittal
(xz) plane of a 3D rendered singdpotted microdroplet (top) and six 2D (xy) images collected at selectediz
positions, wher dsulastrate@Qbotom) i s t he optica

At this point, we designed antibogheptide recognition tests to optimize the experimental
conditions for the evaluation of the analytical performance of 3D microarrays compared to 2D
array (Fig. 54). In particular, the immunorecodgimn between peptide epitope EO01 and
polyclonal rabbit antibodiefant-rE01) was used as a model interacfibrwhere the

chemiluminescete (CL) was selected as detection method.
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Fig. 54 Schematic representation of 3D and planar assays. The printed arrays are first incubated with antibodies
spiked into human serum (Abs) or serum (Ceidtest), washed, and then incubated with-ly@® HRRIabeled
secondary antibodies for signal detection

The EO1 epitope was fixed within the A@8 gel matrix in 3D experimental settings using a
previously described method that involvéte coassemblingof Q3 monomers and EO1
conjugated Q3 units produced using click chemi&tiye u s e dQ3E®L/0.65% w/v Aga

and horseradish peroxidase (HR#®hjugated secondary IgG to produced chemiluminescence.
Several sample incubation periods were examinfdwing thesaturation curve of CL signals
corresponding to the EOlafD1 antibody pair, wich reached 50% of maximum intensity
within 2 handplateaued at around 4(Rig. 55A). Empty control spots (microdroplets lacking
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the EO1 epitope probe for the target) were utilizeénsure that the hydrogel matrix is not
susceptible to nonspecific ingations with serum components and that the observed signal
originates from the hydrogel matrix

1.5+ 10—
-+ Aga-Q3

-+ YFQ11
= 2D

RCI

0.5+

0.0~
0 500 1000

Incubation Time (min) pg/mi

Fig. 55 (A) Saturation curve for the relative chemiluminescence intensity (RCI), showing how different sample
incubation times (assay first step) reflect upon signal intensity. The maximum is reached within 4 h of incubation
and maintained even after prolonged iratidn times, corroborating the stability of the 3D sp(B3.Detection

of di fferent concentr at i-E0bh santibody 1s@kad intog human) serumf Thd h e
chemiluminescence signals for the 2D and 3D assays are compared, showing an incnealseehsige ratio

and a wide detection dynamic range for the 3D system

Sequentially, e sensitivity of the 3D test was then evaluated waitbomparable assay
conducted in the YFQ11 configuration and in the 2D fortRag. 55B). In the latter instance,

the EO1 peptide was spotted with an equale(2) concentration directly onto the microarray
surface without being encapsulated in the hydrogel matrix. AfterttieCL intensities found

for the plana2D, and 3D experiments were compared using spiking of theE@itiantibody

into human serurf0-3 2 ¢ g Resulis)clearly showed that the AgaQ3 3D system had a better
signalto-noise ratio, LOD, and larger detection dynamic range. While the upper LOD for the
2D system was attained at 4§/mL for both 3D assays, the standard curve did not reach the
saturatiorphase at the highest applied analyte concentration ©f/82L. These patterns point

to a favorable loading capacity typical of the 3D environmidete, we hypothesize that the
observed higher sensitivity attained by the A&system may be attributedite® 3D geometry

and to a more favourable prebgand interaction, as a result of the reduction of nonspecific
ligand-surface interactions in the wet environméntfact, drying and other surfaceduced
processes can change the properties of moleawbep in 2D systems, whereas the hydrophilic
environment provided by the hydrogel better protects the integrity and functionality of

bioprobes.
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54.4 3D Assagin SARSCoV-2 IgG Detection

Finally, we investigated the application of the chokgdrogels in a practical analytical setting

Specifically, the serological profiling of IgG reactivity against a peptide epitope from the
SARSCoV-2 N protein region 15670 in patients with Covid9 (hereafter named NO1,
sequence AIVLQLPQGTTLPKG)as exarmate.Moreover, we compared similar (overnight)
incubations times for the samples under analysis with the equivalent 2D microarray format.
Using the same method as was previously disclosed for the EO1 epitope, the NO1 epitope was
immobilized within AgaQ3yels.First, a set of pooled Cowiti9-positive (CoV+) ser&l:1000

dilution) were incubated with decreasing concentrations (from 25 to 1 M) of the NO1 epitope
within the gel matrix in order to assess the optimal hydrogel probe content
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Fig.56( A) Detection of 1 gG reactivity against the NO1

2D and 3D settings. Serial dilutions of the sample vegralysed showing the capability of the 3D platform to

detect a distinct CL signaldowntala | ut i on equal to 1:50 000. (B) Dilut
sera on the 2D and 3D platforms. (C) 1 gG reactivity
(CoV+) compared to that in healthy controls (CTRL). The peftel shows representative images of the array of

3D spots; the right panel shows CL signals detected for the two panels. The test was able to discriminate the two
populations at a statistically significant level (p < 0.0001) with 100% specificity asdigiy

Even at the EM NO1 content, there was only a modest drop in the strength of the CL signals
In contrast, the signal in the 2D assay format was essentiallgxistentat 10 eM. We next
investigated the ability of the 3D assay's featurdsettvanslaté into sensitivity benefits by
looking at the ability to detect antibodieshighly dilutedclinical samplesin order toanalyse

pooled CoV+ sera, progressive dilution was used. Surprisingly, we were able to demonstrate
that the 3Dsettings performed significantly better than the equivalent 2D §8gayb6A). In

fact, the 3D arrangement was about ten times more senddwer calculated detectable

dilution factor, 1.5 x 1%, Fig. 56B) than the 2D configuration, which could ordigtect a
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distinct signal down to a serum dilution of 1:5000 (lowest predicted detectable dilution factor,
9.7 x10%, Fig.56B). Overall, antibody titers in serum could be experimentally measured in the
1:100 1:50000 dilution range. It is noteworthy thgieoating at such a sample dilution range is
advantageous for immunoassay specificity and demonstrates the assay's capacity to identify
very low antibody titers, which are frequently linked to mild or asymptomatic SB&R&2
infections.

As the last stem the validation procesthe immunoreactivity of two panels of serum samples
from healthy donorgCTRL) and Covidl19-positive patients was screened against the NO1
epitope in 3D format usingmpty Aga-Q3 (without NO1)as the controlNO1-functionalized
hydrogel spots displayed strong signals upon CL detection for all the -C®&\pdsitive
sampleswhereasveak signals were seen upon incubation with all the healthy control samples,
giving this test 100% sensitivity and specifidifyg. 56C). Results of tfs clinical scenario were
evaluated by an unpaireddst, showing discrimination between the two populations at a
statistically significant level (p < 0.001), meaning that the assay is highly discriminatory.
Moreover, the negligible chemiluminescence algnn the control sample suggest the absence

of nonspecific interactions involving the hydrogel matrix.

54.5 3D Hydrogel as a Tool for Studying Extracellular Vesicles

Given these results, we tested this new material for ptenotypingand the physical
confinementof extracellularvesiclesunder controlled permeability conditianBue to the

intimate relationship betwedflVs and the extracellular milietheymay be cosidered a non
invasiefil i qui d Dbi opsyo o.fForthls eeaspnhwesmefecusedyon tha | st
prognostic value of these biological nanopatrticles as potential biomarkers of bladder cancer

In the experimental setting&Vs from human bladder cancer cell line (hereafter named
EV-RT112)and EVs from cardiac progenitor cell line (hereafter namedCPZ)were directly
incorporated into the gel matyix 25¢ M +  @tthe Eofsenkagian of 1Particles/mL

and the complexirectly spotted on the silicon slide coated by MZ€PBolymer(Fig. 57)
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Fig. 57 Scheme of EVs assay in hydrogel matrix. The vesicles are entrapped in the hydrogel and their membrane

proteins are phenotype with fluorescence peptides.

The confinementof vesicles within the gel matrix ag detected using mix of fluorescent

peptidescapable of recognizing tetraspanins CF¥8dnd CD63°. To assess the prognostic

values of vesicles, we veigfl the presence of a typical biomarkerkdddercancer such as

urokinasereceptof* (UPAR) with a fluorescence peptide able to biskcifically this

membrane protein.
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Fig. 58 (A) Detection of 10° particles/mL EVs in gel
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(B) Detection of urokinase receptor (uPar) in gel matrix by-aRé&r fluorescence peptide.
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Results showed fluorescence signal for the hydrogel with both types of vesicles and the
evaluation of this scenario by an unpairgedgtshowed the discrimination between the gel with

EVs and the empty hydrogel at a statistically I¢pet 0.001 Fig.58A). The dight fluorescence

in theemptygel matrix is probably dut the residues of fluorescence peptides after washing
step.uParpeptide was able to identify the urokinase receptor in the EVs from tumour cell line
even if the fluorescence is observable also in the gel of EVs from healthy cell line cause by the

possible crossalking with other membrane protei(fsg. 58B).
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6. Conclusion and Future Perspectives

In conclusion, this PhD thesis discloses/el peptidebased platforms foEVs microanalytic
applications This thesis demonstrated the potential role of peptides in the fieEVef

specifically in the microarray technology.

We reported for the first time the use of peptide microarrayBVsr where membransensing
peptides represent a novel class of mdedigands for integrated sEV isolation and analysis.
Thanks to their affinity to SEV membrane, these molecules can act as generic baits, enabling
vesicles to be captured withowgtgard to variations in the expression of surface prot€ios
platform sheved highly efficient SEV capturing even from unpurified and complex samples
such as serum, provided the surface chemistrypeyftice-basedprobes presentation is
accurately tailoredThese new molecular probes can be effectively used with protein markers
to enhance the isolation and characterization of <Edmpared taurrent approaches in EV
onchip analysis based oproteins and antibodies, peptides are characterized by low cost of
preparation, remarkable stability, and ease of chemical manipulation, offering virtually
unlimited possibilities for experimental desigQollectively, these characteristics may
encouragehe incorporation of membrarsensitive peptides into EV affiniyased isolation
techniques, enhancing the analytical andapralytical EV toolsetOur approach represents the
starting point for the application of peptides on other solid support forag¥kysis such as
magnetic beads or solid membrarfairthermore, we here showed how the hydrophobic
componert of peptide sequence play an important role in membrane sefsiagheoretical
model greatly enhanced our understanding of peptide/membranmsyateng the bases for

the largescale computational screening of a virtually infinite amount of newly designed
sequences:inally, the new method for the synthesis of synthetic extracellular vegiogsies

the design of engineered EVs moving the bauies of EV application beyond the limits of

natural vesicles, such as production, isolation, and sample consumption.

At the same time, a novel nanwaterials for the straightforward integration of EVs in
multiplexedanalytical platforms was developed. The new composite pepgdse hydrogel

is uniquely attractive, and the easy control on constitutingassémbling monomers offers
virtually unlimited design possibilities to define hydrogels tunable mstmacturd and
physical propertiesThe proposed technique overcomes the drawbacks that prevent the
widespread use of hydrogels for 3D immunoassays, such as difficult fabrication, poor
biomolecule diffusion, and nonspecific interactions, and has been shown terifeeuslly,

resilient, and cosgffective.The 3D assay outperforms standard planar 2D assays in terms of
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performance due to a more favourable contact between the epitope probes and antibody
analytes, as well as greater loading capacity and stabilityestended incubation durations.

The system allows for immunoreactivity analysis, directly on complex biological matrices,
without affecting the molecular recognition properties of entrapped probes nor showing
relevant nonspecific interactionQverall, our findings reinforce the rationales driving the
desire for 3D analytical platforms, constitute a step forward towardgesdration bioassays,

and, more broadly, demonstrate the potential of new composite {maeials We were able

to entrg extracellular vesicles within a bioflultkke environment by a simple mixing step
contemporary permitting to other molecules (peptides) the detection of vesicles. The foreseen
protocol for analysis is gentle, rapid and likely to preserve those physidafunctional
properties of EVs.
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7. Material and Methods

General remarks

Reagents for peptide synthesis were purchased from lIris Biotech GmbH (Marktredwitz,
Germany). Ethyl cyanoglyoxylatzoxime (Oxyma was purchased from Novabiochem
(Dar mstadt , -@meethpfarmam)de (DMF) &hd trifluoroacetic acid (TFA) were
from Carl o Er ba (disopdopyltarbodiimide &01G),)dichlordmettd@ne
(DCM) and all other organic reagents and solvamitess stated otherwise, were purchased in
high purity from SigmaAldrich (Steinheim, Germany). All solvents for sphdse peptide
synthesis (SPPS) were used without further purification. HPLC grade acetonitrile (ACN) and
ul trapure 18. 2MiQ) wesetused for (hdprdpdratiqn of mlliebuffers for liquid
chromatography. The chromatographic columns were from Phenomenex (Torrance CA, USA).
HPLC eluent A: 97.5% H20, 2.5% ACN, 0.7%TFA; HPLC eluent B: 30% H20, 70% ACN,
0.7%TFA

All the lipids werepurchased from Sigmaldrich (Germany). Lipids were stored in chloroform
at-20°C and used without further purification.

Bare silicon chips and Tetraspanin Kits (chips spotted withGDH/CD63/CD81 antibodies)
were provided by NanoView Biosciences (BostMA). MCP-6 azido copolymer was obtained
from Lucidant Polymers (Sunnyvale, CA, the USA). &kgle Size Exclusion Column kit was

from Izon Science (Oxford, the UK)
Membrane-sensing peptides

Peptide Synthesis:

The standard procedure fproducing peptides on a resin starts with the addition of the first
amino acid (AA) from the @erminal residue (carboxyl group), and then continues with the
formation of the peptide sequence to théelNninal endThe amino acids are coupled to the
suppoted peptide sequence by the alpha amino group and the reactive side chains are protected
by a temporary protecting grouphe carboxyl group of the corresponding amino acid must be
activated for its coupling to the resin. Once the amino acid is attatigectsin idiltered and
washed to remove byproducts and excess readéens, theN-U-protecting group of the new
couple AA is removed (deprotection process) and the resin is again washed to remove by
products and excess reagents. Then, the next amithésamoupled to the attached one. The
cycle is repeated until the peptide sequence is complietaly, all the protecting groups are

removed, the resin is washed, and the peptide is cleaved from the resin
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2-CTC resin loading

Resin (0.5 mmol/g loading) was swollenN®MP/DCM (1:3 v/v)for 30 min therwashed with
DCM. A solution of entering Fmeamino acidandDIEA (0.120.96eq over resin loading) in
NMP/DCM (1:3 v/v, 4mL) was added and the resin shaken at riforThe caping step was
performed adding MeOH (0.5mL/200mg resin) for 10 minukes. resin was then washed with
DCM (2x4 mL), DMF (3x4 mL). Fmoedeprotection was performed with 20% piperidine
solution in DMF (4mL) at rt for 10 min. The resin was washed with DMH{Y) and
subsequently submitted to fully automated iterative peptide assembly -&RiRSS).

Peptide Assembly via Iterative Fully Automated Microwave Assisted SPPS

Peptides were assembled by stepwise microveseested FmeSPPS on a Biotage ALSTRA
Initiator+ peptide synthesizer, operating in a 0.1 mmol scale. Activation of enteringe Fmoc
protected amino acids (0.3M solution in DMF) was performed using 0.5M Oxyma in DMF /
0.5M DIC in DMF (1:1:1 molar ratio), with a 5 equivalent excess over the initial leesiing.
Coupling steps were performed f@0 minutes at50°C. Fmoe deprotection steps were
performed by treatment with a piperidine5s@°'C for 2 minutesFollowing each coupling or
deprotection step, peptidygsin was washed with DMF X3.5 mL). Upm complete chain

assembly, resin was washed with DCM3% mL) and gently dried under a nitrogen flow.

Cleavage from the Resin

Resirbound peptide was treated with an-emd TFA, TIS, water, thioanisole mixture
(90:5:2.5:2.5 viviviv, 4mL). After gentishaking the resin f@ hours at room temperature, the
resin was filtered and washed with neat TFR421L). The combined cleavage solutions were

workedup as indicated below.

Work-up and Purification

Cleavage mixture was concentrated unmdgogen stream and then added dropwise t@ald

diethyl ether (40 mL) to precipitate the crude peptide. The crude peptide was collected by
centrifugation and washed with further cold diethyl ether to remove scavengers. Residual
diethyl ether was remodeby a gentle nitrogen stream and the crude peptide was purified by
RP-HPLC and pure fractions combined and analysed byLIEAVS.

RP-HPLC analysis and purification

Analytical RRHPLC was performed on a Shimadzu Prominence HPLC (Shimadzu) using a
Shimadzu Shimpack GWS C18 column (5 micron, 4.6 mm i.d. x 150 mm). Analytes were eluted
using a binary gradient of mobile phase A (100% water, 0.1% trifluoroacetic acid)cle
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phase B (30% water, 70% acetonitrile, 0.1% trifluoroacetic) using the following
chromatographic method: 10% B to 100% B in 14 min; flow rate, 1 ml/min. Preparative RP
HPLC was performed on a Shimadzu HPLC Prominence system using a Gemini Shih@dzu C
column (10 micron, 21.2 mm i.d. x 250 mm) using the following chromatographic method: 0%
B to 90% B in 45 min; flow rate, 14 ml/min. PureRIPLC fractions (>95%) were combined

and lyophilized.

Electro-spray ionization mass spectrometry (EBC/MS)

Electrospray ionization mass spectrometry (E8I/MS) was performed using @himadzu
LCMS-2020instrument equipped with an elecpray ionization source and a quadrupole ion
trap detector (QITR

Synthesis of DBC@peptides via thicinaleimide conjugatbn

Each peptide (5mg) was dissolved in water (1ml) and phosphate buffer solution was added
to obtain a final pH of 7.4. A solution of DBGeg4Maleimide in ACN (0.1eq, 37mM) was
added and the reaction mixture was left to react tuitireagents converon (monitoring by
RP-HPLC). Upon reaction completion, conjugation produ@sisolated by preparative RP
HPLC and lyophilized.

Extracellular Vesicles (EVs) Analysis:

MISEV2018: guidelines

A list of minimal information forstudies ofextracellular vesicles (MISEMwas provided,

covering extracellular vesicle (EV) separation/isolation, characterization, and functional

studies The major goal of these recommendations was to sensitize resaarelRperimental

and reportingequirementspecific to the EV field

1) AExt r ac el liathegrefernedk genedernefar the subject of our investigations,
and subtypes should be defined by physical anddbiemical characteristics and/or
conditions/sources

2) The EV separation and/or isatait procedurenust be reported in detail, to allow a reliable
replication

3) As EV characterization evolves, protein and limdrkerscontinueto be highly usefulto
demonstrate presence of the generic structure of Bsikkers chosen for characterization
of EVs maydiffer based on cells of origin

4) The EVTRACK knowledgebase is endorsed WB$EV (International Society for
Extracellular Vesiclgsto showcase and enhance rigor and reproducibility in EV studies,

consistent with th#ISEV guidelines
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Isolation of HEK EV by ultracentrifugation

Threeday-conditioned media from HEK cells were harvest@d centrifuged at 500 g for 25
min. Supernatantaere filtered with 0.22 mm filters (Merck Milliporggnd centrifuged in a
SorvallTM WX Ultracentrifuge(ThermoFisher Scientific, WX Ultra 100 #75,000,100) at
150.000 g for 90 min at 4°C with a SureSpinTM 630 swindingket rotor (ThermoFisher
Scientific) b pellet EV.After supernatant was carefully removed,-Edhtainingpellet was
resuspended in PBRStlwend stored at T80AC

Serum Separation

A total of 4 mL of blood were collected in BD VACUTAINER (clot activator tube). Serum
samples werseparated after centrifugation within 2 h from bl@adlection at 1900 g for 10
min at 4°C. Serum samplesfrdmi ve heal t hy controls wadilre po

use.

Plasma Separation

A total of 6 mL of peripheral blood were collectedBDTA vacutainer tubes. Blood was
immediately icecand processed within 2 h from venesection. After centrifugtnts00 g for
10 min at 4°C, the plasm{aupernatant) was carefully removed and recentrifagd®0.000 g
for 2 h or at 10.000 g for 1 h.

Isolation of serum EV by ultracentrifugation

A total of 1 mL of serum pool was filtered with 0.22 niiiters (Merck Millipore) diluted 1:1

with PBS and centrifugedn a Optim& TLX Preparative UltracentrifugeBeckman
CoulterTM at 150.000 g for 120 min 42C with a TLA-55 Rotor (Beckman CoulterTM) to
pelletEV. After supernatant was carefully removed, &ntainingp el | et was st or ¢

until use.

Isolation of EVs by combined polymerbased precipitation and SEC
Serum EVs isolated by UC as describbdae werdurther subjected to the Ex®pirE (Cell

GuidanceSystems, the UK) purification kit according to theanufacturer instructions.

EV isolation by size exclusion chromatography

SEC was ©perfor med ac c oinsttuctiorgs oftthe vt smgle callanm u f a ¢
(Izon, Christchurch, New Zealand). Briefly, aftercoluemmgq ui | i br ati on wi th P
poolofseraver e | oaded, 200 ¢L fraetions(FLF6)wéredstarletd, t h
The seventh fractioF7) that according to ghmanufacturer represeritge fraction with the

highest amount of vesiclegs used for analysis and trypsin treatment.
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Trypsin treatment
F7 SEC sample was i ncubfortéhat 87PCt ih aE@éndod g/ mL
Thermomixer accordingp published protocols

Nanoparticle tracking analysis (NTA)

NTAwas performed accor di nugingt Nanagmght NS8@)tsysteng r 6 s
(MalvernTechnologies, Malvern, UK) configured with 532 iheser. All sarples were diluted

in filtered PBS to a finabolume of 1 mL. Ideal measurement concentrations \arned by
pretesting the ideal particle per frame va(@6i 100 particles/frame). Following settings were
setaccording to the manuA syringeupuneprwitrs constant fftow a r e
injection was usednd three videos of 60 s were captured and analysed\Withsoftware

version 3.2. From each video, the meammde and median EV size was used to calculate

samplesoncentration expressed in nanopdesimL.

Coating of microarray silicon chips with MCP-6

Briefly, chips were immersed ia MCR6 solution (1% w/v in 0.9M (NH4)2S04), filtereat

200 em, for 30 min. WithMill-Qhvatgr and eueed for 15 rhireat r i
80°C.

Liposome Synthesis for First Generation of MSP

Pronanosome Lipd (Nanovex Biotechnologies, Spain) was used to obtain liposomes. The
powder was hydrated (40 mg/ml) using ultrapure water at 50° C for 1 hour. After hydration the
sample was shaken by hand 3ominutes and, then homogenized at 10000 rpm for 10 minutes
(Heidolph, Germany). Finally, in order to obtain the requested sizes, liposomes were extruded
using an LF50 extruder at 50° C and 20 bar (Avestin, Canada). Polycarbonate membranes of
1000, 500200 and 100 nm were used to reduce the size of the liposomes. The extrusions were
carried in cycles of 1(Pronanosome Lip® (Nanovex Biotechnologies, Spain) was used to
obtain liposomes. The powder was hydrated (40 mg/ml) using ultrapure water afd&0® C

hour. After hydration the sample wslsaken by hand for 3 minutes and, then homogenized at
10000 rpm for 10 minutes (Heidolph, Germany). Finally, in order to obtain the requested sizes,
liposomes were extruded using an-b& extruder at 50° C and 2ar (Avestin, Canada).
Polycarbonate membranes of 1000, 500, 200 and 100 nm were used to reduce the size of the

liposomes. The extrusions were carried in cycles of 10.

Size and PDI of liposomes were measured, after dilution 1:50 using ultrapure water, by
Dynamic Light Scattering (DLS) using a Zetasizer N&ig90 (Malvern, UK).
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Liposome Synthesigor Second Generation of MSP

Liposomes were hand extruded through a 200 nm polycarbmeatdrane (Genizé&ixtruder).

The lipid composition was set to mintize one of E¢. In details, liposomes were formulated

as DOPC/ SM/ Chol / DOPS/ DOPE at a midctadecyir at i c
3, 3 TetiimedhMjndocarbocyanine Perchlorate (Dil) wasluded in the formulation
(0.5%mol) for obtaining fluorescent liposomes. Liposomes were characterized by NTA
(Nanoparticle Tracking\nalysis Systemand DLS (Dynamic Light Scattering).

Peptide microarrays

Microarrays were arrayed on M&Pcoated patternesilicon chips, with 80 nm oxide layer
thickness, usin@ noncontact S12 Spotter (Scienion Co., Berldgrmany), depositing one

drop for each spoPeptides were first dissolved in DMSO to 1 mM stsokution and then

diluted to the final spottingoncentration( 1 0 0 & M) I nto th@AQCrint. i
conjugation on MCF-coated surfaces (@M Na/ Acet ate pH 4.8, 50 n
CuSO04, 400 €M THPTA an dPrinfed ¢hips werblplaed in@ thbmidc a
chamber anthcubated overnight at roorarperature. Thisllowing day chips were immersed

in a filtered 2mM EDTA water solution for 1 h, then washed withilli -Q water and dried.

Probe density for each immobilised peptide ondlay was assessed using lafoeé film
thickness measuremenusing on the Nanoview platform bgano QC2.3.2IT software
(NanoView Bioscience®Boston, MA) and previously determined calibratfantors for IRIS.

The average amount of eaiahmobilised peptide was 1.8.5 ng/mm.

Peptide microarrays for se&eond generation peptides

Microarraysslideswere arrayed on MCB-coated patternesilicon chips, with 80 nm oxide

layer thickness, using norcontact S12 Spotter (Scienion Co., BerlBermany), depositing

one drop for each spdeptides were first diskved in DMSO to 1 mM stocg&olution and then

diluted to the final spotting oncent rati on (100 ¢ MYXoppenFRree t he
Click reactionconjugation on MCH-coated surfaces (M Na/Acetate pH 4.8, 50 mM
Trehalosg Printed chips were pted in a humid chamber amtubatedovernightat room
temperature. Théollowing day chips were immersad a block solution for 1 hourthen

washed withMilli -Q water and dried

EV analyses with ExoView
EV samples were diluted in filtered PBS andubatedor 2 h and 30 min in static conditions
on the printedchips in a humid chamber. EV laHete analysis wasarried out using the

ExoView R100 reader (NanoViewiosciences, Boston, MA). The reader automatically
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acquires interferometric images die microarray.NanoViewer 2.6.0 software counts
nanoparticles capturezh the peptide spots within a uskfined particleontrast.

For fluorescence immune staining on antibody clepsiples were diluted in incubation buffer
(NanoViewBiosciences). Theamples were incubated on teoView Tetraspanin Chip (EV
TC-TTS-01) placed ira sealed 24vell plate for 16 h at room temperature. Thgs were then
washed three ti me s buffenfor3d iid eachLon anforbitalrsleakeb Bhen, o n
chips werancubated with ExoView Tetraspanirabelling ABs (EVTC-AB-01) that consist

of anttCD81 Alexab55, antiCD63 Alexa488 and antCD9 Alexa-647. The antibodies were
diluted 1:5000 in incubatiobuffer with 2% BSA. The chips were incubated t h 500 &€ L
labelling solution for 2 h. The chipgere then washed once in incubation buffer, three times

wash buffer followed by a rinse in filtered DI wagerd dried. The chips were then imaged with

the ExoView R100 reader using the nScan £.8cquisitionsoftware. The data were then
analysed usin§lanoViewer 2.8.4. On peptide chips the previous proteesl followed using

a mixture of tetraspanin antibodigmonoclonal antCD81, antiCD63, antiCD9 from
(Adipogen Lifescience) in house lale=l by Cyanine3 NHS ester, AB88 NHS ester and

Cyanine5NHS ester from Lumiprobe (Hannover, Germany).

Liposome Model Assay

Liposome samples were diluted to a concentration of 2lgaficle/mL in filtered PBS and
incubated for 2 h in dynamic conditions on the printed slides. Then, slides were watshed
washing buffer (0.05 M Tris/HCI pH 9, 0.25 M NaCl, 0.05% v/v Tween 20) three times and
dry slides were scanned by a TECAN Powearer using the Cy3 (Ex 550nm; Em 570 nm)

and Cy5 (Ex 650 nm; Em 670 nm) channels and analysed according to conventional microarray
analysis protocols and instrumentation with the aid of the analysis software ScanArray Express
from PerkinElmer. The softwar provides the mean fluorescence intensity of each spot
corrected for spespecific background. The RFI data reported in the paper were averaged from
replicated spots; the standard deviation of each measurement is indicated by the error bar
reported in gaphs. Different scanning protocols in terms of laser power and Photomultiplier
(PMT) gain were used for the two channels, depending on the experiment, to avoid signal
saturations for quantification purposé&se fluorescent evaluation was set a¥vdlAserpower
and100% PMT gain in the Cy3 charine

EVs Assay with Second Generation Peptides
EVs from HEK293 cell cultureamples were diluted to a concentration of Pxidticle/mL in
filtered PBS and incubated for 2 h in dynamic conditions on the printess shehdncubated

with a mixture ofof tetraspanin antibodiésmonoclonal antCD81, aniCD63, antiCD9 from
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Adipogen Lifesciencen house labelled b€yanine3 NHS esteandandCyanine5NHS ester

from Lumiprobe (Hannover, Germanyihen, slides werevashed with washing buffer (0.05

M Tris/HCI pH 9, 0.25 M NacCl, 0.05% v/v Tween 20) three tirarddry slides were scanned

by a TECAN Power Scanner using the Cy3 (Ex 550nm; Em 570 nm) and Cy5 (Ex 650 nm; Em
670 nm) channels and analysed according to cdiorext microarray analysis protocols and
instrumentation with the aid of the analysis software ScanArray Express from PerkinElmer.
The software provides the mean fluorescence intensity of each spot corrected-spresifat
background. The RFI data repeat in the paper were averaged from replicated spots; the
standard deviation of each measurement is indicated by the error bar reported in graphs.
Different scanning protocols in terms of laser power and Photomultiplier (PMT) gain were used
for the two clannels, depending on the experiment, to avoid signal saturations for quantification
purposesThe fluorescent evaluation was sel@@% laser power antid00% PMT gain in the

Cy3 channk
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System Setup andGeneration of PeptideMembrane Complexes for Molecular

Dynamics Simulation (MD)

All the simulations were carried out using NAMD 2.14 software and TIP3 as water solvation

model.

Peptide model generation

For each peptide, the Protein Data Bank file (pmisjtaining the spatial coordinates of atoms
were generated using PyMol software. From these files, the Protein Structure File (psf) were
generated using VMD 1.9.36 . The peptides were generated replacing the Phe5tybavild
peptide with residues with did@rent degree of hydrophobicity (Ala, lle, Trpjiato-
phenylalanine (Ipe) and-@-Naphthyl}L-alanine (Npa), respectively). The structure of the
halogenated peptide was obtained by modifying wild type structure usinigoaise script on

VMD, as done irmprevious works. The hydrogen in para position on the aromatic ring of the
Phe5 was substituted with an lodine atom and a positively charged extra particle was introduced
t o repr es e niholemo therhalagénlatpm df theePhé residue. In theame way,

the peptide with the Npa residue was obtained modifying wild type structure uskigpase

script on VMD introducing the new parameters in according to literature.

Membrane model generation

The membrane model was generated using the onlineasseftCHARMM-GUI. The lipid
double layer was formulated with 3dloleoytsnglycero3-phosphocholine (DOPC),
sphingomyelin (SM), Cholesterol (Chol), idbleoytsnglycere3-phosphel-serine (DOPS)

and 1,2dioleoylsnglycere3-phosphoethanolamine (DOPE) atmolar ratio of 11/9/15/7/9
respectively. A water thickness of 50 A was introduced obtaining a box dimension equal to
54x54x140. Finally, NaCl 0.15 M was used as neutralizing species obtaining the neutral

membrane model.

System assembly

The assembly of peptides with the membrane was performed using VMD 1.9.3. The peptide
was introduced in the membrane system ensuring a peptderane distance > 5 A, in order
avoid significant interactions between the peptide and the membrane. All thenetgeules

at a distance less than 3 A from the peptide were removed and NaCl ions were added to
neutralize the charges in the whole system.

were obtained in the final model.
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System equilibration

The obtained systems were subject to hydrogen mass repartitioning to perform the simulation
with a timestep of 4 fs/step. Each system was minimized for 4 ps and equilibrated for 100 ps to
relax the volume of the box. The equilibration phase was carriedusing the periodic
boundary conditions in the NPT ensemble. The temperature was retained to 298 K and kept
constant using Langevin thermostat. Pressure was set to 1.01 bar and kept constant using
Langevin piston. A cut off of 10 A was set for both elestiatic and van der Walls shaenge
interactions, while the lonrgange electrostatic were treated using the Particle Mesh Ewald
(PME) methodology with a grid spacing of 1.0 A. After equilibration, all phosphorous atoms
were restrained to the XY plane drder to prevent the membrane to move in the Z axis. Finally,

it was set the SMD atoms, and the phosphorus atoms was restrained and a SMD simulation was

performed.

Adaptive Biasing Force (ABF)

The free energy profile for the translocation of the Bradykpeptides across the membrane
was estimated using the ABF technique as implemented in NAMD 2.14. The peptides were
pulled into the membrane using Sex¥olecular Dynamics (SMD) to generate the structures

for ABF. The pulling simulation was performed 00 ps in which an harmonic potential with

a velocity constant of 0.0001 A/fs was applied between the COM of the peptides and a reference
position along the Axis. This reference position represents the COM of the membrane. The
structures from the pullitrajectory were selected in a range in which Z = 40 A represents the
peptide in the bulk water, and Z = 15 A represents the peptide buried in the membrane in which
the center of mass (COM) of peptides is separated by 3 A from one state to the othiérealong
membrane axis Z. The distance from 15 A to 40 A was divided into 6 overlapping ABF
windows (1620 A, 1923 A, 2226 A, 2529 A, 2832 A, 3135 A). Each window was simulated

up to 40 ns for a total of 240 ns. To calculate the Potential of Mean Rivti€),(a harmonic

potential with a velocity constant acting on the COM along tbeazdinate was employed.

Unbiased Molecular Dynamics simulations (MD)

After the ABF simulations, an unbiased MD simulation of 300 ns was performed for each of
the seven sysms. The starting configuration was obtained by the complexes in their
conformation at the lovenergy minimum in the PMF profile. The MD simulations were
conducted with a target pressure equal to 1.01 bar, astepeof 4 fs. The temperature was
retainedat 298 K using the Langevin thermostat. All the further analysis were performed on

this 300 ns of simulation.
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Analysis of peptidemembrane interactions

We analyzed the hydrophobic contacts and the cgliameractions between the peptide and

the phospablipids of membrane using-inouse tcl scripts. The number of hydrophobic contacts

were calculated between the hydrophobic residues of peptides (rebgjuer? Ipe) and the

lipids using a cutoff of 4 A. The catien and-"annber act i Obesveewthe e a
aromatic residues (residue 5 and 8) and the positively charged atoms of the phospholipids
(defined by the atom types NH3L NTL) and the negatively charged atoms (defined by atom
types OSL OBL O2L OCL O) using a cut off of 7 A for the distaneween the ring center

and the charged atoms, and the dihedral angle between them in the range 65° and 115°.
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Synthetic Extracellular Vesicles (synEVs)

SUV formation

Filter 1x DPBS through a 0.22 um membrane usiptaatic syringe (20.0 ml). Similarly, filter
FC-40 and use only the filtered oiCalculate the required amounts of lipidFor standard
operation produce 200000 pl suspension at a final concentration of 6 mM total lipids. Choose
the molar ratios betweehe lipids according to the lipid composition of natural EVs (based on
literature or lipidomic analysis) and split the total mass of lipids required for 6 mM according
to the ratios and the molecular weight of each lipid. Manually mix the lipids germiyotRe

the chloroform by placing the open glass vial in a desiccator connected to a vacuum pump for
at least 25 min. Afterwards, check the complete removal of the solvent and observe the presence
of a homogeneous dried lipid filPhdd the appropriate voluna 1x DPBS to the dried lipid

film to achieve a total lipid concentration of 6 mMcubate the vial for 205 min at room
temperature to let the lipid film swell. Initial detachment of the lipid film should be observed at
the end of the incubation tim&€o generate multilamellar vesicles (MLVs) shake the vial on a
horizontal vortexer with an adapter for the glass vials at 1000 rpm for at least 5 min at room
temperature. Following the shaking step the suspension will be opaque due to the MLVs
formation.Pepar e the vesicle extrusion set accor
not use filters with a pore size larger than 200 nm in order to ensure unilamellarity.

Take the MLV suspension from the glass vial with a glass syringe (1.0 ml). Extrude\senu
number of times, i.e. collect the extruded solution from the opposite side from where you firs
injected. Normally, extruding 11 or 13 times should be sufficient. After extrusion, the liquid
should be translucent.

Assembly of synEVs in the form of lUVs (Large Unilamellar Vesicles)by emulsification

Place the vial of 1.0 g of O&fuorosurfactant on a scale and add 9.0 g of4©Go make a 10

% (w/w) surfactant stock solution. Incubate at room temperature on a roller mixer to dissolve
overnight. Weigh 10.0 mols of carboxylated perfluoropolyether @syt) into a 15.0 ml
Falcon and add 10.0 ml of KD to make a 100 mM stock solution.

Prepare 400.0 pl of oil phase (1.4% w/w G0®rosurfactant and 10 mM Krytéx) in a 2.0

ml reaction tube by adding 304.0 pl £0, 56.0 pl 00&fluorosurfactant and 404@ KrytoxE .

Pipette slowly due to the viscosity of the &tepare 200.0 pl of agueous phase (5.4 mM lipids,
10 mM Mg?* and the content to encapsulate) in a separate 1.5 ml reaction tube. Add 180 pl of
6 mM SUVs in 1x DPBS. With the remaining 20.0 pl, add’Mg a final concentration of 10

mM (i.e. 10 ul of a 200 mM stock solution). The remaining volume of the aqueoss paa

be used to encapsulate soluble compounds or be filled up with 1x DPBS.
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Add the aqueous phase on top of the oil phase in the 2.0 ml reaction tube. Emulsify at speed 6
(IKA T 10 basic ULTRATURRAX®) for 3 min in order to achieve LUVs with a median
diameter below 1 pmincubate the obtained emulsion at 4 °C for at least 2 h or overnight.
Following the incubation, an opaque upper phase separated from a transparent lower phase has
to be observedRemove the transparent oil phase from the bottom of tree fedr the release

of the assembled LUVs from the oil phase and the stabilizing polpas®d surfactants into

the aqueous buffer, first add 400.0 pl of 1x DPBS and then 400.0 pl of the demulsifier
1H,1H,2H,2Hperfluorcoctanol to the emulsion. Gently ab¢ the tubes to maximize the
water/oil interface and incubate at room temperature, ideally over night or at least 1 h. The
opague upper phase should have become relatively translucent (some agglomerates will remain
at the interface)rill up the tube witHL.x DPBS while avoiding shaking, then carefully transfer

the upper phase containing the released LUVs to a fresh tube. To remove potential oil droplets
that may have been transferred with the LUVs, a short centrifugation step at 21300 rcf at room
temperatee for 30 s is required. Following centrifugation, transfer the supernatant to a fresh
tube and centrifuge under the same conditions-tbb1h in order to pellet the LUVs. Carefully
remove the supernatant and resuspend the LUV pellet in 100.0 pl of B$ Di? gently
pipetting up and dowrStore LUVs at 4°C until further use and mix gently but thoroughly
before each downstream processing.

Confocal Fluorescence Microscope

For the confocaimaging, a Zeiss LSM 80€onfocal (Carl Zeiss AG, Germany) with @xair
objective(PlanApochromat 20x/0.8 M27, Carl Zeiss AG, Germamgse used. fle pinhole
aperture was set to one Airy Unit, and experimerdse performed at room temperature. The
recorded imagewere brightness and contrast adjusted and analyzedmaiteJ (NIH).
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Printable peptide hydrogels for 3D microarray applications

Rink-amide resin loading

Resin (0.5 mmol/g loading) was swollenNtMP/DCM (1:3 v/v) br 30 min then washed with
DMF (3x3 mL). A solution of entering Fmea@amino acid, HBTU and DIEA (1:1:2, 5 eq over
resin loading) in DMF4 mL) was added and the resin shaken at rt for 4 h. The resin was washed
with DMF (2x3 mL) and capping was performed by treatment witsO/ DIEA in DCM (1x30

min). The resin was then washed witG [ (2x4 mL), DMF (3x4mL). Fmocdeprotection was
performed with 20% piperidine solution in DMF (4mL) at rt for 10 min. The resin was washed
with DMF (5x4mL) andsubsequently submitted to fully automated iterative peptide assembly
(FMocSPPS).

Peptide Assembly via Iterative Fulkutomated Microwave Assisted SPPS

Peptides were assembled by stepwise microvessested FmeSPPS on a Biotage ALSTRA
Initiator+ peptide synthesizer, operating in a 0.1 mmol scale. Activation of enteringg Fmoc
protected amino acids (0.3M solution in DMKas performed using 0.5M Oxyma in DMF /
0.5M DIC in DMF (1:1:1 molar ratio), with a 5 equivalent excess over the initial resin loading.
Coupling steps were performed f@0 minutes at50°C. Fmoe deprotection steps were
performed by treatment with a pijsine at50°C for 2 minutesFollowing each coupling or
deprotection step, peptidygsin was washed with DMF X3.5 mL). Upon complete chain

assembly, resin was washed with DCM3% mL) and gently dried under a nitrogen flow.

Cleavage from the Resin

Resirbound peptide was treated with an-emd TFA, TIS, water, thioanisole mixture
(90:5:2.5:2.5 viviviv, 4mL). After gently shaking the resin3dvours at room temperature, the
resin was filtered and washed with neat TFR4(EL). The combined cleavage solutions were

workedup as indicated below.

Work-up and Purification

Cleavage mixture was concentrated under nitrogen stream and then added dropwisaldo ice
diethyl ether (40 mL) to precipitate the crude peptide. Thdecpeptide was collected by
centrifugation and washed with further cold diethyl ether to remove scavengers. Residual
diethyl ether was removed by a gentle nitrogen stream and the crude peptide was purified by
RP-HPLC and pure fractions combined and analyisg ESILC/MS.
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RP-HPLC analysis and purification

Analytical RRHPLC was performed on a Shimadzu Prominence HPLC (Shimadzu) using a
Shimadzu Shimpack GWS C18 column (5 micron, 4.6 mm &0 mm). Analytes were eluted

using a binary gradient of mobile phase A (100% water, 0.1% trifluoroacetic acid) and mobile
phase B (30% water, 70% acetonitrile, 0.1% trifluoroacetic) using the following
chromatographic method: 10% B to 100% B in 14;rflow rate, 1 ml/min. Preparative RP

HPLC was performed on a Shimadzu HPLC Prominence system using a Gemini Shimadzu C18
column (10 micron, 21.2 mm i.d. x 250 mm) using the following chromatographic method: 0%
B to 90% B in 45 min; flow rate, 14 ml/miRure RPHPLC fractions (>95%) were combined

and lyophilized.

Electro-spray ionization mass spectrometry (EBC/MS)

Electrospray ionization mass spectrometry (E8/MS) was performed using @himadzu
LCMS-2020instrument equipped with an elecprayionization source and a quadrupole ion
trap detector (QITR

Synthesis of Q&EO01 and YFQ11E01 conjugates via CUAAC

Q3-N3 or YFQ11N3 (1eq.) was dissolved in water. The resulting solution was mixed with a
solution of propargybearing conjugation partn&01 or NO1 (1.1 eq.), then CuSO4 (2eq.) and
ascorbic acid (5eq.) were added. The reaction mixture was let to react for under gentle shaking
until full reagents conversion (RPHPLC monitoring). Upon reaction completion, conjugation

products were isolated/lpreparative RFHPLC and lyophilized.

Hydrogel Preparation

Aliquots of freshly lyophilized Q3 were dissolved in PBS buffer (pH = 7.4) to 1 mM
concentration, sonicated for 5 min, and eventually diluted in PBS or agarose solution to the
final desired concentrations and ratios. The obtained samples were then incubated at 25 °C
overnight, and the resulting hydrogels were directly used. The same procedure was used to
obtain epitope functionalized hydrogels by adding freshly dissolved-ERA or Q3NO1

aliquots at desired concentrations prior to overnight incubation. The same protocols for

hydrogel preparation were applied for the YFQ114els

Transmission Electron Microscopy
Transmission electron microscopy (TEM) images wendormedusing a Delong Instruments
LVEMS5 microscope, equipped with a fiemission gun and operating at 5 kV. Samples were

prepar ed byofpdrayes (Q@3gandS5Ag aslsingle components, as well a8gQ3
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mixtures) on 200 mesh carbopated copper grids drthen removing the excess solvent after

1 min.

Hydrogel Rheology

All rheology tests were performagsing a KINEXUS Pro+ rheometer (Malvern Panalytical,
U.K.). Samples were preformed and directly transferred to the bottom rheometer plate. The
uppergeometry cone 60 mm was lowered until it was in conformal contact with the top surface
of the hydrogel, corresponding to gap dista
with a Peltier device and maintained at 25 °C. All of the oscillatory measnts were
performed within the linear viscoelastic range. Each analysis was repeated at least three times,

and representative measures were reported.

MD Simulations

The starting structures of Q3 fibridse based on amyloeid i kskeetb, similar tother SAPS.

The fibril models were generated using the ten possible amyloid configurations taken from
Eisenberg et &. The resulting systems were characterized by 8 x 8 peptides, with an intrasheet
distance of 5 A and an interface distance of 12 A, accordingr&y Xrystal structees of similar
system&’’. Molecular dynamicsimulations were performed following protocols used in
previous studie€d. Briefly, the systems were solvated in TIP3 water, resulting in systems of
470 000 atoms. The s pqitbeatedford0d pseusing NaMBMhez e d &
production run was performed for atadl time of 100 ns for each configuration. The global
evolution of each system was assessed by monitoring thenesotsquare deviation (RMSD)

of the peptide backbone, theroneans quar e fl uctuation (RMSF) o
contacts.

3D Microarrays: General Procedure

Silicon slides (SVM, Sunnyvale, CA) were coated with MER.ucidant Polymers) according

to previous protocof§, and hydrogels were spotted by a noncontact microarray spotter
(Scienion sciFLEXARRAER S12) wusing an 80 €M nozzl e;
each spot (approximate volume 8 nL). Spotted slides were incubated in a humid chamber for 2

h before blocking with 50 mM ethanolamine in Tris/ HCI 1M pH 9 for 2 h, washed with water,
anddriednder a stream of nitrogen. For 2D microc
was spotted on MCGR-coated silicon slides, incubated in a humid chamber for 2 h, and blocked

as described above.
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Two-Photon Fluorescence Microscop

For two-photon excitation fluorescence (TPEF) microscopy, hydrogel microdroplets were
spotted on 0.170 mm glass coverslips. A fluorestadeled antibody (conc. 0.1 mg/mL) was
entrapped within the gel matrix prior to spotting. A heloudd multimodal nonlinea
microscope coupled with a motlecked erbiumfiber laser (FemtoFiberPro NIR, Toptica) was
used’. The microscope works in transmission mode, so a couple ofnmégmification
objectives (LD EC EpiplaiNeofluar 100x/0,75, Zeiss) are used to focus the excitation beam,

at 780 nm, on the sample and to collda twophoton fluorescent signal, which was then
detected by a photomultiplier tube (Hamamatsu, R3896). The sample was placed on a raster
scanning stage composedofat@aax i s (x1Ty plane) motorized tr
8MTF- 102LS05), which Bows scanning the sample in the focal plane, and a smge

(z-axis) motorized translation stage (Mad City Labs Inc., model MMP1), which allows
changing the focal plane and performszt ack acqui siti ons2welemage s
acqui r edmlateal steg siz2, 3@ mW laser power, and 5 ms pixel dwell time.-The z
stack was made by acquiring 17 different images collected at different focal planes, each at a
1.0 em distance, over a total l engt h ef 16

using Fiji Image®.

Powder X-ray diffraction (PXRD)

PXRD measurements were performed with a Bruker AXS D8 powder diffractometer, with
experimental parameters as follows-KW r adi ati on (& = 1. BEP056 |
at 2d, step size 0.015A, exposurteesamplesgi.e.l. 5
thedspacing can be deter mé 20d QWhkerenig antinteger Br a ¢
number,_ the wavelength of the incident-pay beam and-the scattering angle. Powdered

samples were analyzed using silifdmed glass stle as sample holder.

Small Angle X-ray Scattering (SAXS)

The X-ray scattering measurements were performed at SAXSLab Sapienza with a Xeuss 2.0
Q-Xoom system (Xenocs SA, Sassendgance), equipped with a miefocus Genix 3D X

ray source (& -dimedbsiohabRIus3nR3POK detectdr whach can be placed

at variable distance from the sample, and an additional Pilatus3 R 100K detector at fixed shorter
distance from theample to access larger scattering angles (Dectris Ltd., Baden, Switzerland).
The beam size was defined through the -pahole collimation system equipped with
Afscatterlesso slits to be 0.5 mm x 0.5 mm.

q=(4" sind)/ e, 2d being the scattering a

93



Measurements with different samyletector distances were performed so that the overall
explored q region was 0.045 hix g < 1.25 nit. Samples were loaded into dispdsab
borosilicate glass capillaries with nominal thickness 1.5 or 2.0 mm and sealed with hot glue
before placing them in the instrument sample chamber at reduced pré38ienpar) in
thermostated holders. The tdomensional scattering patterns were saitrt ed f or t he
counts, and then masked, azimuthally averaged, and normalized for transmitted beam intensity,
exposure time and subtended solid angle per pixel, by using the FoxTrot software developed at
SOLEIL. The onalimensional | vs. q profiles we then subtracted for the solvent and capillary
contributions and put in absolute scale units tery dividing for the sample thickness
estimated by scanning the capillary with theay beam. The different angular ranges were

merged using the SAXSutiles tool (XS§3. SAXS data were fitted using the SasView software.

Model Immunoassays

25 e MOQ3¥ 0. 05% w/ v Agarose f or -EtOhle 3alh dmi2chr e
for the 2D assay were spotted on MEZRlides treated as described above. The resulting
microarrays were incubated for 4 h at room temperature (Rerwaative mixing with rabbit
ant-EO1 polyclonal antibodies spiked in serum (1:100) in incubation buffer (Tris/HCI 0.05 M
pH 7.6, NaCl 0.15 M, Tween 20 0.02%) with 1% w/v BSA, washed with washing buffer
(Tris/HCI 0.05 M pH 9, NaCl 0.25 M, Tween 20 0.05%}) 1.0 min, and incubated overnight

at RT with horseradish peroxidasenjugated antirabbit IgG (Jackson ImmunoResearch)
diluted 1:1000 in incubation buffer/BSA. For the YFQ11 assay, incubation times for both steps
were kept at 5 min as from the optimizedtpcol® due to microdroplet stability reasons. After
washing with washing bufferarray slides were incubated with the Clarity Western ECL
Substrate (BieRad Hercules CA) for 2 min at RT to develop chemiluminescence and imaged
using Chemidoc XRS + (Bi®ad Hercules CA, acquisition time 21.6 s). Chemilumineace
intensities were coroted for spospecific background, and values for replicate spots were
averaged. LOD was extrapolated using the linear regression line from the intensity values of

bl ank samples plus three standard deviati on

Clinical Immunoassays

Serumsamples used in this study were leftovers from previously purchased Sdrtéba

Xpert, France); these both included samples collected from healthy subjects before 2018 that
were used as controls and serum samples from subjects diagnosed witC8¥R3nfection.
Samples were sceeed for immunoreactivity on Aga/@801 3D microarrays and NO1 2D

microarrays prepared as described above. Sera were diluted 1:1000 in incubation buffer with
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1% BSA and incubated for 4 h at RT under active mixing. Slides were then washed with the
washing liffer and incubated with horseradish peroxidesgjugated antihuman IgG (Jackson
ImmunoResearch) diluted 1:1000 in incubation buffer with BSA overnight at RT. After
washing with the washing buffer, array slides were incubated with the Clarity Western ECL
Substrate (BioRad Hercules CA) for 2 min at RT to develop chemiluminescence and imaged
using Chemidoc XRS+ (Bi®ad Hercules CA, acquisition time 31.6 s). Chemiluminescence
intensities were corrected for spggecific background, values for replicate tspavere

averaged, and data were analyzed for statistical significance by GraphPad Prism 7.

Extracellular Vesicles Assayin Hydrogel matrix

EVs from human bladder cancer cell line and EVs from cardiac progenitor celvéne
directly incorporated into thgel matrix 25& M + (at teScéncentrgtion of 10
particles/mLspotted on MCR2 slides Theresulting microarrays were incubated fdr at room
temperature (RTgnder active mixingvith a 1nM solution of fluorescent peptides CD63, CD81
and uPARin incubation buffef0.05 M Tris/HCI pH 7.6, 0.15 M NaCl, 0.02% v/v Tween .20)
After washing with washing buffd0.05 M Tris/HCI pH 9, 0.25 M NaCl, 0.05% v/v Tween
20)for 5 minutes, slideserescanned for fluorescence evaluatadB replicated spots a0%

laser power and000% PMT gain in the Cy3 channel and 50% laser power and 1000% PMT
gain in the Cy5 channel.
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Table 1

Code Sequence MS calc. MS found
_ [M+1]*=1630.9
BP RPPGFSPFR-KG-(0,0c¢),-Prg MW = 1629.9 M2~ 815.9
[M+3]3=940.3
B [M+4]* = 705.6
BPt RPPGFSPFR-(0,0¢)-RPPGFSPFR-KG-(0,0¢),-Prg MW = 2816.5 [MES]5 = 564.7
[M+6]5*= 470.6
_ [M+2]2* = 13367
BPb (RPPGFSPFR),-KG-(0,0¢),-Prg MW =2671.4 M3~ 891.5
. ] _ [M+1]* =1576.7
BPn EPPGFSPFE-KG-(0,0¢),-Prg MW = 1575.7 (M2 — 788.9
B _ [M+1]* = 1638.8
BP - Cys RPPGFSPFR-KG-(0,0¢),-C MW = 1637.8 M2~ 8199
- _ [M+2]2* = 1157.1
BP -DBCO RPPGFSPFR-KG-(0,0c¢),-C-DBCO MW =2312.1 [M#33= 7717
[M+3]3%=943.1
[M+4]*=707.5
BPt —Cys RPPGFSPFR-(0,0c)-RPPGFSPFR-KG-(0,0c),-C MW = 28245 [ME+5]5 = 566.3
[M+6]8* = 472.1
[M+3]3*= 17504
[M+4]* = 1167.2
BPt—DBCO RPPGFSPFR-(0,0¢)-RPPGFSPFR-KG-(0,0c),-C-DBCO MW =3498.7 IME+S]— 8757
[M+6]5* = 700.7
- e ) _ [M+3]3 = 589.2
BpFSF,I- Cys RPPGF(I)SPFR-KG-(0,0¢),-C MW = 1763.7 [V — 1422
[M+2]2* = 1220.0
BpF5F,1-DBCO RPPGF(I)SPFR-KG-(0,0¢),-C-DBCO MW = 2438.0 [M+3]3*=813.7
[M+4]* = 610.5
BpF5A — Cys RPPGASPFR-KG~(0,0¢),-C MW =1561.8 [M+3]7*=521.6
[M+2]2* = 1119.1
BpF5A - DBCO RPPGASPFR-KG-(0,0¢),-C-DBCO MW = 2236.1 [M+3]3*= 746.4
[M+4]* = 560.0
BpF5I—Cys RPPGISPFR-KG-(0,0¢),-C MW =1603.8 [M+3]7*=535.6
[M+2]2* = 1140.8
BpF5I — DBCO RPPGISPFR-KG-(0,0c),-C-DBCO MW =2278.1 [M+3]3= 760.4
[M+4]*=570.5
- . _ [M+2]?* = 839.4
BpF5W — Cys RPPGWSPFR-KG-(0,0¢),-C MW = 1676.8 V3] — 3593
[M+2]2* = 1176.6
BpF5W — DBCO RPPGWSPFR-KG-(0,0c¢),-C-DBCO MW =2351.1 [M+3]3*=784.7
[M+4]* = 588.8
[M+2]>= 8453
BpF5[Nal] —Cys RPPG[Nal]SPFR-KG-(0,0¢),-C MW = 1687.8 [M+3]7*= 564.0
[M+4]+= 423.2
~ . _ [M+3)3=785.1
BpF5[Nal] —DBCO RPPG[Nal|SPFR-KG-(0,0c),-C-DBCO MW =2362.1 M1 = 589.0
Bp-nh2 — Cys RPPGFSPFR-KG-(0,0c),-C-conh? MW = 1636.8 [M+3]7*= 546.9
[M+2]= 7714
Bp-nh2 — DBCO RPPGFSPFR-KG-(0,0c¢),-C-conh2-DBCO MW =2311.1 [M+3]3=578.8
[M+4]* = 463.2
- _ [M+1]* = 16363
BpFSE,F —Cys RPPGF(F)SPFR-KG-(0,0¢),-C MW =1655.8 [M=2]— 8286
B e " _ [M+2]> = 1166.1
BpF5F,F —DBCO RPPGF(F)SPFR-KG-(0,0c),-C-DBCO MW = 2330.1 M3 = 7777
B , _ [M+1]*=17162
BpFSF,Br — Cys RPPGF(Br)SPFR-KG-(0,0¢),-C MW =1715.7 M2 858.9
- ON— " _ [M+2]> = 1196.3
BpFSF,Br —- DBCO RPPGF(B1)SPFR-KG-(0,0¢),-C-DBCO MW =2390.0 M3~ 797.7
BpFSA — Cys RPPGFSPAR-KG-(0,0¢),-C MW = 1561.8 [M+3]3*=521.8
[M+2]>=1119.8

pF8A — X AR-KG-(0,0¢),-C-DBC = . +3]3=745.
BpF8A —-DBCO RPPGFSPAR-KG-(0,0c¢),-C-DBCO MW =2236.1 M+3]37="7459

[M+4]* = 560.5
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BpF8F,I - Cys RPPGFSPF(I)R-KG-(0,0¢),-C MW = 1763.7 [M+3]3*=589.2
[M+2]%=1220.2

BpF8F,] —DBCO RPPGFSPF(I)R-KG-(0,0¢),-C-DBCO MW =2438.0 [M+3]3*=813.7
[M+4]* = 610.5

BpF8[Nal] —Cys RPPGFSP[Nal]R-KG~(0,0¢),-C MW = 1687.8 [M+3]3=563.9

B A . _ [M+3]3+=785.8

BpF8[Nal] —DBCO RPPGFSP[Nal]R-KG-(0,0¢),-C-DBCO MW =2362.1 [V — 559.5
BpF8I - Cys RPPGFSPIR-KG-(0,0¢),-C MW = 1603.8 [M+3]3*=535.9
[M+2]% = 1140.0

BpFSI — DBCO RPPGFSPIR-KG-(0,0c),-C-DBCO MW =2278.1 [M+3]3=759.9
[M+4]+=570.8

BpF8W — Cys RPPGFSPWR-KG-(0,0¢),-C MW =1676.8 [M+3]3*=559.9
[M+2]2* = 1176.2

BpF8W — DBCO RPPGFSPWR-KG-(0,0c),-C-DBCO MW =2351.1 [M+3]F*=783.9
[M+4]+ = 588.1

[M+4]+ = 770.4

BptFSF,IF15F,] - Cys RPPGF(I)SPFR~(0,0¢)-RPPGF(I)SPFR-KG-(0,0¢),-C MW =3076.2 [M+5]5*=616.6
[M+6]6*= 514.0
[M+3]3*=1251.2

BptF5F,IF15F,] —DBCO RPPGF(I)SPFR-(0,0¢)-RPPGF(I)SPFR-KG-(0,0¢),-C-DBCO MW =3750.5 [M+4]*+ = 938.6
[M+5]5*=751.1

. . B [M+4]* = 727.1

BptFSWF15W — Cys RPPGWSPFR-(0,0¢)-RPPGWSPFR-KG-(0,0¢),-C MW =2902.5 [M5]5— 5820
[M+4]* = 895.6

BptF5WF15W — DBCO RPPGWSPFR-(0,0¢)-RPPGWSPFR-KG-(0,0¢),-C-DBCO MW =3576.8 [M+5]5*=716.8
[M+6]6*= 597.5

: . [M+4]+ = 732.6

BptF5[Nal]F15[Nal] — Cys RPPG[Nal|SPFR-(0,0¢)-RPPG[Nal|SPFR-KG-(0,0¢),-C MW =2924.5 [MES]5 — 386.3
[M+3]3* = 1200.6

BptF5[Nal]F15[Nal] —-DBCO | RPPG[Nal]SPFR-(0,0¢)-RPPG[Nal]SPFR-KG-(0,0¢),-C-DBCO | MW =3598.8 [M+4]* = 900.7
[M+5]5*= 720.8
Standard amino acids areepresented by conventional one letter codeBCO:

dibenzylcyclooctynelPEG’4-maleimidopropylF(1): 4-iodo-L-phenylalanine; F(F):-fluoro-

L-phenylalanineF(Br): 4-bromideL-phenylalaning[Nal]: 3-(1-Naphthyl}L-alanine
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Table 2

Code Sequence MS calc. MS found
Q3 Ac-YFQQQFK-conh2 MW =1028.5 [M+1]7=1029.6
Q3-N; Ac-YFQQQFK(N;)K-conh2 MW =11824 | [M+1]=1183.9
B [M+1]=1623.9
EO01-Prg* Pig-(0,0¢),-DRGWGNGCGLFG MW=16227 | g = 8124
B [M+1]7=1921.5
NO1-Prg** Prg-(0,0¢),-AIVLQLPQGTTLPKG MW =1920.1 (M2 = 9612
Ac-YFQQQFXK-conh2 =
Q3-E01 M ww-2s053 | M 4 ]3 - ;12317
X-(0,0¢),-DRGWGNGCGLFG [M+3 =
Ac-YFQQQFXK-conh? [M+2] = 1035.2
Q3-No1 | MW =3102.7 [M+3]37=1776.7
X-(0,0¢),-AIVLQLPQGTTLPKG [M+4]+ = 621.5
[M+2]*=1052.9
YFQII-N, Ac-K(N3)-GG-YFQQKFQFQFEQQ-conh2 MW =2103.9 | [M+3]*>*=7023
[M+4]+ = 5269
Ac-X-GG-YFQQKFQFQFEQQ-conh2 [M+2]2*= 12432
YFQI1-E01 MW =37267 | [M+3]>=9327
X-(0,0¢),-DRGWGNGCGLFG [M+4]+ = 746.3
CD§1 - Cys SPQYWTGPA-(0,0¢),-C MW =1398.6 | [M+2]>*=700.4
) . _ [M+2]%=1033.5
CD§1 - Cy3* SPQYWTGPA-(0,0c),-C-Cy3 MW =2064.9 M3 — 6893
_ [M+2]2*= 8549
CD63 - Cys RHSQMTVTSRL~(0,0¢),-C MW = 1707.8 ISP — 5703
[M+3]3=792.4
CD63 - Cy3 RHSQMTVTSRL~(0,0¢),-C-Cy3 MW =2374.18 | [M+4]%=5945
[M+5]5= 4758
_ [M+2]%=1076.1
WPAR - Cys KGSGSGGD-Cha-FsrYLWS-C MW =2149.0 (M3 = 717.8
[M+2]= 13782
UPAR — Cy5** KGSGSGGD-Cha-FsrYLWS-C-Cy5 MW =275436 | [M+3>*=919.1
[M+4]% = 686.6

Standard amino acids are represented by conventional one letter code. K(N3): azidolysine;
Prg: propargylglycine; (&Dc): 8&amino3,6-dioxaoctanoic acid; X: means triazole bridge
bound sequence€ha: becyclohexyt(L)-alanine; s,r: Bamino acid

*E01: peftide epitope from panflavivirus Zika protein region 989!

**NO1: peptide epitope from the SARSoV-2 N protein region 156 7¢°

Cy3*cyanine 3 maleimide

Cy5™ cyanine 5 maleimide
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Appendix: Amino Acids Code

Amino Acid Three one
Letter Code Letter Code

Alanine Ala A
Arginine Arg R
Asparagine Asp N
Aspartic Acid Asn D
Cysteine Cys C
Glutamic Acid Glu E
Glutamine GlIn Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val \%
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Appendix: Abbreviation List

Ac20: acetic anhydride
ACN: acetonitrile
ABF: Adaptive Biasing Force
ApoBDs: Apoptotic bodies
Chol: dholesterol
COM: Center of Mass
CUAAC: CopperCatalysedAzide-Alkyne Cycloadditions
DBCO: dibenzocyclooctyne
DCM: dichloromethane
DI C: -disopxopylcarbodiimide
DMF: dimethylformamide
DOPC: 1,2dioleoytsnglycera3-phosphocholine
DOPE: 1,2dioleoylsnglycere3-phosphoethanolamine
BP: Bradykinin Peptide
Bp: Bradykinin Peptide
Chol: Cholesterol
Cy3: Cyanine 3
Cy5: Cyanine 5
DOPS: 1,2dioleoyl-snglycere3-phosphel -serine
DLS: Dynamic Light Scattering
EVs: Extracellular Vesicles
ESFLC/MS: Electronspay lonizationLiquid Chromatography MassSpectrometry
Fmoc: fluorenylmethoxycarbonyl
HBTU: 2-(1H-benzotriazoll-yl)-1,1,3,3tetramethyluronium hexafluorophosphate
Ipe: 4-iodo-phenylalanine
ISEV: International Society for Extracellular Vesicles
LC-MS: Liquid Chromatography MassSpectrometry
MD: MolecularDynamics
MISEV: Minimal information forstudies of extracellular vesicles
MSP: Membrane Sensing Peptides
NaCl: Sodium Chloride
NMP: N-Methyl-2-pyrrolidone
Nal: 3-(1-Naphthyl}L-alanine
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NTA: Nanoparticle Tracking Analysis
Oxyma: ethyl cyanoglyoxylat8-oxime

PBS: Phosphate Buffer Solution

PEG: polyethylene glycol

PFO: 1H,1H,2H,2FPerfluore1-octanol

pdb: Protein Data Bank

PMF: Potential Mean Foe

PS: fhosphatidylserine

psf: Protein Structure File

PXRD: Powder Xray Diffraction

QITD: Quadrupoldon Trap Detector
RP-HPLC: Reversd’hase High Performance Liquid Chromatography
RT: Room temperature

SAXS: Small-Angle X-ray Scattering

SM: sphingomyelin

SMD: Steered Molecular Dynamics

SPPS Solid Phase Peptide Synthesis

SUV: Small Unilamellar Vesicles

TEM: Transmission Electron Microscopy
TFA: trifluoroacetic acid

TIS: triisopropylsilane

TPEE Two-Photon Fluorescence Microscopy
uPAR:Urokinase Plasminogen Activator Receptor

VMD: Visual Molecular Dynamics
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Appendix: peptides HPLC profile

1 BP
tr=8.9 min MW = 16299
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1 BPn

tr = 9.6 min
MW (ESI) = 15767 [M + 1]*; 788.9[M + 2]**
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1 BPt-Cys

tr = 9.6 min

MW = 28245

MW (ESI) =9431 [M + 3]%%; 707.5[M + 4]**; 566.3 [M + 5}*; 472.1 [M + 6§*
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1 BpF5RIT DBCO

tr=11.5 min
MW (ESI) =12200 [M + 2]%*; 813.7 [M + 3]**; 6105 [M + 4]**
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1 BpF5RIF15FKI - Cys

tr=210.5 min
MW (ESI) =770.4 [M + 41*; 616.6 [M + 5}*; 514.0 [M + 6§*
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{ BpF5RF-DBCO
tr=11.7min MW = 2330.1

MW (ESI) =1166.1 [M+2}*; 777.7 [M+3}*
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1 BpF5[Nal - Cys

tr=9.4 min MW = 1687.8

MW (ESI) =845.3 [M + 2F*; 564.0 [M + 3}*; 423.2 [M + 41*
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! BpF8[Nal] - DBCO
tr=11.9 min MW = 2362.15

MW (ESI) =785.8 [M + 3f*; 589.5 [M + 41*
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