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Abstract 

 

Extracellular Vesicles (EVs) are cell-derived membranous structures ubiquitously found in all 

biological fluids that have been only recently unrevealed as fundamental players in intercellular 

communication1. Lying at the cross-roads of biology and nanoscience, EVs are progressively 

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 protocols. Due to the complex 

nature of biological sample matrices of origin and the physicochemical properties of EVs, 

accurate and reproducible isolation of EVs still poses significant and mostly unmet challenges, 

particularly towards the prospective of routinely EVs-based analytical workflows.  

In this direction, microarrays represent a useful platform for the analysis of extracellular 

vesicles. This technology allows different simultaneous analysis, low volume consumption of 

the samples, and high sensitivity. In this technology, 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 functional groups.  

 

In this thesis work, we set to develop different approaches for the use of peptides in the 

microarray technology propaedeutic to EVs analysis.  

 

In the first case, we present the use of membrane-sensing peptides (MSP) as new effective 

ligands for directly integrating extracellular vesicles (EVs) isolation and analysis on different 

microarray platforms. In summary, we could show that MSP operate as generic yet selective 

EVs baits and display higher binding capacity than commonly used anti-tetraspanin antibodies. 

Based on the membrane sensing properties of a precursor sequence derived from Bradykinin 

protein, we performed molecular design that led to the generation of a small library of peptides. 

In particular, the sequences were developed based on their electrostatic and hydrophobic 

interactions with the phospholipid membrane of EVs. These molecular probes have been 

evaluated and compared with each other through tests to capture extracellular vesicles on 

microarray platform. The results showed that, in addition to a first purely electrostatic approach 

with the membrane, the presence of hydrophobic anchors within the peptide sequence plays an 

important role in capturing of these biological nanoparticles. 

Another aim of the thesis was the synthesis of a reference material for the standardization of 

our platform. For this reason, we investigate a new approach for the production of synthetic 

extracellular vesicles (synEVs). 



 

11 

 

Bottom-up manufacturing processes use small molecules as the foundational building blocks 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 employed to produce 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 necessary for bottom-up approaches. Artificial extracellular vesicles can be 

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

from natural EVs. 

 

In the second approach, we focused on the use of peptides in the field of hydrogel 3D 

microarrays. Hydrogels represent ideal semi-wet systems, as biomolecules can be gently 

confined within a native-like environment, preserving their structural and functional properties. 

Hydrogel based immobilization platforms can indeed provide highly versatile systems for the 

fabrication of functional bio-interfaces on diverse analytical formats: from multi-well plates to 

microarrays slides.  

However, some hydrogel properties still limit their widespread use for the creation of bioassays. 

Herein, we developed a composite hydrogel obtained by mixing a self-assembling peptide with 

low-temperature gelling agarose.  In this approach, agarose represent the core structural 

component while the presence of peptide is crucial to balance out the rheological properties and 

the introduction of biofunctionalization. We show the viability of our 3D approach in real 

applications by profiling the serum IgG immunoreactivity of Covid-19 patients, which 

displayed a markedly better signal-to-noise ratio over conventional assays in the 2D format and 

exceptional specificity. Finally, we demonstrate the proof-of-concept use of our hydrogel for 

the physical confinement of EVs under controlled permeability conditions and its use as a 

platform for the prognostic value of extracellular vesicles as potential biomarkers of bladder 

cancer. 
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1. Introduction  
 

1.1 Extracellular Vesicles: Exosomes, Microvesicles, and Apoptotic bodies 
 

Extracellular vesicles are membranous micro- and nano-sized biological particles released by 

cells and their secretion was initially described as means of eliminating unneeded compounds 

from the cell1.  

The first and most notable study demonstrating the existence of extracellular vesicles (EVs) 

was published in 1946 by Chargaff and West, who called them procoagulant platelet-derived 

particles2, a term which was later replaced with "platelet dust" by Wolf in 19673. The early 

1980s marked the start of the era of expansion and a more specific understanding of EVs and 

these early studies laid the foundation for the explosion of interest that followed over the next 

30 years (Fig. 1).  
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Fig. 1 Publication trends on extracellular vesicle studies from 1990 to 2021. Publications were selected by 

searching the keyword "extracellular vesicles" in the Web of Science. 

 

Based on their biogenesis (Fig. 2), traditionally they have been broadly divided into three main 

categories: (i) exosomes, (ii) microvesicles, and (iii) apoptotic bodies.  
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Fig. 2 Intracellular pathways of EV biogenesis and secretion. 

 

Exosomes biogenesis occurs via the exocytosis of multivesicular endosomes (MVB) and in this 

process, cytosolic contents, transmembrane, and peripheral proteins are incorporated into the 

vesicles. Exosomes are usually considered the smallest vesicles subtype, with a diameter range 

of 30-150 nm, and a density between 1.13 and 1.19 g/mL4,5. Of note, recent literature highlights 

that precaution must be adopted in assigning the term ñexosomeò to EV subpopulations just on 

the basis of size. Exosomes are carriers of several molecules, such as DNA, RNA, proteins, and 

lipids, and their contents directly reflect the metabolic 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 trafficking (Rab GTPases) and cell membrane-

derived Tetraspanins such as CD63, CD81, and CD9 (Fig 3). The exosomal membrane is 

enriched in cholesterol, sphingomyelin, lipid raftlike structures, and phospholipids carrying 

short saturated fatty acids, which render them highly stable6. Compared to other EV types, 

exosomes stand out due to their molecular composition, physiochemical properties, and 

biogenesis. 
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Fig. 3 Typical structure and content of exosomes. Abbreviations: FLOT1, flotillin 1; HSP, heat shock protein; 

TSG101, tumor susceptibility gene 101. 

 

Microvesicles (MVs) derive from outward blebbing (budding) of the plasma membrane and are 

sized in the range from  50 nm to 1µm in diameter but can be even larger (up to 10 µm).  

Many processes and effectors are believed to contribute to MV biogenesis, some of which might 

not have been uncovered yet, as it appears likely that MV secretion is function- and cell-type 

dependent7,8. The membrane bilayer maintains lipid ñsidednessò through the asymmetric 

distribution of phospholipids9 and besides displaying surface receptors, adhesion molecules, 

and other membrane-associated proteins, they also carry cargo in their luminal space.  

MVs are involved in important functions in both health and disease, and their release is highly 

sensitive to cell signalling pathways. The first important process in which MVs play a central 

role is coagulation while, in malignancy, MVs released by tumor cells can facilitate tumour 

progression. 

In contrast to the others EV types, apoptotic bodies (ApoBDs) are generated by cells undergoing 

programmed cell death10. They are strongly differing in size, ranging from 0.5 µm to 5 µm in 

diameter. Given their involvement with cell death, their release and clearing are tightly 

regulated: leakage of their contents (biomolecules, organelles, and other remains of the dying 

cell) could have serious consequences, including inflammation and autoimmune reactions11. 

While MVs and exosomes can operate as ósafe containersô mediating inter-cellular 

communication, apoptotic bodies appear after the disassembly of an apoptotic cell into 

subcellular fragments. The main function of the cell disassembly process and release of 

ApoBDs is to ensure the safe and efficient disposal of cell contents during apoptosis. This role 

in itself imparts them with notable significance in pathology. Indeed, perturbations of this 

orderly process result in inflammatory and immunological problems12. During the early stages 

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

translocation from the inner to the outer leaflet13. 
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Multiple cells have the capacity to release EVs, which may explain why extracellular 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 faeces14. Exosomes play a major role in intercellular communication between cells 

by interacting with target cells via receptor-mediated endocytosis, lipid raft interactions, 

clathrin interactions, phagocytosis, micropinocytosis and possibly direct fusion. The biogenesis 

and content of exosomes determine their destiny and mission as intercellular messengers. Once 

uptake, exosomes will deliver their cargo into cells for the regulation of multiple cellular 

activities, such as cellular development, immune response, and disease condition of recipient 

cells. Extracellular vesicles are also involved in various pathological conditions, such as 

different types of cancer15, neurodegenerative diseases16, infectious diseases17, pregnancy 

complications, obesity18 and autoimmune diseases19. 

Therefore, one of the most attractive aspects of EVs is their used as potential biomarker for the 

detection of pathological conditions. In fact, the enrichment of specific diagnostic biomarkers 

(e.g., CD63, GPC1) in circulating exosomes would help the discovery of relative lowly 

expressed biomarkers, that normally would go undetected20. In recent years, investigating 

diagnostic techniques based on the content analysis of biofluids has gained popularity as a study 

area. EVs are seen as a promising approach for non-invasive diagnosis since they are stable and 

can transport a variety of cargo molecules. The 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 cytokines. For this reason, EVs can be released from any 

location and into the bloodstream making them easily accessible for liquid biopsies. Given their 

widespread distribution among biofluids, extracellular vesicles (EVs) represent one of the 

largest biomarker spaces in the liquid biopsy paradigm. Indeed, it has been suggested that the 

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 hoped-for translation of EV-based systems towards 

minimally invasive diagnostic methods must also be compliant with the alleged clinical 

significance of low to very low abundant EV sub-types within complicated media. In this 

regard, the enormous diagnostic potential of EVs could be unleashed by the sensitivity provided 

by the isolation and characterization platforms. 
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Overall, EVs are a class of highly heterogeneous bio nanoparticles. Cells release EVs into the 

extracellular environment that differ biophysically in size, density, charge, and cargo 

composition. The heterogeneity of EVs introduces a level of complexity in explaining and 

understanding the functions of EVs. 

From now on, with the term ñEVsò will indicate extracellular vesicles with a diameter of  

50-200 nm. 
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2. EVs Isolation and Characterization Methods: Challenges and Needs  

 
In this chapter, a panoramic view of current EVs isolation and characterization strategies is 

provided. Working principles, procedures, advantages and disadvantages of individual 

techniques are briefly introduced and discussed.  

Extracellular vesicles are highly heterogeneous, and this heterogeneity further complicates the 

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, molecular cargo) 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 sub-populations, providing clarity in 

the distinct biological functions of numerous EVs subpopulations. Extracellular vesicles can 

reportedly be isolated using a variety of well-known techniques either individually or in 

combination. Evaluation of the physicochemical properties, such as size, shape, surface charge, 

density, and porosity, is required to determine EVs biological interactions and hence, the 

accurate determination of these characteristics is of the utmost importance. Several techniques 

have been routinely employed including various methods such as biophysical, molecular, and 

microfluidics. 

 

 
Fig. 4 Different conventional and modern technologies towards bio-physical and/or biochemical isolation and 

characterization of extracellular vesicles. 

 

All the techniques described present strengths and weaknesses and the best choice depends on 

the intended downstream applications, and the type of EV of interest. However, there is a 

significant need to develop improved methodologies for increased performance and 
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reproducibility of techniques for EV isolation and comprehensive characterization. The 

challenge is because the fluids that EVs are typically complex matrices containing multiple 

contaminants, often of similar size and/or density. 

 

2.1 Isolation Methods 

 

High-efficiency isolation and separation of EVs from either contaminating proteins or other 

possible matrix contaminants is needed to ensure accurate inferences of the biological relevance 

of EVs.  The yield and purity of isolated samples are significantly influenced by the particular 

EV isolation technique used. It is significant to note that various isolation techniques have a 

significant impact on the downstream assessments of EV cargo and physicochemical 

characteristics. 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, size-exclusion 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 for dependable and repeatable isolation 

of total EVs as well as particular EV subpopulations based on morphological, biophysical, 

biochemical composition, biological, and functional properties. Moreover, it is of utmost 

importance to create simple, repeatable, and clinically applicable EV isolation methods. Finally,  

in order to support possible quick and accurate diagnostic applications, downsizing of EV 

separation technologies that would enable effective and robust isolation  is also of significant 

priority. The batch-to-batch reproducibility should also be improved by robust isolation 

techniques, which may also help with some of the heterogeneity issues in EV samples. 

 

Fig. 5 Summary of isolation technologies and challenges 
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2.1.1 Ultracentrifugation 

A typical technique for enrichment of EVs from biosamples is ultracentrifugation (UC), which 

separates and concentrates EVs from other specimen constituents according to their density. 

This method may also isolate MVs and microparticles of various size and composition, 

including viruses, lipoprotein particles and protein complexes and the purity of products can be 

further increased using an additional density gradient step21. However, UC is also low 

throughput, requires expensive specialized equipment, and can damage EV membranes or cause 

aggregation during processing. 

 

2.1.2 Size-based isolation 

Other methods are size-based isolation techniques such as ultrafiltration (Fig. 6) and  

size-exclusion chromatography (SEC, Fig. 7). Ultrafiltration uses matrices defined by 

molecular mass and size exclusion range, usually with cellulose filters. In tandem-configured 

microfilter (Fig. 6A), extracellular fluids are passed through tandem-configured microfilters 

with defined size-exclusion limits around 20ï200 nm. When passing through the two 

membranes, large vesicles including cell debris, apoptotic bodies and the majority of 

microvesicles are trapped in the 200-nm membrane, while vesicles with diameter from 20 to 

200 nm are retained on the lower 20 nm filter. Contrarily, in sequential ultrafiltration (Fig. 6B) 

extracellular fluids are first passed through a 1000-nm filter to get rid of larger particles (e.g., 

cells or cell debris); then the filtrate is passed through a second fi lter with 500-kD cut-off 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 purification, and scalability. However, filtration-based methods also have 

important drawbacks: the use of pressure to push the sample through the membrane can deform 

or damage the vesicles22, and a non-negligible fraction of the purified vesicles can be lost due 

to adherence to or clogging of the membrane20. 

 

Fig. 6 Schematic demonstration of ultrafiltration-based separation. (A) Tandem-configured microfilter.  

(B) Sequential ultrafiltration. 
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SEC separates 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 consisting of porous resin 

particles, molecules can be separated according to size. This causes particles with different sizes 

to exhibit different retention times and therefore facilitate size-based separation. 

However, pre-processing of the sample can include time-consuming steps such as enrichment 

of the mixture and removal of bigger components, like cell debris23. 

 

Fig. 7 Principle for Size-exclusion chromatography-based isolation. 

 

2.1.3 Immunoaffinity capture 

For immunoaffinity capture, antibodies targeting a particular antigen are typically adhered to 

solid support surfaces such as within microfluidic channels or on magnetic beads. 

The presence of enriched proteins on the membrane surfaces of EVs (e.g. CD9, CD81, CD63) 

give the opportunity to develop highly specific isolation via immunoaffinity capture (Fig. 8).  

First, antibodies recognizing exosome-specific markers are immobilized onto solid matrices. 

After incubating exosome-containing fluids with antibody-conjugated solid matrices, EVs can 

be enriched onto such solid matrices and finally, free EVs can be collected via an additional 

elution step. A major benefit of immunoaffinity isolation is that it allows for distinct EVs 

subpopulation sorting (with different surface protein expression) as it is based on selective 

antibody-antigen binding. Using the immobilized antibodies on the higher surface area ratio 

aids in intensifying EVs binding interactions from small sample volumes and obtaining higher 

isolation yields. 

 

Fig. 8 Schematic of immunoaffinity-based isolation. 
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However, targeting surface-exposed protein still present several disadvantages including the 

following: (i) the analysis can be biased by the presence of soluble antigens; (ii) the inherent 

variability of antibody specificity and affinity may reduce the effectiveness of EV capture; (iii) 

protein markers' relative abundance may be subpar or be subject to significant inter-individual 

variations, which diminishes the usefulness of comparative studies. 

 

2.1.4 Microfluidics 

Microfluidics is the technology of manipulating small amount of fluids ranging between 10-6 to 

10-15 L within micron-sized channels. The advantages of using microfluidics technology 

include portability24, reconfigurability, high-throughput25, and automation26. 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. 

 

2.1.5 Precipitation 

Recently, several commercial kits have been introduced to isolate EVs with yields comparable 

to UC-based techniques without the need for any specialized equipment. Polymer precipitation-

based commercial kits are used to isolate exosome by capturing and collecting exosomes of 

certain size, between 50 and 150 nm, in ñpolymer netsò using simple, rapid, low-speed 

centrifugation. These methods are easy to use 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 non-exosomal material such as protein aggregates. 

 

2.2 Characterization Methods 

 

Size, counting, the presence of protein markers, protein concentration, and many other factors 

are routinely used to provide EVs characterization. Many techniques are available for EVs 

characterization, which can provide information on EVs-based on their biophysical or 

biomolecular features. Enabling the following capabilities seems particularly appealing in the 

domain of EV characterization: (i) biochemical and molecular cataloguing of EV populations 

with a range of characteristics, sources, and functions; (ii) sensitive quantitative 

characterization of EV proteins; (iii) insightful multiomics characterization of identical EV 

isolates from the same specimen; (iv) high-sensitivity deep molecular profiling of EV isolates 

from constrained samples; and (v) highly specific and sensitive detection and quantitation of 

target EV molecules of interest in EV isolates, minimally processed biological fluids, 

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

 

2.2.1 Physicochemical Characterization Methods 

2.2.1.1 Size and Counting 

The most popular counting and sizing method for EV analysis is nanoparticle tracking analysis 

(NTA, Fig. 10)27. This method combines a camera and a laser light scattering microscopy to 

enable the observation and recording of nanoparticles in solution. Vesicles of around 30-1 ɛm 

are transported by a flow in this system and the NTA software tracks the Brownian motion of 

individual particles determining their sizes, and their overall concentration. 

 

Fig 10 (A) Schematic of the optical configuration used in NTA. (B) Typical NTA spectra. 

 

The advantages of using NTA are the simple and quickly preparation of samples and the 

measurement that require just several minutes. Moreover, the possibility to use a fluorescence 

mode can provide the detection of antigens on EVs by applying fluorescently labelled 

antibodies28. However, the preparation of sample and the correct dilution factor represent the 

crucial parameters for the success of NTA. Furthermore, a drawback is that two populations 

can only be resolved if their particle diameter differs by at least 1.5 fold. 
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An alternative technique to measure the size of extracellular vesicles is the dynamic light 

scattering (DLS), also known as photon correlation spectroscopy. DLS offers a simple and time 

saving technique that provides information about the mean size and the dispersity of the particle 

size distribution  (polydispersity index, PDI) for particles ranging from 1 nm to 6 ɛm. The 

presence of large particles can be a problem for accurate size determination and it essential to 

remove large particles, such as cell debris and dead cells, as well as aggregated proteins and 

protein complexes. 

 

2.2.1.2 Electron Microscopy  

Although the methods described above are widely used, Electron Microscopy (EM, Fig. 11) 

remains the standard method to characterize extracellular vesicles29. Two types of electron 

microscopy are typically used: Transmission Electron Microscopy (TEM) and Cryo-Electron 

Microscopy (cryo-TEM). The working principle of TEM is the creation of images as a beam of 

electrons passes through a sample, where secondary electrons are generated, collected, and 

magnified sing special lenses. TEM images need to be taken under a vacuum and an important 

consideration is the sample preparation, which is extensive, involves multiple steps, and may 

induce changes in the morphology of the EVs.  

 

 

 
Fig. 11 Schematic representation of electron microscopy (EM) 

 

To avoid the damage caused by the electron beam, cryo-EM is being applied for EV analysis, 

since it utilizes a different sample preparation protocol. It is revealed that cryo-EM can preserve 

the true shapes of extracellular vesicles as the sample preparation in cryo-EM is free from 

dehydration and fixation and it is considered the best method for visualizing nanoparticles and 

proteins without dehydration artifacts. However, the drawbacks of using TEM/cryo-TEM 

include a high demand for computational power to convert images to 3D30, challenging sample 

preparation and handling methods, low signal-to-noise ratio, high cost, and low throughput. 

 



 

24 

 

2.2.2 Biochemical and Molecular Methods 

One of the most straightforward ways of characterizing biological samples is to determine their 

protein composition and the molecular composition of EVs includes nucleic acids, lipids, 

proteins, and various other biomarkers. For the evaluation of a patient's health and early disease 

diagnosis, the biochemical composition of EVs circulating in body fluids is helpful. 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 cutting-edge and precise methodologies for the examination of EVs. 

Traditional methods for EVsô molecular content characterization are Western blot and ELISA 

but recently label-free optical methods are being employed for the analysis of EVsô molecular 

composition since they provide several advantages over the traditional methods such as: Raman 

spectroscopy and SPR-IRIS. 

 

2.2.2.1 Raman Spectroscopy 

In order to characterize EVs on a broad biochemical level without labeling or focusing on any 

recognized markers at the single-particle level, vibrational spectroscopies, and in particular 

Raman spectroscopy, are appealing methods31. The sample is exposed to a high-intensity light 

source, and molecules scatter the incident photons. The quantity and quality of the sample are 

revealed by the frequency and intensity of the scattered radiations, respectively. Laser Tweezer 

Raman spectroscopy, which combines optical trapping and Raman probing, is one method that 

has been applied in the study of nanoparticles. A stable three-dimensional trapping technique 

known as optical tweezers involves employing a diffraction-limited 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 describe EVs32. 

 

2.2.2.2 Single-Particle Interferometric Reflectance Imaging (SP-IRIS) 

The SP-IRIS 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 dioxide33. IRIS illuminates 

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

in order to detect and size nanoparticles that are bound to the surface. The presence of particles 

alters the interference of light reflected information about the size and quantity of proteins. The 

SP-IRIS platform can count and phenotype multiple types of extracellular vesicles from a single 

sample. The proportional size of the nanovesicles may be calculated from their contrast in the 

SP-IRIS image, and the phenotype of the EVs can be inferred from their spatial placement in 
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the array. SP-IRIS can enumerate, estimate particle size, and phenotype EVs from purified 

samples from cell culture, or directly from clinical sample. 

 

Fig. 12 Schematic representation of the SP-IRIS 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/srep37246 

 

2.2.2.3 Enzyme Linked Immunosorbent Assays (ELISA) 

The characterisation of exosomes by surface protein expression has been accomplished using 

enzyme linked immunosorbent assays (ELISA). ELISA is a semi-quantitative protein detection 

technique based on antigen-specific antibody binding. It can be carried out in a variety of ways 

as a standard immunology procedure, including the sandwich approach, the indirect method, 

and the competition method. EVs are often immediately immobilized on an ELISA-based 

characterisation microwell plate. After the plates have been blocked with a blocking agent, a 

recognition antibody (such as anti-CD9) is added to the wells in order to attach to particular 

antigens that are present on the exosome surface, such as CD9. Finally, a sensitive (through an 

enzymatic signal amplification step) and specific readout is achieved using a horseradish 

peroxidase-linked detection antibody. 

 

2.2.2.4 Western Blotting 

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

antibodies to samples that have undergone gel electrophoresis. Extracellular vesicle research 

typically uses Western blotting to identify the presence of their distinct surface proteins. Before 

performing Western blotting, the sample is first treated with a lysis solution containing a 

protease inhibitor. After membrane transfer and sodium dodecyl sulfate polyacrylamide gel 

electrophoresis, the EVs in the solution are separated, and the gel is then incubated with primary 
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and secondary antibodies. With low variability, Western blotting is useful for revealing the 

molecular weight of target exosome proteins in various subpopulations. 

 

In this work we are focused on the use of microanalytical techniques, specifically on microarray 

technology. Indeed, analytical platform for extracellular vesicles high-throughput analysis that 

do not strictly rely on sample pre-treatment, limiting purification artefacts, are highly desirable. 

In this scenario, microarray represents a powerful tool to study extracellular vesicles because 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 spotter or non-contact 

microarrayer (Fig 13). The collection of molecules arranged (in arrays) on the substrate is then 

probed with cellular extracts, serum, PCR products or other samples chasing for molecular 

recognition events. Minimal non-specific binding of biomolecules to the surface is therefore 

one of the most important criteria for high quality microarray experiments34. 

 

 

 
Fig. 13 Schematic representation of microarray platform. 

 

Functional protein microarrays are constructed by printing a large number of individually 

purified proteins and used to comprehensively query biochemistry properties and activities of 

those immobilized proteins. In particular, they have been successfully applied to identify 

protein-protein, protein-lipid, , protein-DNA and protein-small molecules interactions. In this 

category fall reverse phase array where tissues, cell 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 arrays are usually composed of well-characterized 

biomolecules with specific binding activities, such as antibodies, to analyse the components of 

complex biological samples (e.g., serum and cell lysates) or to determine whether a sample 

contains a specific protein of interest.  
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Several critical factors such as stability, native conformation or activity of the proteins 

immobilized on the surfaces, pose stringent demands on production, storage and experimental 

conditions leading to the development of alternative assay to overcome these limitations.  

 

Current detection strategies for microarrays are generally classified as label-free or label-based 

methods. The label-based  detection  methods  require  labelling of query molecules with 

fluorescent dyes, radioisotopes or epitope tags, meanwhile, label-free 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 from clinical immunoassays, radioimmunoassay, 

or ELISA protocols where they are widely used. These detection methods rely on fluorescence, 

chromogenic, chemiluminescence, electrochemiluminescence or radioactive labelling 

strategies. 

All label-free detection methods are promising tools to characterize binding events on surfaces. 

They do not require labelling of molecules that may affect protein activity but, they are 

generally based on sophisticated equipment not easily available in all clinical laboratories. 

Label-free methods include mass spectrometry (MS), surface plasmon resonance (SPR) and 

grating-coupled surface plasmon resonance (GC-SPR), atomic force microscopy (AFM), 

micro-electromechanical systems (MEMS) cantilevers and quartz-crystal microbalance 

analysis (QCM). 

 

3.1 Extracellular Vesicles Microarray (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 EV cargo, as 

reviewed by Revenfeld et al35. While the EV phenotype is crucial for identifying the origin of 

cells and subcellular structures, it can also reveal information about how the EVs function when 

combined with a protein cargo study. High-throughput screening for different EV markers is 

made possible by the construction of antibody arrays on solid surfaces. Protein co-expression 

in EVs can be analyzed pairwise combinatorially using 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 material. The method was 

developed to perform multiplexed EV phenotyping on an open 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 sensitive approach that uses little reagent and sample 

material. 

A typical Extracellular Vesicle Array is based on antibodies immobilized on a surface of the 

microarray and used for the selective capture of EVs by their most common surface associated 

proteins (e.g. tetraspanins, MHC I and II, Annexin V, etc.). Following in the capturing step, a 

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

 

 

Fig. 14 Schematic representation of EVs array. 

 

The first EVs Array was introduced by Jørgensen and collaborators to capture exosome and 

other extracellular vesicles from plasma and other cells surnatant36. In this work, a microarray 

print with spots of 21 different antibodies was used to capture exosome and the vesicles were 

detected with a cocktail of biotinylated antibodies against the tetraspanins CD9, CD63 and 

CD81 followed by fluorescence-labelled streptavidin. They demonstrated the possibility to 

semi-quantify and phenotype exosomes directly from small cell cultures laying the stage to 

setup large-scale experiments. Moreover, Jørgensen et al. showed the great variance in the 

protein profiles of the plasma-derived exosomes highlighting how the use of different 

antibodies opens the opportunity to detect other several populations of exosomes or sub-

populations of extracellular vesicles. Furthermore, it has been demonstrated that this technique 

could also be used for tumor-specific exosome tracking. In fact, the potential use of exosomes 

as diagnostic markers for cancer or other diseases demands technologies that necessitates the 

possibilities to detect exosomes in a highly sensitive, multiplexed, and high-throughput manner 

without extensive isolation procedures. 

Subsequently, this technique has been extended to the analysis of antibody-captured vesicles in 

a label-free mode using surface plasmon resonance imaging (SPRi)37 and single particle 

interferometric reflectance imaging sensor (SP-IRIS)33.   
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3.2 Peptide 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, a number of crucial elements, such as the immobilized proteins' native 

folding, stability, or activity, place strict requirements on the conditions of manufacture, 

storage, and experimentation. Although protein microarrays represent a technological 

improvement, 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 various 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 support. The arrays have proven important for determining 

substrate specificities of enzymes, profiling antibodies, mapping epitopes, studying ligand-

receptor interactions, and identifying ligands that mediate cell adhesion. The specific 

applications will depend on the number of peptides in the array, the compatibility of the array 

material with samples, the control over peptide attachment and density, and the compatibility 

with different detection methods. There are two widely used methods for synthesizing peptides 

arrays that can be classified by the assembly of peptides on the surface: Merrifield solid-phase 

synthesis (SPPS) and in situ synthesis. 

The first approach is the traditional method for synthesizing peptides. The peptides are assemble 

on a solid support, deprotected of the side chains, cleavage from the support, purified, and 

finally immobilized to the array support38.  

The in situ synthesis, on the contrary, uses automated instrumentation for parallel synthesis of 

the peptides directly on the solid support of the array39,40.  

Peptide arrays provide a significant opportunity to advance our understanding of the molecular 

mechanisms underlying both healthy and diseased cell functions, to guide the drug discovery 

process, and to diagnose and monitor treatment in disease. They also permit for a number of 

different investigations to study sequence-dependent reactivity and properties of peptides. 

Epitope mapping for antibody binding, identifying and characterizing protein-peptide 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 technology has set a new paradigm in the 

development of innovative surface chemistries that balance stable binding with retained 

functionality of immobilized bio-probes. The fixation of probes is achieved based on different 

interactions, such as physical (e.g., adsorption) and chemical (e.g., covalent or ionic), on a range 

of different substrates or coated slides. However, the delicate structure of proteins, which 

comprise biological functions in intimate relation to their complex structure and the difficult to 

immobilise these proteins on a solid support without compromising their function, necessitated 

the development of new approach for microarrays technology. 

In this scenario, hydrogels represent ideal semi-wet systems, as biomolecules can be gently 

confined within a native-like environment, preserving their structural and functional properties. 

Hydrogel based immobilization platforms can indeed provide highly versatile systems for the 

fabrication of functional bio-interfaces on diverse analytical formats: from multi-well plates to 

microarrays slides. Such platforms can be applied to the simultaneous and high-throughput 

screening of drugs, biomolecular interactions, enzymatic activities and cellular assays41,42. 

Increased sample loading capacity, smaller unspecific binding and enhanced signal-to-noise 

ratio are common features of 3D hydrogel arrays over conventional 2D dry platforms. Because 

of the hydrophilic environment, changing the geometry to 3D increases the binding capacity 

and better preserves protein function43. 

Poly-acrylamide, alginate, agarose, and polyethylene glycol matrices are commonly used in 

hydrogels for (micro)arrays but also low-molecular-weight supramolecular hydrogelators have 

been used to construct semi-wet 3D arrays44,45 and hydrogel sensors46,47. However, some 

hydrogel properties continue to limit their widespread use in bioassay development, especially, 

the ability to match target diffusion rates through the gel matrix with stable probe entrapment. 

The majority 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 microarrays are a more accessible format than hydrogel layered 

surfaces, but chip fabrication could be laborious, especially if large molecule permeation is 

desired. Because gel viscosity is a significant barrier to direct microarray printing, in situ 

hydrogel formation 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. Conversely, 3D 

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). 

 

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

 

This is frequently accomplished through UV-triggered cross-linking, a process that can be 

detrimental to the functionality of sensitive biomolecules. As a result, it is highly desirable to 

develop robust strategies that enable user-friendly and automated array fabrication with few, 

simple, and benign manipulation steps that are compatible with existing production workflows. 

In recent years, it is raised the ability of peptide molecules to adopt specific secondary, tertiary, 

and quaternary structures providing unique opportunities for the design of nanoscale materials 

that traditional organic molecules and polymers do not readily offer.  The spontaneous assembly 

of monomer peptide motifs can drive the formation of ordered supramolecular architectures in 

a tuneable and controlled manner, that can easily generate new functional soft materials, 

including peptide hydrogels48. 

Generally, the presence of the following factors governs the self-assembly of small molecules: 

(a) Hydrophobic interactions, (b) -́  ́ stacking, (c) hydrogen bonding, and (d) electrostatic 

interactions. Peptide molecules adopt a specific secondary conformation, which then self-

assembles to form nanofibres in the presence of appropriate stimuli or favourable physical 

conditions and the elongation of these fibres in three-dimensional space results in thicker and 

longer fibres, which then join to form a fibrillar network. 

Recently, our group have developed a soft hydrogel matrix for biomolecule localization on 

microarray slide using a self-assembling peptide (SAP) namely YFQ1149. The developed 

hydrogel demonstrated a combination of favourable properties that overcome many of the 

limitations commonly associated with hydrogels for bioassays. To begin, low viscosity 

hydrogels made with micromolar peptide concentrations can be used directly for array 

fabrication while remaining stable enough to confine biomolecular probes locally. Notably, 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 monomer. Based on this work, we anticipate that analogous versatile peptide 

hydrogel platforms will find widespread use as modular 3D microenvironments with solution-
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like properties in a wide range of automated and multiplex bio-assays, including lab-on-chip 

devices and cell-based biosensors. 
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4. Aim of the Thesis. 

 

This thesis work deals with the development of novel peptide-based platforms for extracellular 

vesicles microanalytic applications, with a particular focus on microarray technology. In 

particular, the overarching goal of this project is exploiting the broad potential and versatility 

of peptides in the development of integrated EV isolation and analysis protocols, to untap EV 

potential towards real-life scenario applications as biomarkers for prognostic and diagnostic 

use.  

On these premises, the research project is divided in two main  sections differing in 

methodologies but sharing the same goals: 

 

1. The development of peptide baits as ñuniversalò capturing probes of EVs based on a 

membrane-sensing approach and the generation of synthetic extracellular vesicles. 

2. The development of peptide-based hydrogels for 3D microarrays propaedeutic to EVs 

analysis. 

 

Specifically, in the first section, we addressed one of the major limitations commonly associated 

by the use of antibodies, i.e. the isolation of EVs subpopulations mediated by the selection of 

unevenly expressed EV-associated protein markers. Here, we introduced the concept of 

targeting the EV lipid membrane as a ñuniversalò and pan-specific EV marker, exploiting 

membrane sensing peptides as molecular baits. To accomplish the development of 

(micro)analytical platforms based on membrane recognition, we turn our attention on peptides 

derived from the Bradykinin protein applied to a microarray technology. We investigated the 

chemistry behind the immobilization of peptides on the microarray platform studying the  role 

of surface chemistry in the vesicle binding. We evaluated the size dependency of peptide 

capturing and the ability of capture in different complex serum. In addition, we demonstrated 

that our mechanism of capture is not mediated by surface-associated protein. To deepen the 

understanding of the molecular determinants of Bradykinin peptide (BP) binding to EVs, we 

designed and tested a panel of 2nd generation derivatives.  Computational modelling was also 

developedto elucidate the mechanisms at the basis of the peptide binding to the EVôs membrane 

at the atomic level, providing guiding principles to rationalize peptides binding efficiency. All 

together, this section resulted the first report on peptide micro-arrays for extracellular vesicles 

and a proof-of-concept demonstration of the use of membrane-sensing 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 focused on a new method for the generation of 

synthetic extracellular vesicles. The idea is to start from a simple material to construct more 

complex object. This system offers maximum flexibility and it is broadly applicable. 

 

In the second part, the projectôs aim is developing hydrogels for the physical confinement of 

EVs in controlled permeability conditions. In principle, this approach allows EVs from complex 

biological samples to be stably entrapped within a biofluid-like environment by a simple mixing 

step, while simultaneously permitting other molecules (proteins, antibodies, enzyme substrates) 

to freely diffuse in/out of the soft hydrogel matrix. The idea is to avoid/reduce EVs pre-analysis 

purification and isolation steps, enabling the immediate transfer of bio-samples to high-

throughput analytical platforms, including microarrays slides. To realize a printable peptide 

hydrogel for microarray applications, we focused on a composite hydrogel obtained by the 

combination of a self-assembling peptide (SAP) and agarose in order 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 assess self-assembling properties of the hydrogel. To 

elucidate the peptide assembly mechanism, molecular dynamics simulations (MD) were 

performed. We evaluated the comparison between 3D immunoassays and the conventional 2D 

planar format. Additionally, we validated our platform in the profiling of Covid-19 patientôs 

serum immunoreactivity against an immunoreactive peptide epitope from the SARS-CoV-2N 

protein region 156ī170 (sequence AIVLQLPQGTTLPKG)50, reaching a discriminatory signal 

for Covid-19-positive individuals. Finally, biological assays were used to assess the analytical 

performance of material and the confinement of EVs. Overall, our findings strengthen the 

arguments supporting the necessity for 3D analytical platforms, advance the development of 

next-generation bioassays, and, more broadly, highlight the promise of novel composite (nano)-

materials.  
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5. Results and Discussion 

 

5.1 Membrane-sensing peptides 

As described in the chapters before, in microarray technology the use of antibodies for the 

targeting of surface-exposed proteins of extracellular vesicles still presents several drawbacks. 

The possibility to identify a precise but ñuniversalò EV marker such as the lipid membrane, 

would broad the range of molecular techniques accessible and improving analytical 

consistency.  

In this scenario, several EVs present highly curved membranes as a distinctive feature. In 

particular, small EVs (sEV, 30-150 nm) outer leaflets typically contain a high amount of 

anionic, unsaturated phospholipids (e.g. phosphatidylserine) together with the presence of 

characteristic lipid packing defects. Notable, many proteins are involved in the dynamic 

modulation of membrane curvature in the cellular processes and some of them are able to sense 

and bind with selectively only highly curved membranes.  

As a result, peptides derived from membrane sensing proteins (MSP) have emerged as novel 

molecular probes for targeting highly curved membranes. The vast numbers of different MPS 

interact with lipid membranes through many different interactions and mechanisms. 

The mechanism behind the recognition and the binding is based 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 characterise highly curved membranes. Moreover, the role of surface 

lipid-packing defects in curvature sensing has to do with the increased number of sites through 

which certain residues can be inserted. This mechanism is characteristic of amphipathic 

peptides51.  

 

 
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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5.1.1 Bradykinin peptide as Membrane-Sensing peptides 

 

Among the set of reported curvature-sensing peptides, we focused on a short amino acid 

sequence RPPGFSPFR (BP), derived from Bradykinin protein52. Natural 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 cell membrane, BP produces biological effects 

such as pain53, smooth muscle contraction54, a decrease in blood pressure55, and other poorly 

known biochemical processes. 

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

molecular basis of peptide activity56. 

Prior to binding and activating receptors, it is thought that interactions with membrane 

phospholipids help peptide ligands like BP to achieve the desired shape, showing that BP 

interacts with lipid bilayers. According to general consensus, BP is a 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 by CD, solid-state NMR spectroscopy and molecular dynamics simulations 

BP have been found to possess a large degree of flexibility of sidechain in aqueous medium 

preserving the peptide backbone in its preferred conformation57.  

BP can pass through membrane bilayers and interact differently with lipid vesicles and micelles, 

with a clear preference for mixes containing more highly anionic components. These results 

were regarded as evidence that the cationic arginine residues at locations Arg1 and Arg9 (Fig. 

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

 

Fig. 17 Model representation of Bradykinin peptide. In green are showed 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 

charge53. This feature demonstrates that not only the presence of two positively charged Arg in 

BP, which would increase the local peptide concentration at the anionic vesicle surface, but also 
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the hydrophobic residues Phe in positions 5 and 8 involves in the interactions with the 

membrane. It is also conceivable that hydrophobic effect is a key component of interaction of 

BK with membrane lipids enhance its interaction with the receptor. 

 

5.1.2 Peptide design and Microarray 

 

All the peptides were synthetized by Solid-Phase Peptide Synthesis58 (SPPS, Fig. 18). 

 

Fig. 18 General scheme of solid-phase 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 coating of the surface59 (Fig. 19A). 

Given the key role of electrostatic interactions in initiating complex membrane sensing 

mechanism, a negative control (BPn) was obtained changing arginine residues in glutamic acid 

residues while the multivalency presentation of the peptide from the surface of EV was designed 

repeating twice the bradykinin sequence in a branched (BPb) and tandem conformation (BPt). 
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Fig. 19 (A) Representation of MCP-6 copolymer. Peptidic probes are synthesised in a linear form (BP) and in two 

multivalent presentations: branched (BPb) and tandem (BPt). As a negative control (BPn), a peptide where arginine 

residues were mutated to (oppositely charged) glutamic acid residues were synthesised. (B) Scheme of peptidic 

probes that are immobilised on chips through chemoselective click-type reaction between azido groups provided 

by MCP-6 surface coating and propargyl-glycine- terminated peptides. 

 

Firstly, we set an experiment to probe the peptide-based EV capturing. Silicon chips, suitable 

for SP-IRIS on the ExoViewÊ platform, were arrayed with five replicated spots of peptides 

via copper catalysed azide-alkyne cycloaddition (CuAAC) mediated chemoselective 

immobilisation (Fig 19B). EVs isolated from HEK cells by ultracentrifugation (UC) and 

characterised according to MISEV2018 guideline60 were analysed by SP-IRIS that digitally 

count, size and image nanovesicles with a diameter Ó 50nm. Specifically MISEV2018 define 

as ñsmall EVsò vesicles that are around 100 nm and in the range of 30-250 nm. 

Serial dilutions of the HEK UC sample in the range of 106-109 particles/mL were prepared in 

PBS and incubated for 150 min on peptide chips. We detected a significant amount of EV within 

the area of BP spots with a particle signal clearly distinguishable down to 107 particles/mL, 

whilst negligible binding was observed for the negative control peptide BPn (Fig, 20A-B). 

Comparison with antibody microarray spotted with anti-tetraspanins IgG (anti 

CD81/CD63/CD9), the average particle counting detected on the antibody spots was lower than 

that provided by BP with a particle signal distinguishable from the negative control only in the 

highest concentration of 109 particles/mL (Fig. 20C). Furthermore, the size distribution 

observed for captured particles demonstrated the preferential affinity of BP peptide for small 

vesicles (Fig. 20D). 
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Fig. 20 (A) HEK UC particle density per mm2 detected on BP and BPn peptide spots in a blank sample (filtered 

PBS) and in 1 × 106ï1×109 particles/mL concentrations range. A clear dose-response effect is visible. Signal on 

BPn peptide is negligible. (B) Representative images of BP and BPn peptide spots incubated with 1 × 107ï1× 109 

particles/mL: blue dots indicate detected particles. (C) HEK UC particle density per mm2 detected on antibody 

microarray (anti CD81/CD63/CD9). Only 1 × 109 particles/mL concentration provides on CD antibodies spots a 

signal distinguishable from that on the negative control antibody. (D) Observed size distribution of captured 

particles reported as the number of counts detected in each 5 nm bin.  

 

Thereafter, the size dependency of vesicles capturing by BP peptide was investigate using three 

different size of liposomes (150, 250, 450 nm) made of the same lipidic composition (see 

Experimental Section). A concentration of 2.5×109 liposomes was incubated on chip spotted 

with the set of linear (BP), branched (BPb), and tandem (BPt) peptides and analysed with SP-

IRIS. Peptides clearly bound for the small liposomes (150 nm) whereas no capture was 

observed for the larger (250 and 450 nm) liposomes. Additionally, we carried out a three-color 

fluorescence detection of EV transmembrane proteins (CD81, CD63, and CD9) by using a 

secondary antibody staining with a cocktail of anti-CD81, anti-CD9, and anti-CD63 antibodies 

in order to corroborate the EV nature of the peptide-captured vesicles (Fig. 21A). Bright 

fluorescence signals were found on particles trapped by BP peptides in the three fluorescence 

channels, while only a small increase in vesicle binding was noted for the multivalent peptide 

forms BPb and BPt (Fig. 21B-C). In this view, a surface multivalency effect, resulting from 

peptides' cooperative interaction in binding to nanovesicles, is believed to be responsible for 

the high capture efficiency that has been reported. The non-specific binding of the negative 

control BPn was barely detectable. 
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Fig. 21 (A) Schematic of the assay for label-free and fluorescence detection of EV captured on microarray chips. 

(B) EV density after incubation with HEK UC sample at the concentration of 1 × 109 particles/mL label free 

detected on BP peptides; (C) correspondent EV density detected by fluorescence on BP peptides. 

 

The capture of EVs from human serum was evaluated with vesicles derived from a pool of 

serum samples in order to test our peptide arrays with more complex biological samples. EVs 

were isolated from human serum by UC followed by a combined polymer-based precipitation 

and SEC. The multivalent BPb and BPt peptides demonstrated an improved capturing capacity 

of serum-derived vesicles in comparison to linear BP. Importantly, co-localization detection of 

EV trans-membrane 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 control (Fig. 22A). In addition,  peptide ligands were tested with pure 

serum. A peptide arrayed chip was incubated for 150 minutes with a pooled sera sample filtered 

through a 0.2 ɛm syringe filter and diluted 1:8 in PBS. With the exception of the negative 

control BPn, label-free particles from untreated serum were identified with comparable 

efficiency on all the peptides. Surprisingly, anti-CD9/CD63/CD81 antibody fluorescence 

staining showed a distinct effect of peptide multivalency in collecting a greater proportion of 

tetraspanin positive particles as compared to linear BP (Fig. 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 × 109 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. Density of particles 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 a non-specific immobilisation on nucleophile-reactive polymer-coated 

chips with a click-type peptides binding strategy able to provide pre-determined probes 

orientation (Fig 23A). Notably, both methods use the same chip coating polymer (MCP-2), 

which may be modified in various ways to incorporate azido reactive handles (MCP-6) and  

SEC-isolated EVs from serum at the concentration of 109 particles/mL was used. Interestingly, 

the EV binding efficiency for the whole range of BP peptides observed for site-selectively 

immobilized peptides was completely reduced when peptides were bound randomly to the 

surface. Peptide surface orientation was also pursued using the well-known biotin-streptavidin 

technique to provide additional insights on the general viability of our strategy (Fig. 23B). 
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Fig. 23 (A) EV density on BP peptides immobilised either chemoselectively on MCP-6 or randomly on MCP-2. 

(B) Comparison of binding capacity of the SEC isolated EVs from human serum (1x109 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 or influenced by its associated proteins. EVs isolated from SEC were exposed to a 

treatment of trypsin digestion61 for 6h (to ensure complete proteolysis) and incubated on the 

peptide microarray at the concentration of 109 particles/mL. By comparing the particle 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 binding in the case of multivalent peptides is even 

improved by proteolysis negating the direct involvement of surface-associated proteins. 

Contrarily, no binding was visible with the trypsin-digested sample when the same samples 

were incubated on an antibody (CD81/CD63/CD9) microarray, as was expected (Fig. 24B). 

 

 

 
Fig. 24 (A) Particle density of EV from human serum incubated at the concentration of 1 × 109 particles/mL. EV 

capturing by BP peptides is not affected by trypsin treatment. (B) EV binding on CD81/CD63/CD9 antibody chip 

is abolished by surface protein digestion using trypsin. 

 
 
 
 
 



 

44 

 

5.2  Second Generation of Membrane-sensing 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 of the panel of membrane sensing peptides. As we know, the mechanism of binding 

is strictly correlated to the electrostatics-dominated recognition mechanism further stabilised 

by hydrophobic interactions. Aromatic groups have a crucial role as mediators in the connection 

of proteins with membranes at cell surfaces, influencing hydrophobic effects and -́membrane 

interactions. 

In general, the predominance of aromatic amino acids (Trp, Tyr, and Phe) in peptide at lipid-

water and peptide-membrane interfaces provides a hint for improving their interactions62. Such 

amino acids offer favourable free energy for insertion into lipid bilayers, for example Trp 

having the highest affinity on the Wimley-White interfacial hydrophobicity scale63. Aromatic 

group association on membranes is regulated by a number of aspects, including electrostatics 

and hydrophobicity, which drives aromatic groups from water into lipid. Cation-ˊ interactions 

in peptide are also more common for Trp than Phe. Peptide interaction with membrane can be 

increased by aromatic sidechains. Based on these peculiarities, we centred the attention looking 

into the hydrophobic effects on the membrane recognition efficiency. The 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 replacing the two Phe with residues with different 

hydrophobic nature to understand how the position of hydrophobic moieties and its nature could 

modulate the binding efficiency of BP peptides (Fig. 25). In this regard, we introduced Alanine 

(Ala) and Isoleucine (Ile) as aliphatic hydrophobicity and Tryptophane (Trp), 4-iodo-L-

phenylalanine (Ipe) and 3-(1-Naphthyl)-L-alanine (Nal) 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, Br. Finally, we capped C-terminal of peptide using Rink-amide 

resin during the synthesis in order to remove the negative charge of the carboxylic acid and 

increase the hydrophobicity of the peptide. 
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Fig. 25 Library of second generation of membrane sensing peptides. Red 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 (SPPS, Fig. 26). Based on 

this strategy, we first immobilised commercially available Fmoc-Cys-Trt onto 2-CTC resin and 

Rink Amide resin for the capped peptide. Subsequent peptide elongation via standard Fmoc-

SPPS then generated resin-bound peptides using DIC and Oxime as activator for the coupling. 

Deprotection of the N-terminal of each AA using 20% of Piperidine at room temperature 

afforded the N-terminal ready for the next coupling. Finally, cleavage to remove the resin and 

the deprotection of the sidechain using TFA/triisopropylsilane/thioanisole/water 

(92.5:2.5:2.5:2.5) furnished the free desired peptide. The purity of each of the peptide was 

confirmed through HPLC and LC-MS analysis. 

 

 

Fig. 26 Scheme of solid-phase peptide synthesis (SPPS) for Bp peptides derivates. 
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Differently from the original peptide immobilization, we utilised a copper-free Click chemistry 

introducing a DBCO (dibenzylcyclooctynes) moiety at the C-terminal of peptide to fit the probe 

on the microarray platform. This strategy is very fast at room temperature and does not require 

a Cu(I) catalyst overcoming the limitations due to residual copper catalyst. The DBCO strain-

promoted or Cu(I)-free [2+3] cycloaddition strategy relies on the use of strained 

dibenzylcyclooctynes that decreases the activation energy for the cycloaddition click reaction. 

Itôs used enables to be carried out without the need for catalysis at low temperatures with an 

efficiency greater than that of the Cu(I)-catalyzed ligation. Cyclooctynes are thermostable with 

very narrow and specific reactivity toward azides, resulting in almost quantitative yields of 

stable triazole. 

Peptides were modified to fit for the microarray platform in order to obtain the site selective 

oriented peptide immobilization. Specifically, they were conjugated to DBCO reagent using the 

Michael addition reaction (Fig. 27A). 

The Michael addition of the maleimide-thiol reaction relies on a nucleophilic attack of the ˊ 

bond of the maleimide by the nucleophilic thiolate anion. The enolate intermediate deprotonates 

another thiol group resulting in additional maleimide-thiol 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 and the resulting release of ring strain  

(Fig. 27B). Moreover, we used a DBCO with a PEG spacer to better display the probe to the 

membrane of EVs. 

 

Fig. 27 (A) Schematic over the maleimide-thiol Michael addition reaction. (B) Conjugation of peptide with 

cysteine to DBCO reagent. 
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5.2.2  Liposome/Peptide Model System  
 

Firstly, the capacity of second generation peptides to capture nanovesicles was assessed in a 

model experiment by using fluorescent synthetic liposomes mimicking the lipid composition, 

and size, of natural extracellular vesicles. 

For the preparation of liposome, we used the Thin-Film Hydration followed by Extrusion 

Method. This approach involves making a thin lipid film in a round-bottom flask by the removal 

of organic solvent. Upon the addition and agitation of the dispersion medium, heterogeneous 

liposomes are formed. Finally, after extrusion through polycarbonate membranes, 

homogeneous small liposomes are obtained (Fig. 28). 

 

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

 

To mimicking the lipid composition of natural EVs64, liposomes were prepared with 

DOPC/SM/Chol/DOPS/DOPE at a molar ratio of 21/17.5/30/14/17.5 with a 0.5% percentage 

of 1,1ǋ-Dioctadecyl-3,3,3ǋ,3ǋ-Tetramethylindocarbocyanine Perchlorate (DiI) 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 evaporator and leaving the flask in a vacuum 

desiccator for 30 minutes to remove the solvent residues. Subsequently, the fil was hydrated 

with 1 mL of PBS and the solution was vortexed for 10 s on maximum speed three times to 

suspend the lipid materials in the solution. 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 liposomes. The concentration particle/mL and the size 
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distribution of liposome was confirmed by Nanoparticle Tracking Analysis (NTA) and 

Dynamic Light Scattering (DLS) analysis (Fig. 29A-B). 

 

Fig. 29 (A) NTA analysis of EVs-mimicking liposome. (B) DLS spectra of EVs-mimicking liposome. The two 

analyses confirmed the 200nm size of liposomes. 

 

The new panel was spotted on coated microarray slide and incubated with a concentration of 

109 particle/mL for 2h and the binding capacity was revealed by the fluorescent of liposomes 

(Fig. 30). 

 

 

Fig. 30 Assay scheme for the detection of liposomes with peptides. 

 

As shown in the graph below (Fig. 31), the increased of hydrophobicity in the peptide sequence 

improve the ability of capture and the substitution with Trp, Nal and I-Phe has doubled the 

catch of liposomes. For these three derivates, the substitution in position 5 or 8 provide a better 

result. Additionally, the change of halogen atom with Br and F lead to an improvement of 

binding capacity. 
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Interesting, is the case of hydrophobic aliphatic substitution. Ala-peptides show a drastically 

decreased for both position 5 and 8 in the sensing of liposomes. Oppositely, Ile-derivates 

displayed a capacity of binding comparable to peptides with hydrophobic aromatic substitution. 

Finally, the capping of C-terminal of Bp peptide does not influence the membrane curvature 

sensing. 

B
p

B
p-n

h2

B
pF5F

4
I

B
pF5[

N
al

]

B
pF5A

B
pF8F

4
I

B
pF8[

N
al

]

B
pF8A

B
pF5F

4
F

B
pF5F

4
B
r

B
pF5I

B
pF5W

B
pF8I

B
pF8W

0

20000

40000

60000

80000

Fluorescent exosome-mimicking

liposomes 200nm

Conc. 10^9 particle/mL

R
F

I

 

Fig 31. Hydrophobic effect on the binding capacity of Bp-peptides derivates for the capture of liposomes. 

 

These results suggest that the hydrophobic nature and composition of Bp peptide influence 

drastically the performance of capturing by membrane sensing. Aromatic hydrophobicity 

positively impacts the properties of peptide while the aliphatic hydrophobicity negatively 

affects the capacity of Bp. For this type of replacement, the only exception is the derivative 

with Ile that improves the binding with liposomes. 
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5.2.3  Natural EVs and Peptide System 

 

To verify the hydrophobic effect on the capturing properties of natural EVs, the new panel of 

peptides was spotted on microarray slide and incubated with a concentration of 109 particle/mL 

of EVs from HEK293 cell culture for 2h. The effect of hydrophobic substitutions was revealed 

by fluorescence staining with a mix of anti-CD9/CD63/CD81 antibodies (Fig. 32).  

 

 

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

 

As show in the graph below (Fig. 33), the recognition efficiency is significantly increased by 

the replacement of Phe5 with more hydrophobic residues as Naphthyl-alanine (BpF5[Nal]), 

iodo-phenylalanine (BpF5F4I) or Trp (BpF5W) compared to the original peptide. For the first 

two derivates, we observed a slight increase in vesicles binding also for the Phe8 substitution, 

while  the presence of  Tryptophan in position 8 mild decrease the capture. Moreover, the 

substitution of Iodine atom with Bromine (BpF5F4Br) for the residue 5 show a slow enhanced 

while the presence of Fluorine (BpF5F4F) significantly declines the binding. 

On the other hand, the aliphatic residues as Ala (BpF5A)  or Ile (BpF5I) deeply reduce the 

capacity of binding for both positions. Lastly, the capping of C-terminal provides a light 

increased.  
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Fig 33. Hydrophobic effect on the binding capacity of Bp-peptides derivates for the capture of natural EVs 

 

According to data, we finally evaluated the effect of multivalency conformation on peptides 

where the Phe5 was replaced with Nal (BpF5[Nal]), 4-iodo-L-phenylalanine (BpF5F4I) and 

Trp (BpF5W).  

The tandem derivates 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 

Phe15, respectively. 

The panel with tandem probes was spotted on microarray slide and incubated with a 

concentration of 109 EVs from HEK293 cell culture for 2h. The effect of multivalency was 

revealed by fluorescence staining with a mix of anti-CD9/CD63/CD81 antibodies.  
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Fig 34. Comparison of hydrophobic effect on the binding capacity between the linear and tandem configuration of 

BP-peptides derivates. 

 

Fig. 34 show that the multivalency conformation enhance the properties of capture. All the 

peptides improved the ability of binding compared their linear orientation and the substitution 

with Nal and Iodine-Phe lead to the better results. Furthermore, the double presence of Trp do 

not drastically affect the properties of peptide resulting in a binding capacity similar to the 

original Bp.    

 

To summarise, the results obtained with these experiments confirmed that the hydrophobic 

contribution play an important role in the membrane sensing. Replacement of Phe residues with 

different nature of hydrophobic group has allowed us to analyse in more detail the effect of this 

contribution. In particular, we confirmed that the aromatic hydrophobicity better influence the 

properties of peptide in terms of capacity of binding in contrast to the aliphatic group.  

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

obtaining the same results trend in terms of ability of sense curvature membrane. 
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5.2.4 Molecular Dynamics (MD) Simulations  

 

The biological process of membrane curvature sensing is crucial, although their molecular 

recognition is not fully understood biophysically. Investigation of the mechanisms and 

dynamics of peptides/membrane system is essential to studying how to generate new peptide 

designs. An understanding of the motions and interactions of individual atoms at the 

microscopic level is crucial for this. In 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 binding interaction, we 

performed all atoms (AA) molecular dynamics simulations, a well-established approach to 

study peptides and structural properties65. The representation and consequent simulation 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 binding. Based on the experimental 

results, we developed the in-silico model of Bp peptide and its derivates from the substitution 

of Phe5 with Ala, Ile, Nal, Ipe and Trp (BpF5A, BpF5I, BpF5[Nal], BpF5F4I, and BpF5W, 

respectively) were simulated with a lipid membrane nanovesicles mimicking the phospholipids 

bilayer of natural extracellular vesicles (Fig. 35). 

 

 
 

Fig. 35 Representation of generated model. The residue 5 is coloured in yellow while the residue 8 is in green. 

 

The models were initially generated with the design of peptides and of the membrane in two 

separate system (Fig. 36). Subsequently, the peptide was positioned in bulk water with a 

minimum distance of 5 Å with respect to the membrane. The 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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Fig. 36 Design of peptide/membrane complex 

 

The peptide/membrane binding process has typically long timescale, from ɛs to s, thus limiting 

the application of standard simulation techniques like classic MD. We overcome such limitation 

by performing a total of 240 ns of Adaptive Biasing Force66 (ABF) calculations for each peptide 

which allow us to provide the Potential of Mean Force (PMF) as the peptides go 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 positioning of each peptide with respect to the 

membrane. 

We further analyzed the PMF profile to elucidate in more detail the energetics of the 

peptide/membrane interaction (Fig. 37A). Starting from the bulk water and approaching to the 

lipids bilayer, the wild type peptide show an energy state that reach the minimum value closely 

with the membrane surface. The BpF5[Nal] peptide increase the potential energy of the system 

and induce the shift of the energy-minimum deeper into the membrane. Moreover, the 

introduction of an Iodine atom (BpF5I) 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, Ile and Trp. Of note,  the 

presence of Ile 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 bradykinin-peptide derivates through the lipid bilayer calculated 

using the ABF technique. (B) Comparison of hydrophobic contacts with the membrane for each residue. 

 

The non-covalent interactions between the lipid bilayer 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 Phe increase 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 analysed the number of hydrophobic contacts between the residues 5 and 8 of peptides and 

the phospholipid tails and the average occupancy (the percent of simulation time in which such 

interaction is observed) of cation-  ́(Fig. 38A) and anion-ˊ interactions (Fig. 38B). 

 

Fig. 38 (A) Schematic representation of cation-ˊ. (B) Schematic representation of anion-ˊ. 

 

In the vesicle-peptide complex, intramolecular cation-ˊ interactions may occur between the 

aromatic residues, Phe, Nal, Ipe and Trp, and the positively charged of lipids PSM, DOPS and 

DOPC. On the other hand, the anion-ˊ interactions take place between the aromatic residues 

and the negatively charged atoms of phospholipids.  
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At the beginning of study, we analysed the comparison between the residue 5 and 8 of the same 

peptide. Afterwards, we studied the total interaction comparing the entire peptides to each other 

as well as the individual side chains. 

For the wild-type peptide (BP), Phe5 and Phe8 are directed inside the membrane (Fig. 39A) 

inducing a peptide orientation where the Arg residues are located on the surface of membrane. 

The average occupancy of cation-ˊ bonds of 0.4% for Phe5 and 3.5% for Phe8 (Fig. 39B), while 

the average occupancy of anion-ˊ is of 11% for both Phe positions (Fig. 39C).  

 

Fig. 39 (A) Orientation representation of peptide at membrane surface. (B) Cation-ˊ occupancy of Phe5 and Phe8 

residues. (C) Anion-ˊ occupancy of Phe5 and Phe8 residues. 

 

As we assumed, replacing residue 5 with Trp or Nal led to an increase in the number of 

interactions with the membrane also confirming the better capture efficiency.  

In the first case, peptide 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 of Trp compared to the Phe of the original peptide in the same position. In terms of 

cation-ˊ occupancy, peptide show a value of 16% for Trp5 and of 9.3% for Phe8 (Fig. 40B), 

whereas the occupancy of anion- ˊ for Trp5 is of 15.3% and of 8% for Phe8 (Fig. 40C).  
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Fig. 40 (A) Orientation representation of peptide at membrane surface. (B) Cation-ˊ occupancy of Trp5 and Phe8 

residues. (C) Anion-ˊ occupancy of Trp5 and Phe8 residues. 

 

In the second case, the incorporation of a double aromatic ring as Nal provides a drastic 

increased in the number of anion-ˊ for both Nal5 and Phe8 (Fig. 41C). This interaction was 

observed with an occupancy of 47.3% for Nal5 and of 53.7% for Phe8. Additionally, we did 

not observe a significantly change in the cation-ˊ with a value of 6.3% for Nal5 and 1% for 

Phe8 (Fig. 41B) compared to original Bp. As regards the orientation of peptide, the hydrophobic 

residues are not completely buried in the phospholipid membrane (Fig. 41A). 

 

Fig. 41 (A) Orientation representation of peptide at membrane surface. (B) Cation-ˊ occupancy of Nal5 and Phe8 

residues. (C) Anion-ˊ occupancy of Nal5 and Phe8 residues. 
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The replacing of Phe5 with 4-iodo-L-phenylalanine (Ipe) changed the orientation of peptide at 

the lipid interface during the simulation. As shown in Fig. 42A, the Ipe residue is completely 

buried into the membrane providing a higher exposure of Phe8 to the positively head of lipids 

on the surface. Consequently, the average occupancy of cation-ˊ increased until a value of  

20.5% for the Phe8 while no cation-ˊ was found for Ipe residue (Fig. 42B). Meanwhile, the 

anion-ˊ occupancy slight rise to 16% for Phe and to 12.7 % for Ipe at residue 5 (Fig. 42C). 

 

Fig.42 (A) Orientation representation of peptide at membrane surface. (B) Cation-ˊ occupancy of Ipe5 and Phe8 

residues. (C) Anion-ˊ occupancy of Ipe5 and Phe8 residues. 

 

Peptides containing the aliphatic residues, Ala and Ile, show cationic and anionic interactions 

strictly related to the presence of Phe in position 8. 

Peptide with Ala in position 5 is oriented with the hydrophobic residues directed towards the 

inside of the membrane with the Phe able to interact with the charge of phospholipids (Fig. 

43A). The cation-ˊ occupancy observed is of 3.5 % while the interaction with anion group was 

of 20% (Fig. 43B-C). 
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Fig. 43 (A) Orientation representation of peptide at membrane surface. (B) Cation-ˊ occupancy of Ala5 and Phe8 

residues. (C) Anion-ˊ occupancy of Ala5 and Phe8 residues. 

 

Derivate with Ile residue show an orientation of peptide with the Phe8 direct to the inside of 

membrane and the Ile5 more on the surface of the lipid layer (Fig. 44A). Compared to Ala 

derivate, the interaction with cationic group is relatively low with a value of 0.83% (Fig. 44B), 

while the occupancy of anion-ˊ is two times more than of Ala derivative with a value of 40.7% 

(Fig. 44C).  

 

 

Fig. 44 (A) Orientation representation of peptide at membrane surface. (B) Cation-ˊ occupancy of Ile5 and Phe8 

residues. (C) Anion-ˊ occupancy of Ile5 and Phe8 residues. 
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The global cation-ˊ occupancy (the sum of the contributions of residues 5 and 8, Fig. 45A) 

shows that the peptide containing Trp provide the major percentage of cation-ˊ during the 

simulation (25%). At the same time, peptide with Iodine atom present an average occupancy 

(20.5%) slightly lower than Trp-derivative (25.3%) but higher than the wild-type peptide 

(3.9%). The Ile-derivate shows the worst percentage of occupancy (0.83%) while the 

BpF5[Nal] provide a percentage of cation-ˊ drastically decreased and the BpF5A show a 

percentage less (3.5%) 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 the other sidechains (16%, respectively). Naphthyl group contributes with a 

percentage of 6.3% to the cation-ˊ whereas the iodine ring does not contribute to this 

interaction. Ala and Ile cannot contribute to the cation-ˊ interaction. 

 
Fig 45 (A) Global cation-ˊ occupancy. (B) Cation-ˊ occupancy of different residues in position 5. 

 

Finally, the global anion-ˊ occupancy (Fig. 46A) shows that peptide containing NPA provide 

the presence of anion-ˊ interaction during all the time of the simulation (100%). As for the 

cation- ,́ Ile-derivate show a better percentage of occupancy (40.7%) than Bp (21.4%), despite 

the only contribution of Phe8. BpF5F4I and BpF5W display a slightly enhanced in the 

percentage of anion- ˊ compared to the Bp (28.7% and 23.3 %, respectively) while BpF5A 

shows a value of occupancy of 20% comparable to Bp. 

As regards the interaction corresponding to the side chain of the amino acid in position 5, the 

Nal display a percentage of 47.3% compared to the Phe5 in the Bp peptide (10.3%). The 

residues 5 of BpF5F4I and of BpF5W contribute to the interaction with a percentage of 12.7% 

and 15.3% . Ala and Ile cannot contribute to the anion-ˊ interaction (Fig. 46B). 
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Fig. 46 (A) Anion-ˊ occupancy for each peptide. (B) Anion-ˊ occupancy of different residues. 
 

 

To summarize, the computational modelling of peptide-membrane complex elucidated the 

results obtained by the experiments. 

The better binding capacity of BpF5[Nal], BpF5F4I and BpF5W compared to the wild-type Bp 

was clarified showing the higher number of interactions of peptides with the phospholipids. We 

also demonstrated that the lower ability of binding of aliphatic derivates is due to the low 

chances to interact with the membrane.  
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5.3 Synthetic Extracellular Vesicles (synEVs) 

 

The wide range of separation methods and measurement instruments, as well as a lack of 

appropriate reference materials for accurate calibration, normalization, and method 

development, restrict EV research and its biomedical applications. A reference material suitable 

for all of these purposes should (1) have EV-like 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 experimental conditions. Polystyrene 

beads, silica beads, and liposomes are currently used as calibration reference materials. 

Despite the rapid advancement of technology for creating semi-synthetic extracellular vesicles, 

the primary obstacles to their use in medicine are the need for large-scale, clinical-grade 

manufacturing, isolation, modification, and purification. However, due to these limitations, 

entirely synthetic EVs-like particles have been created utilizing chemistry, chemical 

engineering, bio-nanotechnology and biology. There are two main trends in nanofabrication: 

top-down and bottom-up approaches. 

Top-down approaches rely on breaking larger, more complicated units into smaller ones in 

order to produce nanosized materials. In this instance, cultivated cells are used to create 

membrane fragments that will later be used to construct the vesicles in order to make artificial 

EVs. Based on this strategy, many methodologies have been created, mostly for drug delivery, 

but also for promoting cell proliferation and creating exosome-mimetic models for 

biodistribution investigations. However, this methodology present certain limitations, though. 

Due to the passive encapsulation of the surrounding media during membrane fragment self-

assembly, cargo sorting lacks selectivity. 

In contrast, bottom-up methods use the physical and chemical properties of molecular building 

blocks to construct complex structures. One of these techniques is the creation of liposomes, 

which are small particles made of a lipid bilayer that resembles the plasma membrane and 

represent an excellent place to start for the creation of synthetic vesicles.  These can be modified 

using special lipids and chemical groups that can form covalent connections with the specified 

biomolecules using well-known bioconjugation procedures, such as carboxylic, amine, or metal 

chelating agents. The primary benefit of this approach relies on the manufacture of high-quality 

products because the final composition is determined by a fixed formulation. Another benefit 

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

In this regard, I spent 4 months at the Max Planck Institute of Medical Research where the 

research was focused on the synthesis of bottom-up assembly of fully synthetic functional EVs 
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(synEVs). Specifically, this method produce fully synthetic LUVs (Large Unilamellar Vesicles) 

or GUVs (Giant Unilamellar Vesicles)67. 

The synthesis of synthetic vesicles is based on the charge-mediated fusion of small unilamellar 

vesicles (SUVs) or proteoliposomes inside surfactant-stabilized droplets. In the experimental 

settings (Fig. 47), the aqueous solution containing the SUVs and/or proteo-liposomes and the 

species for entrapment was layered on top of fluorinated oil supplemented with PEG-based 

fluorosurfactant. At this point, the formation of surfactant-stabilized water-in-oil droplets was 

induced by manual shaking or vortexing forming a spherical supported lipid bilayer (SLB) at 

the droplet interface. Upon addition of an aqueous buffer and a droplet destabilizing agent 

(1H,1H,2H,2H-Perfluoro-1-octanol, PFO), synEVs were released from the surfactant shell and 

the oil phase into the aqueous buffer. The generation of a sustained lipid bilayer at the droplet 

perimeter is necessary for the synEVs formation process where Van der Waals and electrostatic 

interactions between the SUVs and the support, in this case the surfactant layer, are the driving 

forces behind it. 

 

 

 
Fig. 47 Schematic illustration of the 3-step strategy for the formation of synthetic vesicles. Figure reported with 

the permission of  Kerstin Gºpfrich, Barbara Haller, Oskar Staufer, Yannik Dreher, Ulrike Mersdorf, Ilia Platzman, 

and Joachim P. Spatz. DOI: 10.1021/acssynbio.9b00034 

 

For the successful vesicles formation is to 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 as when the droplets are stabilized by inert PEG-based fluorosurfactants. 

Additionally, when applying negatively charged surfactants they remain uniformly dispersed 

throughout the droplet. In particular, the formation of negatively charged vesicles is successful 
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in the presence of Mg2+ ions which can screen the negative charges. Alternatively, a higher 

concentration of monovalent ions (100 mM) can be used to achieve vesicles formation. 

On the other hand, the synthesis of positively charged synEVs is only possible in the absence 

of Mg2+ ions offering a direct path for the development of multicompartment systems with 

unique lipid compositions. In the absence of Mg2+, encapsulation of a mixture of positively and 

negatively charged SUVs during the shaking process results in the fusion of the positively 

charged at the droplet periphery. Contrarily, the negatively charged SUVs are not driven to the 

droplet edge under these circumstances, leaving only a few small interior compartments  

(Fig. 48).  

To equip the assembled vesicles with the EV-based functionality, the recombinant extracellular 

protein domains are immobilized on the vesicle surface and, towards this end, the DGS-

NTA(Ni2+) lipids can be included in the lipid composition to bind His-tagged proteins. As 

alternative approaches for vesicle biofunctionalization can be exploit different binding methods 

such as primary amines with NHS esters or biotin-streptavidin binding. 

 

 
Fig. 48 Confocal microscopy images of 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 vesicles as an internal 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 synthetic particles 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 hydrogels for 3D microarray applications 

 

5.4.1 Strategy design 

Hydrogels represent ideal semi-wet systems, as biomolecules can be gently confined within a 

native-like environment, preserving their structural and functional properties. A key 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 our previously supramolecular peptide, YFQ1149, we investigated the potential 

for using a composite material with increased robustness by the combination of our SAP with 

(bio)polymers of common use (e.g., polysaccharides, polyalcohols). We explored alternative 

sequences studying small-panel of YFQ11-derivated peptides until the identification of a 7-mer 

sequence, Ac-YFQQQFK-conh2, which we called Q3. The Q3 design was based on the use of 

short peptide with N-terminal acetylation and the capping of C-terminal in order to facilitate 

the self-assembly process. On the other hand, as biopolymers was selected the low-temperature 

gelling agarose (hereafter referred as Aga), a well-known and cheap gelling agent.  

According to our hypothesis, the Q3 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 microarrays. In this approach, the Aga hydrogel's physical characteristics may 

be enhanced by the addition of SAP, which also makes it easy to functionalize with bio-reactive 

moieties (Fig. 49). 

 
 

Fig. 49 Conceptualized strategy used to produce 3D hydrogel arrays and HPLC profile of Q3 and N01 epitope. 

 

The model of assembly was evaluated by molecular dynamics simulations that highlighted the 

formation of ɓ sheets with several configurations such as (i) a parallel arrangement, (ii) N- to 

C-symmetry and (iii) face-to-face paring, typical of a class 1 steric zipper68 (Fig. 50). In 
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particular, we identified two different steric zippers stabilized by the intramolecular hydrogen 

bonds (HBs).  

The propensity of assemble in ɓ sheets was also confirmed by powder X-ray diffraction (PXRD) 

experiment showing the perfect correlation with the MD predictions. 

 

 

Fig. 50 MD simulations of Q3. (A) Linear structure of Q3 peptide. (B) Q3 self-assembly showing two distinct 

steric zippers. (C) Highlight of a single ɓ-sheet, consisting of parallel stacking of Q3 strands. Color code: carbon, 

light blue and green; oxygen, red; nitrogen, violet. Hydrogen atoms have been omitted for clarity. 

 

5.4.2 Composite Aga-Q3 hydrogel characterization 

To assess the Q3 peptide's self-assembling abilities, 1 mM solutions in phosphate-buffered 

saline (PBS) were prepared to produce a transparent gels and a serial dilution of the Q3 solution 

was characterized by oscillatory rheological and transmission electron microscopy (TEM) 

experiments. The first measurements showed a gel-like behaviour (Gô > Gôô) that continues 

down to 100 ɛM (Fig. 51A) concentration while TEM proved the formation of nanofibrillar 

network with a detection of nanofibrils down to 25 ɛM concentration.  

Based on these results, we then proceeded to combine Q3 and Aga in different ratios to test the 

Aga-Q3 hydrogels' properties taking into considerations that the Gô reference value for direct 

microarray printing is of  <10 Pa. Only extremely diluted (0.2% w/v) Aga solutions can satisfy 

this requirement while the rheology of Aga-Q3 blends was fully studied by the direct dilution 

of Q3 peptide stock aliquots (1 mM) at various final concentrations (25ï100 ɛM) in Aga 

solution (0.05ï0.2% w/v) in PBS. According to stress recovery experiments, changes to the gel 

microstructures within the linear viscoelastic region (LVER) are quickly and reversibly restored 

and all the samples investigated showed conventional viscoelastic fluids behaviour outside the 

LVER.  
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Fig. 51 Strain sweep experiment (linear viscoelastic 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 to define an Aga concentration threshold (0.1% w/v) above which Q3 

addition weakens the hydrogel network (lowering the elastic modulus Gǋ). On the other side, a 

larger LVER and a smoother exit from the linear range were seen, indicating that gel mixes are 

more resilient to prolonged deformation. Contrarily, at lower Aga concentrations (0.1% w/v), 

the mix with Q3 produced mutually reinforced characteristics and a higher Gǋ modulus 

compared to those of the monocomponent systems, indicating a maximal and synergistic 

interaction of the dual network of fibrils. This is especially clear in very diluted conditions, 

where both the monocomponent (25 ɛM Q3 and the 0.05% w/v Aga) displayed fluid behaviour 

(Gǋǋ > Gǋ), in contrast to the blended material's predominately elastic qualities (Fig. 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 the individual 

morphological characteristics of the two components (Fig. 52). The improved rheological 

properties of the composite hydrogel are probably due to the intersection of larger Q3 fibrils 

through the Aga matrix, which strengthened the overall fibril network.  Q3 fibrils have a mean 

diameter of 24 ± 6 nm and are bigger and more polydisperse compared to Aga fibrils which 

show a mean diameter of 16 ± 4 nm. Using small-angle X-ray scattering, the morphology of 

the supramolecular hydrogel network was also examined in solution (SAXS). A flexible 

cylinder model was used to fit the scattering patterns for both Aga and AgaQ3, confirming that 

the Aga matrix retains its morphology even when combined with Q3. 
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Fig. 52 TEM images of Aga 0.05% w/v as the monocomponent, 0.05% w/v Agaī25 ɛM Q3 mixture, and 25 ɛM 

Q3 as the monocomponent. Scale bars correspond to 200 nm. 

 

As has already been discussed for other composite hydro-gels69,70, the observed rheological 

behaviour for Aga-Q3 is thought to be the result of electrostatic 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 noncovalent interactions with the Aga network, leading to a composite hydrogel 

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

 

5.4.3 Setup of Microarray application 

In order to fabricate a microdroplet arrays, both Q3 and composite hydrogels were examined 

on silicon slides coated with MCP-2, a commercial polymer used for its antifouling qualities to 

minimize nonspecific background interactions in the microdroplet environment. Microarray 

printing was possible for composite matrices at Aga concentrations of less than 0.2% w/v  

(8 Pa) in combination with varied Q3 concentrations (25-250 ɛM). Once deposited, the 3D 

spots quickly dried after deposition but may be immediately rehydrated when slides were 

submerged in an aqueous buffer. Notably, after being incubated in PBS, monocomponent Q3 

microspots displayed nonreproducible stability on the chip surface, whereas Aga-Q3 

microspots remained firmly anchored and clearly discernible even after a lengthy incubation 

(>12 h) for active solution mixing. This feature is extremely important since immunoassay 

techniques frequently use active mixing to speed up the binding kinetics and get around assay 

restrictions related to analyte diffusion.  

To determine the size and shape of deposited microspots under wet conditions, two-photon 

excitation fluorescence (TPEF) microscopy investigations, using fluorescein-labelled 

antibodies were carried out in an aqueous environment (Fig. 53). The images captured using a 

1ɛm pitch in the Z direction confirmed that spotted microdroplets take on a disc-like shape with 

a height of about 7 ɛm. 
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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 single-spotted microdroplet (top) and six 2D (xy) images collected at selected z-stack 

positions, where z =0 ɛm is the optical substrate (bottom). 

 

At this point, we designed antibody-peptide 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 immunorecognition between peptide epitope E01 and 

polyclonal rabbit antibodies (anti-E01) was used as a model interaction71 where the 

chemiluminescence (CL) was selected as detection method.  

 

Fig. 54 Schematic representation of 3D and planar assays. The printed arrays are first incubated with antibodies 

spiked into human serum (Abs) or serum (Covid-19 test), washed, and then incubated with anti-IgG HRP-labeled 

secondary antibodies for signal detection. 

 

The E01 epitope was fixed within the Aga-Q3 gel matrix in 3D experimental settings using a 

previously described method that involved the coassembling of Q3 monomers and E01-

conjugated Q3 units produced using click chemistry49. We used 25 ɛM Q3-E01/0.05% w/v Aga 

and horseradish peroxidase (HRP)-conjugated secondary IgG to produced chemiluminescence.  

Several sample incubation periods were examined following the saturation curve of CL signals 

corresponding to the E01anti-E01 antibody pair, which reached 50% of maximum intensity 

within 2 h and plateaued at around 4 h (Fig. 55A). Empty control spots (microdroplets lacking 
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the E01 epitope probe for the target) were utilized to ensure that the hydrogel matrix is not 

susceptible to nonspecific interactions with serum components and that the observed signal 

originates from the hydrogel matrix. 

 

 

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 incubation times, corroborating the stability of the 3D spots. (B) Detection 

of different concentrations (0ī32 ug/mL) of the anti-E01 antibody spiked into human serum. The 

chemiluminescence signals for the 2D and 3D assays are compared, showing an increased signal-to-noise ratio 

and a wide detection dynamic range for the 3D system. 
 

Sequentially, the sensitivity of the 3D test was then evaluated with a comparable assay 

conducted in the YFQ11 configuration and in the 2D format (Fig. 55B). In the latter instance, 

the E01 peptide was spotted with an equal (25 ɛM) concentration directly onto the microarray 

surface without being encapsulated in the hydrogel matrix. After that, the CL intensities found 

for the planar 2D, and 3D experiments were compared using spiking of the anti-E01 antibody 

into human serum (0-32 ɛg/mL). Results clearly showed that the AgaQ3 3D system had a better 

signal-to-noise ratio, LOD, and larger detection dynamic range. While the upper LOD for the 

2D system was attained at 16 ɛg/mL for both 3D assays, the standard curve did not reach the 

saturation phase at the highest applied analyte concentration of 32 ɛg/mL. These patterns point 

to a favorable loading capacity typical of the 3D environment. Here, we hypothesize that the 

observed higher sensitivity attained by the Aga-Q3 system may be attributed to its 3D geometry 

and to a more favourable probe-ligand interaction, as a result of the reduction of nonspecific 

ligand-surface interactions in the wet environment. In fact, drying and other surface-induced 

processes can change the properties of molecular probes in 2D systems, whereas the hydrophilic 

environment provided by the hydrogel better protects the integrity and functionality of 

bioprobes. 
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5.4.4 3D Assays in SARS-CoV-2 IgG Detection 

Finally, we investigated the application of the chosen hydrogels in a practical analytical setting. 

Specifically, the serological profiling of IgG reactivity against a peptide epitope from the 

SARS-CoV-2 N protein region 156ï170 in patients with Covid-19 (hereafter named N01, 

sequence AIVLQLPQGTTLPKG) was examinate. 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 E01 epitope, the N01 epitope was 

immobilized within AgaQ3 gels. First, a set of pooled Covid-19-positive (CoV+) sera (1:1000 

dilution) were incubated with decreasing concentrations (from 25 to 1 M) of the N01 epitope 

within the gel matrix in order to assess the optimal hydrogel probe content. 

 

Fig. 56 (A) Detection of IgG reactivity against the N01 peptide epitope in a pool of Covid+ patientsô sera in the 

2D and 3D settings. Serial dilutions of the sample were analysed, showing the capability of the 3D platform to 

detect a distinct CL signal down to a dilution equal to 1:50 000. (B) Dilution curves for the pool of Covid+ patientsô 

sera on the 2D and 3D platforms. (C) IgG reactivity against the N01 epitope in a panel of 12 Covid+ patientsô sera 

(CoV+) compared to that in healthy controls (CTRL). The left panel 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 and sensitivity. 

 

Even at the 1 ɛM N01 content, there was only a modest drop in the strength of the CL signals. 

In contrast, the signal in the 2D assay format was essentially non-existent at 10 ɛM. We next 

investigated the ability of the 3D assay's features to be translated into sensitivity benefits by 

looking at the ability to detect antibodies in highly diluted clinical samples. In order to analyse 

pooled CoV+ sera, progressive dilution was used. Surprisingly, we were able to demonstrate 

that the 3D settings performed significantly better than the equivalent 2D assay (Fig. 56A). In 

fact, the 3D arrangement was about ten times more sensitive (lower calculated detectable 

dilution factor, 1.5 × 10ī5, Fig. 56B) than the 2D configuration, which could only detect a 
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distinct signal down to a serum dilution of 1:5000 (lowest predicted detectable dilution factor, 

9.7 × 10-4, Fig. 56B). Overall, antibody titers in serum could be experimentally measured in the 

1:100ï1:50000 dilution range. It is noteworthy that operating 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 SARS-CoV-2 

infections. 

As the last step in the validation process, the immunoreactivity of two panels of serum samples 

from healthy donors (CTRL) and Covid-19-positive patients was screened against the N01 

epitope in 3D format using empty Aga-Q3 (without N01) as the control. N01-functionalized 

hydrogel spots displayed strong signals upon CL detection for all the Covid-19-positive 

samples, whereas weak signals were seen upon incubation with all the healthy control samples, 

giving this test 100% sensitivity and specificity (Fig. 56C). Results of this clinical scenario were 

evaluated by an unpaired t-test, 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 signals in the control sample suggest the absence 

of nonspecific interactions involving the hydrogel matrix. 

 

5.4.5 3D Hydrogel as a Tool for Studying Extracellular Vesicles 

Given these results, we tested this new material for the phenotyping and the physical 

confinement of extracellular vesicles under controlled permeability conditions. Due to the 

intimate relationship between EVs and the extracellular milieu, they may be considered a non-

invasive ñliquid biopsyò of the physiological state. For this reason, we were focused on the 

prognostic value of these biological nanoparticles as potential biomarkers of bladder cancer. 

In the experimental settings, EVs from human bladder cancer cell line (hereafter named  

EV-RT112) and EVs from cardiac progenitor cell line (hereafter named EV-CPC) were directly 

incorporated into the gel matrix, 25ɛM + 0.05% Aga, at the concentration of 109 particles/mL 

and the complex directly spotted on the silicon slide coated by MCP-2 polymer (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 confinement of vesicles within the gel matrix was detected using a mix of  fluorescent 

peptides capable of recognizing tetraspanins CD8172 and CD6373. To assess the prognostic 

values of vesicles, we verified the presence of a typical biomarker of bladder cancer such as 

urokinase receptor74 (uPAR) with a fluorescence peptide able to bind specifically this 

membrane protein. 

 

Fig. 58 (A) Detection of 109 particles/mL EVs in gel matrix by anti-tetraspanins fluorescence peptides.  

(B) Detection of urokinase receptor (uPar) in gel matrix by anti-uPar 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 unpaired t-test showed the discrimination between the gel with 

EVs and the empty hydrogel at a statistically level (p < 0.001, Fig. 58A). The slight fluorescence 

in the empty gel matrix is probably due to the residues of fluorescence peptides after washing 

step. uPar peptide 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 cross-talking with other membrane proteins (Fig. 58B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

75 

 

6. Conclusion and Future Perspectives 

 

In conclusion, this PhD thesis discloses novel peptide-based platforms for EVs microanalytic 

applications. This thesis demonstrated the potential role of peptides in the field of EVs 

specifically in the microarray technology. 

 

We reported for the first time the use of peptide microarrays for EVs, where membrane-sensing 

peptides represent a novel class of molecular ligands 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 without regard to variations in the expression of surface proteins. Our 

platform showed highly efficient sEV capturing even from unpurified and complex samples 

such as serum, provided the surface chemistry of peptide-based probes presentation is 

accurately tailored. These new molecular probes can be effectively used with protein markers 

to enhance the isolation and characterization of sEV. Compared to current approaches in EV 

on-chip analysis based on  proteins and antibodies, peptides are characterized by low cost of 

preparation, remarkable stability, and ease of chemical manipulation, offering virtually 

unlimited possibilities for experimental design. Collectively, these characteristics may 

encourage the incorporation of membrane-sensitive peptides into EV affinity-based isolation 

techniques, enhancing the analytical and pre-analytical EV toolset. Our approach represents the 

starting point for the application of peptides on other solid support for EVs analysis such as 

magnetic beads or solid membrane. Furthermore, we here showed how the hydrophobic 

components of peptide sequence play an important role in membrane sensing. The theoretical 

model greatly enhanced our understanding of peptide/membrane systems laying the bases for 

the large-scale computational screening of a virtually infinite amount of newly designed 

sequences. Finally, the new method for the synthesis of synthetic extracellular vesicles 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. 

 

At the same time, a novel nano-materials for the straightforward integration of EVs in 

multiplexed analytical platforms was developed. The new composite peptide-agarose hydrogel 

is uniquely attractive, and the easy control on constituting self-assembling monomers offers 

virtually unlimited design possibilities to define hydrogels tunable micro-structural and 

physical properties. The 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 to be user-friendly, 

resilient, and cost-effective. 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 stability over extended 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 interactions. Overall, our findings reinforce the rationales driving the 

desire for 3D analytical platforms, constitute a step forward toward next-generation bioassays, 

and, more broadly, demonstrate the potential of new composite (nano)-materials. We were able 

to entrap extracellular vesicles within a biofluid-like 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 physical and functional 

properties of EVs. 
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7. Material and Methods 

General remarks 

Reagents for peptide synthesis were purchased from Iris Biotech GmbH (Marktredwitz, 

Germany). Ethyl cyanoglyoxylate-2-oxime (Oxyma) was purchased from Novabiochem 

(Darmstadt, Germany), N,Nô-dimethylformamide (DMF) and trifluoroacetic acid (TFA) were 

from Carlo Erba (Rodano, Italy). N,Nô-diisopropylcarbodiimide (DIC), dichloromethane 

(DCM) and all other organic reagents and solvents, unless stated otherwise, were purchased in 

high purity from SigmaAldrich (Steinheim, Germany). All solvents for solid-phase peptide 

synthesis (SPPS) were used without further purification. HPLC grade acetonitrile (ACN) and 

ultrapure 18.2 ɋ water (Millipore-MilliQ) were used for the preparation of all buffers for liquid 

chromatography. The chromatographic columns were from Phenomenex (Torrance CA, USA). 

HPLC eluent A: 97.5% H2O, 2.5% ACN, 0.7%TFA; HPLC eluent B: 30% H2O, 70% ACN, 

0.7%TFA. 

All the lipids were purchased from Sigma-Aldrich (Germany). Lipids were stored in chloroform 

at -20°C and used without further purification. 

Bare silicon chips and Tetraspanin Kits (chips spotted with anti-CD9/CD63/CD81 antibodies) 

were provided by NanoView Biosciences (Bostom MA). MCP-6 azido copolymer was obtained 

from Lucidant Polymers (Sunnyvale, CA, the USA). EV single Size Exclusion Column kit was 

from Izon Science (Oxford, the UK) 

 

Membrane-sensing peptides 

 

Peptide Synthesis: 

The standard procedure for producing peptides on a resin starts with the addition of the first 

amino acid (AA) from the C-terminal residue (carboxyl group), and then continues with the 

formation of the peptide sequence to the N-terminal end. The amino acids are coupled to the 

supported peptide sequence by the alpha amino group and the reactive side chains are protected 

by a temporary protecting group. The carboxyl group of the corresponding amino acid must be 

activated for its coupling to the resin. Once the amino acid is attached, the resin is filtered and 

washed to remove byproducts and excess reagents. Next, the N-Ŭ-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 amino acid is coupled to the attached one. The 

cycle is repeated until the peptide sequence is complete. Finally, 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 swollen in NMP/DCM (1:3 v/v) for 30 min then washed with 

DCM. A solution of entering Fmoc-amino acid and DIEA (0.12:0.96 eq. over resin loading) in 

NMP/DCM (1:3 v/v, 4 mL) was added and the resin shaken at rt for 1 h. The capping step was 

performed adding MeOH (0.5mL/200mg resin) for 10 minutes. The resin was then washed with 

DCM (2x4 mL), DMF (3x4 mL). Fmoc-deprotection was performed with 20% piperidine 

solution in DMF (4mL) at rt for 10 min. The resin was washed with DMF (5x4mL) and 

subsequently submitted to fully automated iterative peptide assembly (Fmoc-SPPS).  

 

Peptide Assembly via Iterative Fully Automated Microwave Assisted SPPS  

Peptides were assembled by stepwise microwave-assisted Fmoc-SPPS on a Biotage ALSTRA 

Initiator+ peptide synthesizer, operating in a 0.1 mmol scale. Activation of entering 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 resin loading. 

Coupling steps were performed for 20 minutes at 50°C. Fmoc- deprotection steps were 

performed by treatment with a  piperidine at 50°C  for 2 minutes  Following each coupling or 

deprotection step, peptidyl-resin was washed with DMF (4x3.5 mL). Upon complete chain 

assembly, resin was washed with DCM (5x3.5 mL) and gently dried under a nitrogen flow. 

 

Cleavage from the Resin  

Resin-bound peptide was treated with an ice-cold TFA, TIS, water, thioanisole mixture 

(90:5:2.5:2.5 v/v/v/v, 4mL). After gently shaking the resin for 3 hours at room temperature, the 

resin was filtered and washed with neat TFA (2x4 mL). The combined cleavage solutions were 

worked-up as indicated below.  

 

Work-up and Purification  

Cleavage mixture was concentrated under nitrogen stream and then added dropwise to ice-cold 

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 removed by a gentle nitrogen stream and the crude peptide was purified by 

RP-HPLC and pure fractions combined and analysed by ESI-LC/MS.  

 

RP-HPLC analysis and purification  

Analytical RP-HPLC 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) and mobile 



 

79 

 

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 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/min. Pure RP-HPLC fractions (>95%) were combined 

and lyophilized.  

 

Electro-spray ionization mass spectrometry (ESI-LC/MS)  

Electro-spray ionization mass spectrometry (ESI-LC/MS) was performed using a Shimadzu 

LCMS-2020 instrument equipped with an electro-spray ionization source and a quadrupole ion 

trap detector (QITD). 

 

Synthesis of DBCO-peptides via thiol-maleimide conjugation 

Each peptide (2-5mg) was dissolved in water (1ml) and phosphate buffer solution was added 

to obtain a final pH of 7.4. A solution of DBCO-peg4-Maleimide in ACN (0.1eq, 37mM) was 

added and the reaction mixture was left to react until full reagents conversion (monitoring by 

RP-HPLC). Upon reaction completion, conjugation product was isolated by preparative RP-

HPLC and lyophilized. 

 
Extracellular Vesicles (EVs) Analysis: 

MISEV2018: guidelines 

A list of minimal information for studies of extracellular vesicles (MISEV) was provided, 

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

studies. The major goal of these recommendations was to sensitize researcher to experimental 

and reporting requirements specific to the EV field. 

1) ñExtracellular vesicleò is the preferred generic term for the subject of our investigations, 

and subtypes should be defined by physical and bio-chemical  characteristics  and/or  

conditions/sources. 

2) The EV separation and/or isolation procedure must be reported in detail, to allow a reliable 

replication. 

3) As EV characterization evolves, protein and lipid markers continue to be highly useful to 

demonstrate presence of the generic structure of EVs. Markers chosen for characterization 

of EVs may differ based on cells of origin. 

4) The EV-TRACK knowledgebase is endorsed by ISEV (International Society for 

Extracellular Vesicles) to showcase and enhance rigor and reproducibility in EV studies, 

consistent with the MISEV guidelines. 
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Isolation of HEK EV by ultracentrifugation  

Three-day-conditioned media from HEK cells were harvested and centrifuged at 500 g for 25 

min. Supernatants were filtered with 0.22 mm filters (Merck Millipore) and 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 swinging bucket rotor (ThermoFisher 

Scientific) to pellet EV. After supernatant was carefully removed, EV-containing pellet was 

resuspended in PBS and stored at ī80ÁC until use. 

 

Serum Separation 

A total of 4 mL of blood were collected in BD VACUTAINER (clot activator tube). Serum 

samples were separated after centrifugation within 2 h from blood collection at 1900 g for 10 

min at 4°C. Serum samples from five healthy controls were pooled and frozen at ī20ÁC until 

use. 

 

Plasma Separation 

A total of 6 mL of peripheral blood were collected in EDTA vacutainer tubes. Blood was 

immediately iced and processed within 2 h from venesection. After centrifuging at 1600 g for 

10 min at 4°C, the plasma (supernatant) was carefully removed and recentrifuged at 100.000 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 mm filters (Merck Millipore) diluted 1:1 

with PBS and centrifuged in a OptimaÊ TLX Preparative Ultracentrifuge, Beckman 

CoulterTM at 150.000 g for 120 min at 4°C with a TLA-55 Rotor (Beckman CoulterTM) to 

pellet EV. After supernatant was carefully removed, EV containing pellet was stored at ī80ÁC 

until use. 

 

Isolation of EVs by combined polymer-based precipitation and SEC 

Serum EVs isolated by UC as described above were further subjected to the Exo-SpinÊ (Cell 

Guidance Systems, the UK) purification kit according to the manufacturer instructions. 

 

EV isolation by size exclusion chromatography 

SEC was performed according to the manufacturerôs instructions of the qEV single column 

(Izon, Christchurch, New Zealand). Briefly, after column equilibration with PBS, 150 ɛL of the 

pool of sera were loaded, 200 ɛL were collected; the first five fractions (F1ïF5) were discarded. 

The seventh fraction (F7) that according to the manufacturer represents the fraction with the 

highest amount of vesicles was used for analysis and trypsin treatment. 
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Trypsin treatment 

F7 SEC sample was incubated with 25 ɛg/mL trypsin for 6 h at 37°C in a Eppendorf 

Thermomixer according to published protocols. 

 

Nanoparticle tracking analysis (NTA) 

NTAwas performed according tomanufacturerôs instructions using a NanoSight NS300 system 

(Malvern Technologies, Malvern, UK) configured with 532 nm laser. All samples were diluted 

in filtered PBS to a final volume of 1 mL. Ideal measurement concentrations were found by 

pre-testing the ideal particle per frame value (20ï100 particles/frame). Following settings were 

set according to the manufacturerôs software manual. A syringe pump with constant flow 

injection was used and three videos of 60 s were captured and analysed with NTA software 

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

samples concentration expressed in nanoparticles/mL. 

 

Coating of microarray silicon chips with MCP-6 

Briefly, chips were immersed in a MCP-6 solution (1% w/v in 0.9M (NH4)2SO4), filtered at 

200 ɛm, for 30 min. The chips were then rinsed with Milli -Q water and cured for 15 min at 

80°C. 

 

Liposome Synthesis for First Generation of MSP 

Pronanosome Lipo-N (Nanovex Biotechnologies, Spain) was used to obtain liposomes. The 

powder was hydrated (40 mg/ml) using ultrapure water at 50º C for 1 hour. After hydration the 

sample was shaken 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 LF-50 extruder at 50º C and 20 bar (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. Pronanosome Lipo-N (Nanovex Biotechnologies, Spain) was used to 

obtain liposomes. The powder was hydrated (40 mg/ml) using ultrapure water at 50º C for 1 

hour. After hydration the sample was shaken 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 LF-50 extruder at 50º C and 20 bar (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 Nano-ZS90 (Malvern, UK).  
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Liposome Synthesis for Second Generation of MSP 

Liposomes were hand extruded through a 200 nm polycarbonate membrane (Genizer Extruder). 

The lipid composition was set to mimic the one of EVs. In details, liposomes were formulated 

as DOPC/SM/Chol/DOPS/DOPE at a molar ratio of 21/17.5/30/14/17.5 1,1ǋ-Dioctadecyl-

3,3,3ǋ,3ǋ-Tetramethylindocarbocyanine Perchlorate (DiI) was included in the formulation 

(0.5%mol) for obtaining fluorescent liposomes. Liposomes were characterized by NTA 

(Nanoparticle Tracking Analysis System) and DLS (Dynamic Light Scattering). 

Peptide microarrays 

Microarrays were arrayed on MCP-6-coated patterned silicon chips, with 80 nm oxide layer 

thickness, using a non-contact S12 Spotter (Scienion Co., Berlin, Germany), depositing one 

drop for each spot. Peptides were first dissolved in DMSO to 1 mM stock solution and then 

diluted to the final spotting concentration (100 ɛM) into the printing buffer for CuACC 

conjugation on MCP-6-coated surfaces (5 mM Na/Acetate pH 4.8, 50 mM Trehalose, 100 ɛM 

CuSO4, 400 ɛM THPTA and 6.25 mM ascorbic acid). Printed chips were placed in a humid 

chamber and incubated overnight at room temperature. The following day chips were immersed 

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

Probe density for each immobilised peptide on the array was assessed using label-free film 

thickness measurement using on the Nanoview platform by nano QC2.3.2-IT software 

(NanoView Biosciences, Boston, MA) and previously determined calibration factors for IRIS. 

The average amount of each immobilised peptide was 1.5ï3.5 ng/mm2. 

 

Peptide microarrays for second generation peptides 

Microarrays slides were arrayed on MCP-6-coated patterned silicon chips, with 80 nm oxide 

layer thickness, using a non-contact S12 Spotter (Scienion Co., Berlin, Germany), depositing 

one drop for each spot. Peptides were first dissolved in DMSO to 1 mM stock solution and then 

diluted to the final spotting concentration (100 ɛM) into the printing buffer for Copper Free 

Click reaction conjugation on MCP-6-coated surfaces (5 mM Na/Acetate pH 4.8, 50 mM 

Trehalose). Printed chips were placed in a humid chamber and incubated overnight at room 

temperature. The following day chips were immersed in a block solution for 1 hour,  then 

washed with Milli -Q water and dried. 

 

EV analyses with ExoView 

EV samples were diluted in filtered PBS and incubated for 2 h and 30 min in static conditions 

on the printed chips in a humid chamber. EV label-free analysis was carried out using the 

ExoView R100 reader (NanoView Biosciences, Boston, MA). The reader automatically 
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acquires interferometric images of the microarray. NanoViewer 2.6.0 software counts 

nanoparticles captured on the peptide spots within a user-defined particle contrast. 

For fluorescence immune staining on antibody chips, samples were diluted in incubation buffer 

(NanoView Biosciences). The samples were incubated on the ExoView Tetraspanin Chip (EV-

TC-TTS-01) placed in a sealed 24-well plate for 16 h at room temperature. The chips were then 

washed three times in 750 ɛL of incubation buffer for 3 min each on an orbital shaker. Then, 

chips were incubated with ExoView Tetraspanin Labelling ABs (EV-TC-AB-01) that consist 

of anti-CD81 Alexa-555, anti-CD63 Alexa-488 and anti-CD9 Alexa-647. The antibodies were 

diluted 1:5000 in incubation buffer with 2% BSA. The chips were incubated with 500 ɛL of the 

labelling solution for 2 h. The chips were then washed once in incubation buffer, three times in 

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

the ExoView R100 reader using the nScan 2.8.4 acquisition software. The data were then 

analysed using NanoViewer 2.8.4. On peptide chips the previous protocol was followed using 

a mixture of tetraspanin antibodies (monoclonal anti-CD81, anti-CD63, anti-CD9 from 

(Adipogen Lifescience) in house labelled by Cyanine3 NHS ester, AF-488 NHS ester and 

Cyanine5 NHS ester from Lumiprobe (Hannover, Germany). 

 

Liposome Model Assay  

Liposome samples were diluted to a concentration of 1x109 particle/mL in filtered PBS and 

incubated for 2 h in dynamic conditions on the printed slides. Then, slides were washed with 

washing buffer (0.05 M Tris/HCl pH 9, 0.25 M NaCl, 0.05% v/v Tween 20) three times and 

dry 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 conventional 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 for spot-specific 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 graphs. 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 purposes. The fluorescent evaluation was set at 50% laser power 

and 100% PMT gain in the Cy3 channel. 

 

EVs Assay with Second Generation Peptides 

EVs from HEK293 cell culture samples were diluted to a concentration of 1x109 particle/mL in 

filtered PBS and incubated for 2 h in dynamic conditions on the printed slides. and incubated 

with a mixture of of tetraspanin antibodies (monoclonal anti-CD81, anti-CD63, anti-CD9 from 
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Adipogen Lifescience) in house labelled by Cyanine3 NHS ester and and Cyanine5 NHS ester 

from Lumiprobe (Hannover, Germany). Then, slides were washed with washing buffer (0.05 

M Tris/HCl pH 9, 0.25 M NaCl, 0.05% v/v Tween 20) three times and dry 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 conventional 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 for spot-specific 

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 graphs. 

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 

purposes. The fluorescent evaluation was set at 100% laser power and 1000% PMT gain in the 

Cy3 channel. 
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System Setup and Generation of Peptide-Membrane 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 (pdb) containing 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 Phe5 of wild-type 

peptide with residues with different degree of hydrophobicity (Ala, Ile, Trp, 4-iodo-

phenylalanine (Ipe) and 3-(1-Naphthyl)-L-alanine (Npa), respectively). The structure of the 

halogenated peptide was obtained by modifying wild type structure using a in-house script on 

VMD, as done in previous works. The hydrogen in para position on the aromatic ring of the 

Phe5 was substituted with an Iodine atom and a positively charged extra particle was introduced 

to represent correctly the ů-hole on the halogen atom of the p-I-Phe residue. In the same way, 

the peptide with the Npa residue was obtained modifying wild type structure using a in-house 

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

 

Membrane model generation 

The membrane model was generated using the online software CHARMM-GUI. The lipid 

double layer was formulated with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

sphingomyelin (SM), Cholesterol (Chol), 1,2-dioleoyl-snglycero-3-phospho-L-serine (DOPS) 

and 1,2-dioleoyl-snglycero-3-phosphoethanolamine (DOPE) at a molar ratio of 11/9/15/7/9 

respectively. A water thickness of 50 Å 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 peptide-membrane distance > 5 Å, in order 

avoid significant interactions between the peptide and the membrane. All the water molecules 

at a distance less than 3 Å from the peptide were removed and NaCl ions were added to 

neutralize the charges in the whole system. A total amount of å 38ô000 atoms for each 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 carried out using 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 Å was set for both electrostatic and van der Walls short-range 

interactions, while the long-range electrostatic were treated using the Particle Mesh Ewald 

(PME) methodology with a grid spacing of 1.0 Å. After equilibration, all phosphorous atoms 

were restrained to the XY plane, in order 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 Bradykinin peptides across the membrane 

was estimated using the ABF technique as implemented in NAMD 2.14. The peptides were 

pulled into the membrane using Steered Molecular Dynamics (SMD) to generate the structures 

for ABF. The pulling simulation was performed for 500 ps in which an harmonic potential with 

a velocity constant of 0.0001 Å/fs was applied between the COM of the peptides and a reference 

position along the Z-axis. This reference position represents the COM of the membrane. The 

structures from the pulling trajectory were selected in a range in which Z = 40 Å represents the 

peptide in the bulk water, and Z = 15 Å represents the peptide buried in the membrane in which 

the center of mass (COM) of peptides is separated by 3 Å from one state to the other along the 

membrane axis Z. The distance from 15 Å  to 40 Å was divided into 6 overlapping ABF 

windows (16-20 Å, 19-23 Å, 22-26 Å, 25-29 Å, 28-32 Å, 31-35 Å). Each window was simulated 

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

potential with a velocity constant acting on the COM along the z-coordinate 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 systems. The starting configuration was obtained by the complexes in their 

conformation at the low-energy minimum in the PMF profile. The MD simulations were 

conducted with a target pressure equal to 1.01 bar, a time-step of 4 fs. The temperature was 

retained at 298 K using the Langevin thermostat. All the further analysis were performed on 

this 300 ns of simulation. 
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Analysis of peptide-membrane interactions 

We analyzed the hydrophobic contacts and the cation-pi interactions between the peptide and 

the phospholipids of membrane using in-house tcl scripts. The number of hydrophobic contacts 

were calculated between the hydrophobic residues of peptides (residue Phe, Trp, Ipe) and the 

lipids using a cutoff of 4 Å. The cation-ˊ and anion-ˊ interactions were analysed between the 

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 Å for the distance between 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 µm membrane using a plastic syringe (20.0 ml). Similarly, filter 

FC-40 and use only the filtered oil. Calculate the required amounts of lipids. For standard 

operation produce 200-1000 µl suspension at a final concentration of 6 mM total lipids. Choose 

the molar ratios between the 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 gently. Remove 

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 film. Add the appropriate volume of 1x DPBS to the dried lipid 

film to achieve a total lipid concentration of 6 mM. Incubate the vial for 10-15 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 time. To 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. Prepare the vesicle extrusion set according to the manufacturerôs instructions. Do 

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 an uneven 

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 008-fluorosurfactant on a scale and add 9.0 g of FC-40 to 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 (KrytoxÊ) into a 15.0 ml 

Falcon and add 10.0 ml of FC-40 to make a 100 mM stock solution.  

Prepare 400.0 µl of oil phase (1.4% w/w 008-fluorosurfactant and 10 mM KrytoxÊ) in a 2.0 

ml reaction tube by adding 304.0 µl FC-40, 56.0 µl 008-fluorosurfactant and 40.0 µl KrytoxÊ. 

Pipette slowly due to the viscosity of the oil. Prepare 200.0 µl of aqueous phase (5.4 mM lipids, 

10 mM Mg2+ and the content to encapsulate) in a separate 1.5 ml reaction tube. Add 180 µl of 

6 mM SUVs in 1x DPBS. With the remaining 20.0 µl, add Mg2+ to a final concentration of 10 

mM (i.e. 10 µl of a 200 mM stock solution). The remaining volume of the aqueous phase can 

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 ULTRA-TURRAX®) for 3 min in order to achieve LUVs with a median 

diameter below 1 µm. Incubate 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 observed. Remove the transparent oil phase from the bottom of the tube.  For the release 

of the assembled LUVs from the oil phase and the stabilizing polymer-based surfactants into 

the aqueous buffer, first add 400.0 µl of 1x DPBS and then 400.0 µl of the demulsifier 

1H,1H,2H,2H-perfluoro-octanol to the emulsion. Gently rotate the tubes to maximize the 

water/oil interface and incubate at room temperature, ideally over night or at least 1 h. The 

opaque upper phase should have become relatively translucent (some agglomerates will remain 

at the interface). Fill up the tube with 1x 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 

temperature for 30 s is required. Following centrifugation, transfer the supernatant to a fresh 

tube and centrifuge under the same conditions for 1-1.5 h in order to pellet the LUVs. Carefully 

remove the supernatant and resuspend the LUV pellet in 100.0 µl of 1x DPBS by gently 

pipetting up and down. Store LUVs at 4°C until further use and mix gently but thoroughly 

before each downstream processing.  

 

Confocal Fluorescence Microscope 

For the confocal imaging, a Zeiss LSM 800 confocal (Carl Zeiss AG, Germany) with a 20× air 

objective (Plan-Apochromat 20×/0.8 M27, Carl Zeiss AG, Germany) wase used. The pinhole 

aperture was set to one Airy Unit, and experiments were performed at room temperature. The 

recorded images were brightness and contrast adjusted and analyzed with ImageJ (NIH). 
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Printable peptide hydrogels for 3D microarray applications 

Rink-amide resin loading  

Resin (0.5 mmol/g loading) was swollen in NMP/DCM (1:3 v/v) for 30 min then washed with 

DMF (3x3 mL). A solution of entering Fmoc- amino acid, HBTU and DIEA (1:1:2, 5 eq over 

resin loading) in DMF (4 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 with Ac2O/ DIEA in DCM (1x30 

min). The resin was then washed with DCM (2x4 mL), DMF (3x4 mL). Fmoc-deprotection was 

performed with 20% piperidine solution in DMF (4mL) at rt for 10 min. The resin was washed 

with DMF (5x4mL) and subsequently submitted to fully automated iterative peptide assembly 

(Fmoc-SPPS). 

 

Peptide Assembly via Iterative Fully Automated Microwave Assisted SPPS  

Peptides were assembled by stepwise microwave-assisted Fmoc-SPPS on a Biotage ALSTRA 

Initiator+ peptide synthesizer, operating in a 0.1 mmol scale. Activation of entering 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 resin loading. 

Coupling steps were performed for 20 minutes at 50°C. Fmoc- deprotection steps were 

performed by treatment with a  piperidine at 50°C  for 2 minutes  Following each coupling or 

deprotection step, peptidyl-resin was washed with DMF (4x3.5 mL). Upon complete chain 

assembly, resin was washed with DCM (5x3.5 mL) and gently dried under a nitrogen flow. 

 

Cleavage from the Resin  

Resin-bound peptide was treated with an ice-cold TFA, TIS, water, thioanisole mixture 

(90:5:2.5:2.5 v/v/v/v, 4mL). After gently shaking the resin for 3 hours at room temperature, the 

resin was filtered and washed with neat TFA (2x4 mL). The combined cleavage solutions were 

worked-up as indicated below.  

 

Work-up and Purification  

Cleavage mixture was concentrated under nitrogen stream and then added dropwise to ice-cold 

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 removed by a gentle nitrogen stream and the crude peptide was purified by 

RP-HPLC and pure fractions combined and analysed by ESI-LC/MS.  
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RP-HPLC analysis and purification  

Analytical RP-HPLC 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) and mobile 

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 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/min. Pure RP-HPLC fractions (>95%) were combined 

and lyophilized.  

 

Electro-spray ionization mass spectrometry (ESI-LC/MS)  

Electro-spray ionization mass spectrometry (ESI-LC/MS) was performed using a Shimadzu 

LCMS-2020 instrument equipped with an electro-spray ionization source and a quadrupole ion 

trap detector (QITD). 

 

Synthesis of Q3-E01 and YFQ11-E01 conjugates via CuAAC  

Q3-N3 or YFQ11-N3 (1eq.) was dissolved in water. The resulting solution was mixed with a 

solution of propargyl-bearing conjugation partner E01 or N01 (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 by preparative RP-HPLC 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 Q3-E01 or Q3-N01 

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

hydrogel preparation were applied for the YFQ11 gels49. 

 

Transmission Electron Microscopy  

Transmission electron microscopy (TEM) images were performed using a Delong Instruments 

LVEM5 microscope, equipped with a field-emission gun and operating at 5 kV. Samples were 

prepared by placing 5 ɛL of hydrogels (Q3 and Ag as single components, as well as Q3-Ag 



 

92 

 

mixtures) on 200 mesh carbon-coated copper grids and then removing the excess solvent after 

1 min. 

 

Hydrogel Rheology  

All rheology tests were performed using a KINEXUS Pro+ rheometer (Malvern Panalytical, 

U.K.). Samples were preformed and directly transferred to the bottom rheometer plate. The 

upper geometry cone 60 mm was lowered until it was in conformal contact with the top surface 

of the hydrogel, corresponding to gap distances of 1.0ī1.5 mm. The temperature was controlled 

with a Peltier device and maintained at 25 °C. All of the oscillatory measurements 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 fibrils are based on amyloid-like ɓ-sheets, similar to other SAPs75. 

The fibril models were generated using the ten possible amyloid configurations taken from 

Eisenberg et al76. The resulting systems were characterized by 8 × 8 peptides, with an intrasheet 

distance of 5 Å and an interface distance of 12 Å, according to X-ray crystal structures of similar 

systems76,77. Molecular dynamics simulations were performed following protocols used in 

previous studies78. Briefly, the systems were solvated in TIP3 water, resulting in systems of 

å70 000 atoms. The systems were minimized and equilibrated for 400 ps using NAMD79. The 

production run was performed for a total time of 100 ns for each configuration. The global 

evolution of each system was assessed by monitoring the root-mean-square deviation (RMSD) 

of the peptide backbone, the root-mean-square fluctuation (RMSF) of Ŭ carbons, and the native 

contacts. 

 

3D Microarrays: General Procedure  

Silicon slides (SVM, Sunnyvale, CA) were coated with MCP-2 (Lucidant Polymers) according 

to previous protocols80, and hydrogels were spotted by a noncontact microarray spotter 

(Scienion sciFLEXARRAYER S12) using an 80 ɛM nozzle; 20 droplets were deposited for 

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/ HCl 1M pH 9 for 2 h, washed with water, 

and dried under a stream of nitrogen. For 2D microarrays, 25 ɛM peptide epitopes (E01 or N01) 

was spotted on MCP-2-coated silicon slides, incubated in a humid chamber for 2 h, and blocked 

as described above. 
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Two-Photon Fluorescence Microscopy 

For two-photon excitation fluorescence (TPEF) microscopy, hydrogel microdroplets were 

spotted on 0.170 mm glass coverslips. A fluorescein-labeled antibody (conc. 0.1 mg/mL) was 

entrapped within the gel matrix prior to spotting. A home-build multimodal nonlinear 

microscope coupled with a mode-locked erbium: fiber laser (FemtoFiberPro NIR, Toptica) was 

used81. The microscope works in transmission mode, so a couple of high-magnification 

objectives (LD EC Epiplan-Neofluar 100×/0,75, Zeiss) are used to focus the excitation beam, 

at 780 nm, on the sample and to collect the two-photon fluorescent signal, which was then 

detected by a photomultiplier tube (Hamamatsu, R3896). The sample was placed on a raster 

scanning stage composed of a two- axis (xīy plane) motorized translation stage (Standa, model 

8MTF- 102LS05), which allows scanning the sample in the focal plane, and a single-axis  

(z-axis) motorized translation stage (Mad City Labs Inc., model MMP1), which allows 

changing the focal plane and perform z- stack acquisitions. Images of 400 Ĭ 400 ɛm2 were 

acquired using 2 ɛm lateral step size, 30 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 ɛm distance, over a total length of 16 ɛm. 3D rendering image processing was performed 

using Fiji ImageJ82. 

 

Powder X-ray diffraction (PXRD)  

PXRD measurements were performed with a Bruker AXS D8 powder diffractometer, with 

experimental parameters as follows: Cu-KŬ radiation (ɚ = 1.54056 ¡), scanning interval 5-40° 

at 2ɗ, step size 0.015Á, exposure time 1.5 s per step. The molecular structure of the samples, i.e. 

the d-spacing can be determined using the Braggôs law: ὲ‗=2ὨίὭὲ— Where ὲ is an integer 

number, ‗ the wavelength of the incident X-ray beam and — the scattering angle. Powdered 

samples were analyzed using silicon-filmed glass slide 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, Sassenage, France), equipped with a micro-focus Genix 3D X-

ray source (ɚ = 0.1542 nm), a two-dimensional Pilatus3 R 300K detector which can be placed 

at variable distance from the sample, and an additional Pilatus3 R 100K detector at fixed shorter 

distance from the sample to access larger scattering angles (Dectris Ltd., Baden, Switzerland). 

The beam size was defined through the two-pinhole collimation system equipped with 

ñscatterlessò slits to be 0.5 mm x 0.5 mm. Calibration of the scattering vector q range, where 

q=(4ˊ sinɗ)/ɚ, 2ɗ being the scattering angle, was performed using silver behenate. 
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Measurements with different sample-detector distances were performed so that the overall 

explored q region was 0.045 nmï1 < q < 1.25 nmï1. Samples were loaded into disposable 

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 pressure (Ḑ0.2 mbar) in 

thermostated holders. The two-dimensional scattering patterns were subtracted for the ñdarkò 

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 one dimensional I vs. q profiles were then subtracted for the solvent and capillary 

contributions and put in absolute scale units (cm-1) by dividing for the sample thickness 

estimated by scanning the capillary with the X-ray beam. The different angular ranges were 

merged using the SAXSutilities tool (XS)83. SAXS data were fitted using the SasView software. 

 

Model Immunoassays  

25 ɛM Q3-E01/0.05% w/v Agarose for the 3D microarray, 25 ɛM YFQ11-E01, and 25 ɛM E01 

for the 2D assay were spotted on MCP-2 slides treated as described above. The resulting 

microarrays were incubated for 4 h at room temperature (RT) under active mixing with rabbit 

anti-E01 polyclonal antibodies spiked in serum (1:100) in incubation buffer (Tris/HCl 0.05 M 

pH 7.6, NaCl 0.15 M, Tween 20 0.02%) with 1% w/v BSA, washed with washing buffer 

(Tris/HCl 0.05 M pH 9, NaCl 0.25 M, Tween 20 0.05%) for 10 min, and incubated overnight 

at RT with horseradish peroxidase-conjugated 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 optimized protocol49 due to microdroplet stability reasons. After 

washing with washing buffer, array slides were incubated with the Clarity Western ECL 

Substrate (Bio-Rad Hercules CA) for 2 min at RT to develop chemiluminescence and imaged 

using Chemidoc XRS + (Bio-Rad Hercules CA, acquisition time 21.6 s). Chemilumines- cence 

intensities were corrected for spot-specific background, and values for replicate spots were 

averaged. LOD was extrapolated using the linear regression line from the intensity values of 

blank samples plus three standard deviations (3ů). 

 

Clinical Immunoassays 

Serum samples used in this study were leftovers from previously purchased samples84 (Cerba 

Xpert, France); these both included samples collected from healthy subjects before 2018 that 

were used as controls and serum samples from subjects diagnosed with SARS-CoV-2 infection. 

Samples were screened for immunoreactivity on Aga/Q3-N01 3D microarrays and N01 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 buffer and incubated with horseradish peroxidase-conjugated 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 (Bio- Rad Hercules CA) for 2 min at RT to develop chemiluminescence and imaged 

using Chemidoc XRS+ (Bio-Rad Hercules CA, acquisition time 31.6 s). Chemiluminescence 

intensities were corrected for spot-specific background, values for replicate spots were 

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

 

Extracellular Vesicles Assay in Hydrogel matrix  

EVs from human bladder cancer cell line and EVs from cardiac progenitor cell line were 

directly incorporated into the gel matrix, 25ɛM + 0.05% Aga, at the concentration of 109 

particles/mL spotted on MCP-2 slides. The resulting microarrays were incubated for 1 h at room 

temperature (RT) under active mixing with a 1nM solution of fluorescent peptides CD63, CD81 

and uPAR in incubation buffer (0.05 M Tris/HCl pH 7.6, 0.15 M NaCl, 0.02% v/v Tween 20). 

After washing with washing buffer (0.05 M Tris/HCl pH 9, 0.25 M NaCl, 0.05% v/v Tween 

20) for 5 minutes, slides were scanned for fluorescence evaluation of 8 replicated spots at  50% 

laser power and 1000% PMT gain in the Cy3 channel and 50% laser power and 1000% PMT 

gain in the Cy5 channel. 
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Table 1 
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Standard amino acids are represented by conventional one letter code. DBCO: 

dibenzylcyclooctyne-dPEG®4-maleimidopropyl; F(I): 4-iodo-L-phenylalanine; F(F): 4-fluoro-

L-phenylalanine; F(Br): 4-bromide-L-phenylalanine; [Nal]: 3-(1-Naphthyl)-L-alanine 

 

 

 

 

 

 

 

 

 

 

 

 



 

98 

 

Table 2 

 

 

Standard amino acids are represented by conventional one letter code. K(N3): azidolysine;  

Prg: propargylglycine; (O2Oc): 8-amino-3,6-dioxaoctanoic acid; X-X: means triazole bridge 

bound sequences; Cha: b-cyclohexyl-(L)-alanine; s,r: D-amino acid 

*E01: peptide epitope from panflavivirus Zika protein region 98-10971 

**N01: peptide epitope from the SARS-CoV-2 N protein region 156-17085 

Cy3ǅ: cyanine 3 maleimide 

Cy5ǅǅ: cyanine 5 maleimide 

 

 

 

 

 

 

 

 



 

99 

 

Appendix: Amino Acids Code 

 

Amino Acid 
Three  

Letter Code 

One  

Letter Code 

Alanine Ala A 

Arginine Arg R 

Asparagine Asp N 

Aspartic Acid Asn D 

Cysteine Cys C 

Glutamic Acid Glu E 

Glutamine Gln Q 

Glycine Gly G 

Histidine His H 

Isoleucine Ile 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 V 
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Appendix: Abbreviation List  

 

Ac2O: acetic anhydride 

ACN: acetonitrile 

ABF: Adaptive Biasing Force 

ApoBDs: Apoptotic bodies 

Chol: cholesterol 

COM: Center of Mass 

CuAAC: Copper-Catalysed Azide-Alkyne Cycloadditions 

DBCO: dibenzocyclooctyne 

DCM: dichloromethane 

DIC: N,Nô-diisopropylcarbodiimide 

DMF: dimethylformamide 

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOPE: 1,2-dioleoyl-snglycero-3-phosphoethanolamine 

BP: Bradykinin Peptide 

Bp: Bradykinin Peptide 

Chol: Cholesterol 

Cy3: Cyanine 3 

Cy5: Cyanine 5 

DOPS: 1,2-dioleoyl-snglycero-3-phospho-L-serine 

DLS: Dynamic Light Scattering 

EVs: Extracellular Vesicles 

ESI-LC/MS: Electronspray Ionization Liquid Chromatography - Mass Spectrometry 

Fmoc: fluorenylmethoxycarbonyl 

HBTU: 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

Ipe: 4-iodo-phenylalanine 

ISEV: International Society for Extracellular Vesicles 

LC-MS: Liquid Chromatography - Mass Spectrometry 

MD: Molecular Dynamics 

MISEV: Minimal information for studies 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 cyanoglyoxylate-2-oxime 

PBS: Phosphate Buffer Solution 

PEG: polyethylene glycol 

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

pdb: Protein Data Bank  

PMF: Potential Mean Force 

PS: Phosphatidylserine 

psf: Protein Structure File 

PXRD: Powder X-ray Diffraction 

QITD: Quadrupole Ion Trap Detector 

RP-HPLC: Reverse-Phase 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 

TPEF: Two-Photon Fluorescence Microscopy 

uPAR: Urokinase Plasminogen Activator Receptor 

VMD: Visual Molecular Dynamics 
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Appendix: peptides HPLC profile 

¶ BP 

tr = 8.9 min             MW = 1629.9               

MW (ESI) = 1630.9 [M + 1]+; 815.9 [M + 2]2+ 
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¶ BPt 

tr = 9.4 min             MW = 2816.5               

MW (ESI) = 940.3 [M + 3]3+; 705.6 [M + 4]4+; 564.7 [M + 5]5+; 470.6 [M + 6]6+ 
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¶ BPb 

tr =9.5 min             MW = 2671.4               

MW (ESI) = 1336.7 [M + 2]2+; 891.5 [M + 3]3+ 
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¶ BPn 

tr = 9.6 min             MW = 1575.7               

MW (ESI) = 1576.7 [M + 1]+; 788.9 [M + 2]2+ 
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¶ BP - Cys 

tr = 8.8 min             MW = 1637.8             

MW (ESI) = 1638.8 [M + 1]+; 819.9 [M + 2]2+ 
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¶ BP - DBCO 

tr = 11.4 min             MW =   2312.1           

MW (ESI) = 1157.1 [M + 2]2+; 771.7 [M + 3]3+ 
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¶ BPt - Cys 

tr = 9.6 min             MW = 2824.5           

MW (ESI) = 943.1 [M + 3]3+; 707.5 [M + 4]4+; 566.3 [M + 5]5+; 472.1 [M + 6]6+ 
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¶ BPt - DBCO 

tr = 11.5 min             MW = 3498.7           

MW (ESI) = 1750.4 [M + 2]2+; 1167.2 [M + 3]3+; 875.7 [M + 4]4+; 700.7 [M + 5]5+ 
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¶ BpF5F4I - Cys 

tr = 9.2 min            MW = 1763.7           

MW (ESI) = 589.2 [M + 3]3+; 442.2 [M + 4]4+ 
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¶ BpF5F4I ï DBCO 

tr = 11.5 min            MW = 2438.0           

MW (ESI) = 1220.0 [M + 2]2+; 813.7 [M + 3]3+; 610.5 [M + 4]4+ 
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¶ BpF8F4I ï Cys 

tr = 9.7 min             MW = 1763.7           

MW (ESI) = 589.2 [M + 3]3+ 

0 5 10 15 20

0

500000

1000000

1500000

2000000

Time (minutes)

In
te

n
s
it

y

(m
V

)

 

 

¶ BpF8F4I ï DBCO 

tr = 11.9 min             MW = 2438.0           

MW (ESI) = 1220.2 [M + 2]2+; 813.7 [M + 3]3+; 610.5 [M + 4]4+ 

0 5 10 15 20

0

50000

100000

150000

Time (minutes)

In
te

n
s
it

y

(m
V

)

 

 



 

106 

 

¶ BpF5F4IF15F4I - Cys 

tr = 10.5 min             MW = 3076.2           

MW (ESI) = 770.4 [M + 4]4+; 616.6 [M + 5]5+; 514.0 [M + 6]6+ 
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¶ BpF5F4IF15F4I - DBCO 

tr =12.0 min             MW = 3750.5           

MW (ESI) = 1251.2 [M + 3]3+; 938.6 [M + 4]4+; 751.1 [M + 5]5+ 
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¶ BpF5F4F - Cys 

tr = 9.1 min            MW = 1655.8            

MW (ESI) = 1656.3 [M+1]+; 828.6 [M+2]2+ 
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¶ BpF5F4F - DBCO 

tr = 11.7 min            MW = 2330.1            

MW (ESI) = 1166.1 [M+2]2+; 777.7 [M+3]3+ 
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¶ BpF5F4Br - Cys 

tr = 9.5 min            MW = 1715.7            

MW (ESI) = 1716.2 [M+1]+; 858.9 [M+2]2+ 
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¶ BpF5F4Br - DBCO 

tr = 11.9 min            MW = 2390.0             

MW (ESI) = 1196.3 [M+2]2+; 797.7 [M+3]3+ 
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¶ BpF5[Nal] - Cys 

tr = 9.4 min            MW = 1687.8           

MW (ESI) = 845.3 [M + 2]2+; 564.0 [M + 3]3+; 423.2 [M + 4]4+ 
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¶ BpF5[Nal] - DBCO 

tr = 11.9 min             MW = 2362.1           

MW (ESI) = 785.1 [M + 3]3+; 589.0 [M + 4]4+ 
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¶ BpF8[Nal] - Cys 

tr = 9.7 min             MW = 1687.85           

MW (ESI) = 563.9 [M + 3]3+ 
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¶ BpF8[Nal] - DBCO 

tr = 11.9 min             MW = 2362.15           

MW (ESI) = 785.8 [M + 3]3+; 589.5 [M + 4]4+ 
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¶ BpF5[Nal]F15[Nal] - Cys 

tr = 10.3 min            MW = 2924.5 

MW (ESI) = 732.6 [M + 4]4+; 586.3 [M + 5]5+ 
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¶ BpF5[Nal]F15[Nal] - DBCO 

tr = 11.8 min             MW = 3598.8 

MW (ESI) = 1200.6 [M + 3]3+; 900.7 [M + 4]4+; 720.8 [M + 5]5+ 

 


