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“‘Cause if you stay where you are
You'll never get burned.

And if you stay where you are
You'll never get hurt,

But if you stay where you are
You'll never know

Why you burn at all.”

Jacqui Treco
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CHAPTER 1

General introduction



1.1 Extracellular vesicles

Extracellular vesicles (EVs) are a heterogeneous group of particles
defined by plasma membrane that are constitutively released by cells
of diverse tissue origin. Despite controversies about their
nomenclature, in the last years the scientific community found
consensus defining EVs as the group of particles that could be broadly
divided into two main categories: exosomes and microvesicles®.
Particular attention has been given to these vesicles because of their
emerging role, not only in paracrine intercellular communication, but
also in the communication between tissues and organs due to body
fluid transportation®. In biomedical research, EVs are becoming more
interesting because of their proven involvement in several pathologies,

®67 and inflammatory

encompassing cancer®*, neurodegenerative
diseases® and physiological adaptive mechanisms like tissue
regeneration’. In particular, EVs are found in the majority of
biological fluids such as blood, cerebrospinal fluid, breast milk, saliva,
sperm, and urine, making them potential diagnostic markers for

1011 Moreover, EVs are stable under

complex human diseases
strenuous storage conditions since their lipid bilayer protects
macromolecules on and inside EVs from degradation under non-
physiological conditions which also qualifies them as potential
diagnostic, prognostic and predictive biomarkers or drug delivery
systems*?.

For these reasons, there has been a recent explosion of interest in the
study of these vesicles: in 2006 there were only 183 EVs related
publications which increased to 11200 as of today (data from

PubMed.gov; keywords: Extracellular vesicles).

10



1.1.1 Biogenesis and dimensions

Exosomes and microvesicles are two distinct subsets of secreted
membrane vesicles released from most body cells under both
physiological and pathological conditions. They are different from
each other because of their modes of biogenesis: microvesicles bud
directly from the plasma membrane whereas exosomes originate from
the endocytic pathway and from the fusion of multivesicular
endosomes with the plasma membrane. Because of their origin,
exosomes are enriched in proteins and lipids typically associated with
lipid rafts, which are membrane microdomains that work as signalling
platforms for multiple cellular functions®®.

Moreover, there is a lot of variation in the size of microvesicles and
exosomes: microvesicles are bigger budding vesicles (up to 1 um),
whereas exosomes usually appear as vesicles with a diameter that
varies from 40 to 150 nm, able to maintain their integrity in
circulation for longer time™.

It is important to note that, despite their different mechanism of
biogenesis, exosomes and microvesicles display a similar
morphology, sometimes overlapping in size and common composition
as well; thereby challenging the current attempts to find a more
precise nomenclature for EVs.

Besides, in addition to exosomes and microvesicles, there is
discussion on additional EV subpopulations, that contribute to extend
the heterogeneity making the need for a proper isolation and

characterization methods more urgent.
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1.1.2 Composition

EVs are bound by a lipid bi-layer; they contain specific lipid

components,

nucleic acids and cytosolic, membrane and

transmembrane proteins, carrying with them the information of the

cells of origin (Figure 1).
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Figure 1. Overall composition of extracellular vesicles (Colombo, Raposo and
Théry, Ann Rev Cell Dev Biol 2014).

EVs are enriched in sphingomyelin, gangliosides, and desaturated

lipids, indicating an increased fraction of cholesterol in vesicles as

compared to their respective cellular membranes'®. Moreover, in

contrast to cellular membranes, EVs, like must cell- and dendritic cell-
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derived exosomes, contain more phosphatidylserine in the outer leaflet
which may facilitate their internalization by recipient cells®®.

The protein content of different types of EVs includes adhesion
molecules, membrane trafficking molecules, tetraspanins (such as
CD9, CD81, CD63), cytoskeleton molecules, heat-shock proteins
(such as HSP70), cytoplasmic enzymes, signal transduction proteins,
cytokines, chemokines, proteinases and cell-specific antigens®®.
Regarding the nucleic acids, EVs contain messenger RNA (mRNAS)
fragments, non-coding RNA (ncRNAs) including microRNAs
(miRNAs) and extra-chromosomal DNA fragments. miRNAs are
small RNAs (typically 17-24 nucleotides) which mediate post-
transcriptional gene silencing usually by targeting the 3’ region of
MRNAs. Since the packing of extracellular miRN As into exosomes or
microvesicles protects miRNAs from degradation and guarantees their
stability, the role of miRNAs in EVs is gaining an increasing interest.
It is shown that they are not randomly incorporated into vesicles but a
subset of mMIRNAs such as miR-150 and miR-142-3p preferentially
enter the EVs'’. As for mRNA, miRNAs profile in EVs reflect the cell
of origin.

Therefore, considering their composition and their ability to cross
biological barriers and move into the biological fluids, EVs are
versatile carriers for proteins, lipids and oligonucleotides.

The biochemical composition of extracellular vesicles is finely
controlled and strongly dependent on the type and the
physiopathological conditions of the cell of origin both, for membrane
and cytosolic molecules. For example, EV content is influenced by the

whole body homeostasis, being related to inflammatory*® or immune
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activated state, by exogenous stress induced responses®®, together with
disease conditions. In case of a pathological condition, the circulating
EV populations may get influenced by the severity and duration of the
pathology along with the organs involved in the disease, thereby
changing their number, size, cargo and membrane composition?°.

In order to elucidate the molecular mechanisms and the
pathophysiology underlying different disease conditions from which
EVs are isolated, some free web-based platforms such as ExoCarta??,
EVpedia®?, and Vesiclepedia®® were created as attempts for
schematically report the main constituents of EVs, providing a kind of
profile of their molecular cargo. However, these resources still cannot
comprehensively describe the huge amount of molecules that
characterize the different classes of EVs. Moreover, it is very
challenging to sum up the vesicle features related to specific diseases
because of the heterogeneity of the human or animal disease research
models and the variability among patients due to age, sex, diet, and
co-morbidity. These influencing parameters have to be considered
together with the consistent methodological variability due to isolation
and purification procedures that can introduce unpredictable variables

in the analysis.

1.1.3 Functions

The first observations of EVs and their relevance occurred
simultaneously in different physiological settings. In 1946, EVs were
observed circulating in blood plasma as procoagulant particles derived
from platelets®®. Other studies demonstrated the release of EVs from

rectal adenoma microvillus cells?® and the presence of vesicles as
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“virus-like” particles in human cell cultures and bovine serum?®%. In

the 1980s Stahl and Johnstone described EVs as nano-sized vesicles
involved in the process of reticulocyte maturation?®?°. Although there
was no clear evidence on the biological function of these new objects;
in the first years of study on vesicles they were thought to be garbage
bags eliminating unnecessary components from cellular cytoplasm®.
The garbage-bag theory led to a lot of interest in the field which
extended to studying the role of EVs in intercellular communication of
information and compounds. However, the function as garbage bags
remained associated only to one type of EVs called apoptotic bodies®’.
Since the discovery that EVs contain RNAS, they acquired a special
status as mediators of cell-to-cell communication®. It’s important to
notice that EVs can be local messengers or they can travel through the
systemic circulation to reach distant sites. The communication
between cells could happen by following one of these pathways: (1)
vesicles can be captured by neighboring cells by ligand-receptor
interaction activating intracellular signaling; (2) vesicles can be
internalized by phagocytosis or receptor-mediated endocytosis,
releasing their content in the cytoplasm of the target cell; (3) vesicles
may be directly taken up by membrane fusion, releasing their content
in the cytoplasm®. The last one is a process that is currently poorly
understood but it is the most efficient way for the delivery of
intraluminal cargoes such as miRNA. Then, it is also possible that the
plasma membrane of endocytosed vesicles could be recycled by the

target cell* (Figure 2).
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1.2 Study of EVs in translational medicine

EVs have potential in translational medicine since they can be used as
diagnostic and prognostic biomarkers and as therapeutic tools for
clinical applications®®. Vesicles can be used as biomarkers, vaccines,
therapeutic agents or drug delivery systems, due to their following
properties: (1) they are sterilizable, (2) easy to handle; (3) not
immunogenic/immunomodulators; (4) cross most of the biological
barriers; (5) can travel via systemic therapy, both intravenous and
intraperitoneal; (6) have a good therapeutic potential in regenerative
medicine; (7) allow to reduce the risk of ectopic tissue formation; (8)
activated EVs subset can in vivo deliver infinitesimal doses of miRN A

cargo.

1.2.1 Biomarkers

One interesting and emerging clinical application of EVs is
represented by their use as non-invasive diagnostic and prognostic
biomarkers, that has lots of implications regarding personalized
disease diagnosis and monitoring of the responsiveness to drug or
rehabilitation protocols. Indeed EVs are easily accessible in biological
fluids and reflect both the type and the status of the cells of origin.
The possibility to identify EV's within body fluids related to a specific
disease is very interesting for cancer, metabolomic, cardiovascular and
neurodegenerative diseases and other disease syndromes. However,
since biological fluids are complex samples it is important to define
and adopt optimized standard operating procedures with the purpose
to implement EV-based biomarkers into the clinics. In order to

improve the transparency and compliance in reporting the details of
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experimental protocols used for EV analysis, the EV-TRACK

platform was

reproducibility of EV research.

recently created,

contributing to

increase the

Figure 3 summarises the main phases for the development of EVs as

biomarker discovery and application with specific aims and the related

problems that must be considered®.
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One of the parameters indicative of a pathology is the biochemical
content of vesicles isolated from a biological fluid or originating from
one cell type. Particularly, the presence or the relative levels of
specific proteins, lipids or miRNAs on the EVs could be related to a
mechanism that leads to a specific disease or pathological status. For
example, EVs derived from pancreatic cancer cells are enriched in a
cell surface proteoglycan called glypican-1 (GPC1), that could be used
as a highly specific biomarker of pancreatic cancer®. Another
example is given by a recent study that showed that exosomal miRNA
(miR-24-3p) present in saliva could be a potential marker of aging.
Considering that saliva is a very accessible and noninvasive body
fluid, the detection of salivary exosomal miRN As represents a simple
way for measuring and monitoring aging®’. In another work, the lipid
composition of urinary vesicles was demonstrated to be significantly
different between patients with prostate cancer and matched healthy
controls. In particular, the levels of phosphatidylserine 18:1/18:1 and
lactosylceramide (d18:1/16:0) present in urinary exosomes allow to
distinguished the two groups with high sensitivity and specificity,
showing the potentiality of using exosomal lipid species in urine as
prostate cancer biomarkers®®. The analysis of the protein content of
EVs as possible effective factor for the identification of a pathological
process is applied in a lot of studies. For example, specific proteins,
such as CD26, CD81, CD10 and Sic3Al, present in urinary vesicles
have been identified as potential biomarkers for hepatic disease®.

Moreover, the concentration of EVs is studied as another parameter
able to indicate and reflect the presence and the evolution of diseases.

Recently, a study showed that the levels of circulating Annexin V-
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positive vesicles coming from different cell types (such as leukocytes
or endothelium) increase or decrease according to the evolution of
colorectal cancer, meaning that EV concentration could be used as a
complex disease biomarker®®. In another paper, circulating levels of
vesicles were shown to be significantly higher (p>0.0001) in patients
with non-small-cell lung cancer compared to healthy controls,
providing new data on the prognostic value of vesicles present in the

blood plasma*!.

1.2.2 Therapeutic use

EVs have been investigated as a therapeutic strategy with two
different approaches: (1) by using vesicles as they are exploiting their
native biological functions, for example the ability to mimic processes
of repair; (2) by using vesicles as carriers of therapeutic agents in
order to deliver them to the site of action*?.

The possibility of using EVs for therapeutic use has attracted wider
attention as compared to conventional strategies because of the good
biocompatibility and biodistribution of EVs. As mentioned before,
EVs are well tolerate, have low immunogenicity, an innate stability
and can bypass biological barriers such as blood-brain barrier
(BBB)*. These features make them good candidates for providing an
efficient drug delivery interface.

A recent study showed the capability of cell-derived EVs present in
synovial fluid and cartilage extracellular matrix to restore joint
homeostasis and promote articular tissue regeneration, demonstrating
the good potentialities of “not-functionalized vesicles” once injected

directly into the target site*. In general, it is shown that EV's derived
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from stem cells could have different therapeutic effects including
influencing growth of target cells or phenotype, promoting
regeneration, anti-inflammatory or anti-fibrotic effects and
immunomodulation®®.

Furthermore, regarding the use of EVs for drug delivery, it’s
interesting to note that lots of therapeutic molecules, such as proteins,
miIRNAs and siRNAs are more stable inside EVs; hence making
vesicles an excellent vehicle to deliver them to their exact site of
action. Nowadays, some synthetic alternatives, such as liposomal
doxorubicin or daunorubicin, have been already developed and
employed as drug carriers for decades, resulting in several approved
liposomal nanomedicines used in the clinic, showing lots of benefits
over the drug alone*®. The development of a drug delivery system
based on natural vesicles may provide unique advantages over other
systems, including stability in the blood, limited immunogeneicity and
possibly fewer off-target effects due to the natural tendency of EVs to
act on specific target cells*’.

The direct loading of drugs into EVs can be done in different ways,
for example by electroporation, sonication, or by extrusion of drug-
loaded cells through a series of filters to generate mimetic vesicles. A
freeze-thaw method has also been developed to create hybrid
exosomes by the fusion of EV's and modified liposomes*®®,

Even though there are currently no established clinical therapies based
on the use of EVs as drug delivery systems, there are some EVs
therapies that were clinically tested. For instance, Besse and co-

workers showed the use of vesicles derived from pulsed dendritic cells
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for promoting the immune cell response in non-small cell lung cancer
immunotherapy®°.

In order to improve the specificity of the cell or tissue targeting, the
specific target ligand could be anchored on the EV surface. For
example, a study has functionalized the membrane of EV's with iRGD-
Lamp2b as a targeting ligand, with the purpose to enhance the tumor-
specific uptake of doxorubicin, loaded on EVs through
electroporation®®.

EVs could be delivered systemically or locally depending on the target
tissue or organ. They can be prepared in different formulations, like
free suspensions or loaded into biomaterials, and administrated via
intravenous, intraperitoneal, oral, intranasal or subcutaneous for their
systemic distribution, allowing a rapid clearance from circulation into
different organs. On the other hand, the choise to administer EVs
locally is often supported by the evidence of reduction of side effects
and the retention of higher EV doses at the target sites; for this reason
it is preferred for anti-cancer treatment.

By adjusting EV formulation and their routes of administration it is
possible to facilitate the delivery of EVs across the physiological

barriers and obtain the desired therapeutic action®?.
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1.3 Involvement of EVs in neurological diseases

The composition of EVs in healthy central nervous system (CNS) is
different from that in CNS diseases. Each cell type, like neurons,
oligodendrocytes, astrocytes and microglia, generates vesicles
containing specific markers that can change qualitatively and
guantitatively when a disease is occurring.

In particular, EVs released from healthy neurons are able to relay
complex messages controlling mechanisms for local and systemic
inter-neural transfer of information in the brain. Furthermore, the
maintenance of axonal integrity and survival due to the process of
myelination is controlled by the action of EVs released from
oligodendrocytes. Indeed, these vesicles contain proteolipid protein
(PLP) in the innermost layers of myelin in contact with axons during
the process of myelination. It was shown in vitro that oligodendroglial
EVs are able to improve the neuronal viability and contribute to the
preservation of axonal health participating in a mode of bidirectional
neuron-glia communication®®. Oligodendroglia EVs have also a role in
avoiding induction of the inflammatory response by being taken up by
MHC-11 negative microglia®®.

Also the functions of astrocytes take place via release of EVs.
Astrocytes produce neural growth factors that are needed for neuronal
growth and survival, together with angiogenic factors, mitochondria
and excitatory amino acid transporters (EAAT)>*.

Finally,  microglia-derived EVs promote  neurotransmission
stimulating excitatory transmission of neurons both in vitro and in

vivo™ (Figure 4).
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Figure 4. The role of EV5s in the healthy central nervous system (Pegtel et al, Philos
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While a CNS neurological disorder occur, the composition and the
functions of the different EVs populations change; this fact has led to
the study of the role of EVs in the development of several
neurological diseases.

In neurodegenerative disorders, neurons can produce and release
aggregated and pathogenic proteins such as amyloid precursor protein
(APP), phosphorylated tau, a-synuclein or pathogenic PrPSc protein
in case of prion disorders. The wvesicles loaded with aggregated
proteins could act as seeds that spread the damage throughout the
brain°® (Figure 5). Although a growing body of evidence has
demonstrated the ability of EVs to spread misfolded proteins within

and outside the brain, it remains still to be clarified whether there is an
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active transport patway for these proteins, or whether they are simply
a byproduct of disrupted cellular patways in the aging brain®’. Indeed,
in disease states, physiological lysosomal pathways for the destruction
of unwanted proteins can be impaired, leading to a change in balance
with a resulting increase in the release of vesicles loaded with
unwanted protein products that can propagate the aggregation of
proteins, like B-amyloid and a-synuclein, and the transmission of

disease.
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Figure 5. The role of EVs in central nervous system with neurological disorders
(Pegtel et al, Philos Trans R Soc Lond B Biol Sci, 2014).
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1.3.1  Circulating EVs as mirror of brain-derived EVs

The BBB is a highly selective and dynamic interface that controls the
passage of substances between the peripheral vascular circulation and
the brain. It is composed of brain microvascular endothelial cells
surrounded by astrocytes, pericytes and endothelial basement
membrane forming neurovascular unit. The BBB serves to protect the
brain from harmful chemicals or toxins coming from the systemic
circulation, thus also resulting in the inability of most therapeutic
drugs to cross the BBB and reach the CNS. In particular,
approximately 98% of small molecules and all large pharmaceutical
molecules (including recombinant proteins, monoclonal antibodies, or
gene-based medicines) are not able to cross the BBB®®®°, because of
two main molecular properties of BBB: (1) the presence of tight
junctions between endothelial cells; (2) the presence of selective
influx and efflux transporters for the uptake of nutrients and molecules
fromblood and the elimination of toxins from the brain®.

Although there are still some uncertainties about the mechanisms of
how EVs may bypass the BBB, it is demonstrated that they can cross
the intact BBB and can be detected in the peripheral blood, providing
an interesting prerequisite to use a minimally invasive method for
their detection, compared to liquid biopsies obtained from the
cerebrospinal fluid.

Regarding the possible mechanisms of how EVs may bypass the BBB,
it is reported that it could happen by their internalization by
endothelial cells or by entering the brain via intercellular junctions of

endothelial cells after the increment of the permeability of vascular
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barriers®. However the exact mechanism remains elusive and might
differ also depending on the particular EV type.

Besides, some studies reported that the composition of brain-derived
vesicles detected in the peripheral blood is still related to the status of
the brain even after the migration of the wvesicles from the
cerebrospinal fluid (CSF) to the blood, demonstrating the possibility
to use them to detect the presence or absence of a neurological
disorder or to monitor its progression and/or response to the therapy.
Garcia-Romero and colleagues have proved that DNA sequences
within glioma-derived EVs present in peripheral blood, isolated from
a small cohort of brain tumor patients, correlate with the presence of
molecular alterations, such as IDH1 that is an essential marker of
human glioma®?. This finding paves the way for improving diagnostics
and prognostics of gliomas and potentially other neurological diseases
by detecting and analysing circulating EVs as biomarkers of the CNS
status.

Another work showed that the inflammasome protein levels in EVs
released in serum of brain-injured patients are higher compared to
healthy subjects, mirroring their levels in the CSF, thus indicating that
this specific protein cargo of serum EVs may be used as biomarkers of
CNS injuries®®.

These studies provided data regarding how circulating EVs could
reflect the composition of brain-derived EVs, demonstrating
similarities for specific cargo (e.g. proteins or nucleic acids). So, the
analysis of circulating vesicles of neural origin could open new

perspectives towards clinical applications for CNS diseases.
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1.3.2 EVsas diagnostic tool for brain diseases

Because of their role as vehicles for atypical and pathological cargoes,
some reports show promising results regarding the use of EVs as
diagnostic tool for neurological diseases. The discovery that the EVs
are able to cross most biological barriers, including the BBB, has
opened new research avenues for developing diagnostic strategies,
especially for neurological diseases. As mentioned before, the study of
the amount and biochemical cargo of EVs that derived from the CNS
and travel into the bloodstream is a promising approach for the
discovery of the much needed peripheral biomarkers of
neurodegenerative  diseases.  Considering  the  pathological
heterogeneity of neurodegenerative disorders, peripheral biomarkers
can be used to characterize an individual's underlying
pathophysiology, to monitor the progression of the disease and define
the optimal and personalized therapy. The development of these
biomarkers will be critical for a broader characterization of the
pathology and a precise identification of different patient sub-types
based on the study ofa biological phenomenon.

Saman et al showed that protein tau is secreted via exosomal release,
influencing the unconventional secretion of other proteins (such as a-
synuclein or B-amyloid) involved in neurodegenerative processes. In
particular, they demonstrated an increased exosomal tau levels in CSF
of patients with early-stage Alzheimer’s disease (AD) which
potentially could become a biomarker of the AD development in
elderly people®®. Similarly, blood EVs were reported to undergo
proteomic modifications in patients with Parkinson’s disease (PD)®°,

being associated with a-synuclein, tau and LRRK2 and modify their
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RNA profiling in relation to PD progression®®’

. Changes in the
number, phenotype and nucleic acid loading of microglia EVs were
also demonstrated in multiple sclerosis patients, where the production
of myeloid EVs dramatically increases under brain inflammation and

correlates with bouts of clinical symptoms®®".

1.3.3 EVsas therapeutic tool for brain diseases

EVs are also extensively studied for drug delivery across the BBB,
which represents a new strategy to face the actual difficulties in
obtaining a safe and effective delivery of drugs to the brain. Tian et al
developed exosomes conjugated with a specific peptide that was able
to target a lesion area of an ischemic brain. They loaded that with
curcumin, a natural polyphenol with anti-inflammatory activity, in
order to deliver this drug to the brain after intravenous administration.
They showed that this new exosomes-based drug delivery system
provided benefits with strong suppression of the inflammatory
response and cellular apoptosis in the lesion region, demonstrating its
potentiality for the use as a new cerebral ischemia therapy’*.

Since EVs can be modified and loaded with different biomolecules to
elicit a therapeutic response at the target site, this strategy could have
application on different diseases. For instance, exosomes loaded with
small interfering RNA (siRNA) for the knock-down of a-synuclein
and engineered with a peptide that promotes the crossing of the BBB
(rabbies virus glycoprotein), were used in a PD model, leading to a
decrease in a-synuclein mRNA and protein levels throughout the

brain’?.
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Also unmodified EVs released from neural cells could be used as
therapeutic tools for brain diseases, considering that they have
beneficial effects over target cells and their use may be safer than the
use of their progenitor cells. Figure 6 shows their potential therapeutic
applications: (1) in ischemic conditions, mesenchymal stem cells
(MSCs) produce EVs enriched in miRNA-133b able to stimulate
neurovascular recovery in neurons and astrocytes’®; (2) dendritic cells
(DCs) stimulated by interferon gamma release EVs enriched in
miRN A-219 that regulates oligodendrocyte remyelination and reduces
oxidate stress, demonstrating their potential application in multiple
sclerosis’:; (3) EVs released during neuronal differentiation promote
MSCs differentiation into neuron-like cells, useful for treatment of
spinal cord injury and brain diseases that cause neuronal loss’®; (4)
EVs released by neuronal cells mediate the clearance of AB-peptides
in AD®.
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Figure 6. Representation of therapeutic applications of unmodified neural EVs
(Rufino-Ramos D. et al, J Controlled Release, 2017)"".
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1.4 How to study EVs

One of the main hurdles in EVs research is the standardization of
isolation and characterization methods. This needs to be urgently
aligned among different research laboratories in order to make results
comparable and data discussion more feasible. The International
Society for Extracellular Vesicles (ISEV) has published the minimal
experimental requirements that should be adopted by those who
handle EVs to facilitate advancements in applied research and it is

constantly working on updates’®".

1.4.1 Isolation methods

There are different isolation methods that could be used for obtaining
EVs from body fluids or cell culture medium. It is worth noting that
each of them have both advantages and limitations, sometimes causing
confusion and contradicting results®®. These methods can be used
individually or in combination for the EVs isolation from diverse
biological sources.

One of the first and most commonly used methods is the differential

ultracentrifugation, both for cell culture supernatants and complex

biofluids®. After removing whole cells and cell debris with one or
more low force centrifugations (500-2000 x g), an ultracentrifugation
step (10000-20000 x g for larger EVs, 100000-200000 x g for smaller
EVs) is used to sediment the vesicles. The main limitation of this
method is the contamination of the sample with protein aggregates and
nucleosome fragments that can co-sediment in the pellet along with
EVs. Moreover it is time-consuming and results in relatively low

recovery??.
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Another method to isolate EVs is the density-gradient separation that

allows to separate EVs according to their density. This method
provides an increased sample purity because the protein and protein-
RNA aggregates can be efficiently separated from the EVs. But, such
isolation of EVs from serum or plasma samples will be contaminated
with high-density lipoprotein (HDL), due to their similar density range
as EVs®,

Another technique that provides a high yield of EVs is the polymer-
based precipitation method that commonly uses poly-ethylene glycol

(PEG) as the water-excluding polymer that can alter the solubility or
dispersibility of wvesicles. However, this method too, results in
aggregation of high portion of other contaminants, such as
lipoproteins. Also, the presence of the polymer material in the sample
could interfere with some analysis. Despite the limitations described
here, some commercial Kits based on this method were generated and
used in laboratories, for example ExoQuick (System Biosciences,
USA), that has the advantage of providing an easy and fast isolation of
vesicles that can be still used to analyze the nucleic acid content of
EVs®,

The EV isolation can also be performed by using size-based isolation

techniques, such as size-exclusion chromatography (SEC) and

ultrafiltration. SEC uses a user defined porous column where smaller
particles slow down in their passage, whereas the larger ones pass
through the column quickly with the mobile phase. This method
allows the isolation of high-purity and intact vesicles whose structure
is not affected by shearing force compared to centrifugation methods.

Currently, SEC is a widely accepted technique for the extraction of
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EVs from blood and urine, sometimes combined with
ultracentrifugation®®.  Ultrafiltration makes use of special
membranes to separate vesicles from proteins or other
macromolecules. During this process the vesicular populations are
concentrated by the filtration membrane. Limitations of this method
are due to the adhesion of EVs to filtration membranes and the
application of additional force to pass through the membranes, that
could potentially damage the structures of EVs.

EVs can be isolated also by using immuno-selection techniques. The

sample is mixed with antibody, attached to magnetic beads, that are
able to target known surface markers on EVs (for example CD9,
CD63, CD81 or immune-regulator molecules) in order to isolate a
purified population of EVs. Using this technique only those particles
that express the specific surface markers can be successfully isolated.
The capturing selectivity can be a limitation because some markers
might not be expressed on all kinds of EVs; but it could be an
advantage for those studies aimed to enrich a certain subpopulation of
EVvs®,

It is important to understand that the choice of isolation method
depends not only on the nature of the sample (cell culture media or a
body fluid) from which the wvesicles are isolated, but also on the
downstream characterization needed for the study itself that could be

different according to the medical application of interest.
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1.4.2 Characterization methods

EVs characterization can be achieved through a range of methods.

For EVs biophysical characterization they are mainly analyzed with
scanning and transmission electron microscopy (TEM), cryo-electron
microscopy (cryo-TEM), atomic force microscopy (AFM) and
nanoparticle tracking analysis (NTA). These techniques allow to
measure size, distribution, concentration and morphologies of EVs.
Figure 7 shows the morphology of EVs traditionally described as
“typical cup-shaped” when visualized by TEM analysis, and a cryo-
TEM image ofa vesicle.

Figure 7. Transmission electron micrographs and cryo-TEM of EVs isolated by
ultracentrifugation from plasma (Edwin van der Pol et al, Pharmacological Reviews,
2012; Huilin Shao et al, Chem Rev 2018).

While TEM analysis of EVs has some shortcomings related to
dehydration, chemical fixation, and staining of the biological samples,
cryo-TEM imaging can overcome these limitations because samples
are directly applied onto a grid, vitrified and visualized, thus allowing

the visualization of EVs near their native state®.

34



AFM analysis of EVs allows to measure vesicle size distribution, map
EV mechanical properties with nanometric precision and characterize
the EV membrane protein content. Despite these properties, its used is
still limited because of the strong effect of immobilization conditions
on the measurement of their size®°.

NTA is a technique that enables characterisation of particles from 10—
2000 nm in solution combines the properties of both laser light
scattering microscopy and Brownian motion. The technigque allows to
obtain the size distributions of EVs and an estimation of their
concentration, demonstrating to be more challenging than
homogeneous particle preparations®.

The biochemical characterization based on the measurement of the
lipid and protein composition of isolated EVs, is mainly performed
through western blotting, enzyme-linked immunosorbent assay
(ELISA), mass spectrometry and flow cytometry.

Western blotting is commonly used for demonstrating the presence of

specific proteins associated with EVs; it requires the separation of the
proteins by electrophoresis before being transferred on a membrane
for immunoblotting of protein targets. It is often limited by the amount
of proteins required for the analysis and by the sensitivity of the
visualization method, nonetheless it remains the most widely used
characterization technique®’.

ELISA is another established technique used for protein identification
and quantification. EVs could be captured on a solid support, that has
been pre-treated with an immobilized antibody, and then exposed to
another labeled antibody for their detection.
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These first two approaches provide the quantification of specific and

targeted proteins, whereas mass spectrometry is a technique able to

provide high throughput peptide profiling, quantitative and
comparative EV proteomic analyses. The experimental protocol
provides that EVs undergo an enzymatic digestion and peptides
separation; after that the sample is ionized and analyzed by mass
spectrometry. The identification of proteins is performed by using the
data of vesicular proteins that have been previously catalogued.

Flow cytometry is a well established method for the characterization

of cells or particles with a diameter >500 nm based on light scattering
and fluorescence. As EVs are smaller particles, they can be attached
on beads of micrometer size in order to be analyzed by flow
cytometry. The bound vesicles are stained with fluorescent antibodies
and characterized for their protein markers.

However, these conventional analyses typically require a large sample
volume and extensive processing of the sample, making them less
suitable for clinical studies, especially if they involve a huge number
of patients or the quantification of low levels of molecular
markers®92,

Since EVs contain also different forms of DNA and RNA, some
methods for the analysis of oligonucleotides are often applied to the
study of EVs. Vesicular miRN As are the most studied nucleic acids
present in the EVs as they can regulate the translation of target MRNA
in recipient cells. In particular, considering that the amount of nucleic
acids inside the vesicles is low, the procedures to be adopted for their
analysis need to be very efficient and sensitive®®. The use and

development of improved analytical approaches are very important
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with the purpose of analyzing vesicular miRNAs as diagnostic or
predictive markers of the progression of a disease, speeding up their
introduction into clinical practice.

It is possible to use a phenol-chloroform based extraction where

nucleic acids are able to partition into the aqueous phase and then are
recovered through precipitation with ethanol. Another method takes
advantage of spin columns covered with silica able to bind nucleic
acids in the presence of chaotropic agents (for distrupting the structure
of macromolecules). It is demonstrated to be a good approach to
isolate pure RNA with high specificity for vesicular RNA. It was
recently developed a Kit utilizing this method for RN A extraction from
plasma and serum vesicles, called “exoRNeasy Serum/Plasma Maxi
Kit”. Sometimes, the combination of spin columns and phenol-
chloroform extraction is used to implement the vyield of the
detection.

Once being extracted, nucleic acids can be quantified with
amplification and sequencing approaches like PCR and
electrophoresis or real-time fluorescence measurements, allowing the
quantification of known target sequences present in the vesicles. Other
techniques are designed to provide a profiling analysis of vesicular
RNA content characterizing the whole transcriptome®%.

However, in general, the platforms currently used for profiling and
quantifying miRN As are not always able to combine good analytical
properties (like sensitivity, specificity and multiplexing capacity) with
an high-throughput power, simplified workflows and cost-

effectiveness®’.
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So, the characterization of EVs regarding their protein, lipid and
nucleic acid content needs to be improved by developing, using or
combining other technologies. For instance, Raman spectroscopy (RS)
and Surface Plasmon Resonance (SPR) are two biophotonics-based
techniques that are recently proposed as label-free approaches for
facilitating exosomes and microvesicles applied research. In fact, they
can both overcome some limitations of the other techniques which
require labeling of wvesicles, consistent amount of vesicles and
sometimes a laborious sample preparation, and improve the sensibility

and specificity of the analysis.
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1.5 Nanotechnology and Biophotonics for EV's analysis

Considering the remarkable potential of EVs in medicine,
nanotechnologies and biophotonics seem to be an excellent candidate
to speed up the from-bench-to-bed-side shift, with the aim of
transferring the progresses of EV research to clinical practice.

The nanoscale dimensions of EVs allow an optimal interaction
between vesicles and nanotechnology based approaches that include
all those methods typically used in nanoparticle characterization.
Moreover, biophotonics based techniques integrated  with
nanotechnology could be helpful in this field allowing the use of fully
automated, high-throughput, multiplexing, and possibly label free
technologies that can provide new perspectives in the study of EVs,
for example for the identification of diagnostic relevant EVs. The use
of innovative nanotechnologies is becoming a crucial step to
unscramble the vesicle-enclosed information regarding the prognosis
of a disease and the evaluation of the outcome of a therapy or of a

rehabilitation process.

1.5.1 Surface Plasmon Resonance

SPR is a sensitive analytical technique able to detect variations in the
mass adsorbed on top of a sensor chip without the need of any label.
In particular, SPR is a phenomenon that occurs when polarized light,
shone through a prism on a sensor chip with a thin metal film on top,
is reflected by the metal film as a mirror. At the precise angle of
incidence of the laser light that causes the minimum of the intensity of
the reflected light, a wave of plasmons across the surface is generated.

Indeed, photons of polarized light are able to interact with free
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electrons of the metal layer, inducing a wave-like oscillation and
thereby reducing the reflected light intensity. The angle at which the
reflected light intensity reaches the minimum is called “resonance
angle” or SPR angle. The SPR angle is dependent on the optical
features of the system, like the refractive indices of the media, usually
gold, and the refractive index in the immediate vicinity of the metal
surface will change when accumulated mass adsorb on it*®.

In a typical SPR-based setup, ligands are immobilized onto the metal
substrate and then brought into contact with an analyte. An optical
reader shines laser light onto the substrate, and a detector collects the
variations of the refracting index which are related to occurred binding
between ligand and analyte (Figure 8)°°.

Figure 8 depicts the sensorgram related to SPR measurement: the

angle at which the dip of the signal is observed vs time.
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Figure 8. Schematic experimental set-up of surface plasmon resonance. A sensor
chip coated with a gold film is placed on a prism. Polarized light shines from the
light source (star) on the sensor chip. Reflected light intensity is measured in the
detector. At a certain angle of incidence (p), excitation of surface plasmons
occurs, resulting in a dip in the intensity of the reflected light (A). A change in
refractive index at the surface of the gold film will cause an angle shift from A to
B. (adapted from Ref %)
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After the injection of the sample, biomolecules adsorb on the surface
resulting in a change in the refractive index and a shift of the SPR
angle shown by the increment of the SPR signal. The association step
is followed by injection of buffer that causes the dissociation step; the
last step consists in removing the bound species from the surface by
injecting a suitable regeneration solution (Figure 9)}%°. The
adsorption—desorption process can be followed in real time and the
amount of adsorbed species can be determined.

Surface plasmon resonance is not only suited to measure the
difference between these two states, but can also monitor the change
in time, allowing to follow in time the shifts of the SPR angle. The
shift of the SPR angle is suited to detect the presence of specific
molecules, monitor and calculate affinity of interactions between
biomolecules and provide information on the kinetics of molecules
adsorption on the surface without the use of any other marker.

Surface Plasmon Resonance imaging (SPRi) is a development of the
classical SPR biosensor able to monitor in real time the interactions
across the entire chip surface of a large-format flow cell. It allows to
visualize the whole surface of the chip with a video CCD camera; in
this way it is possible to collect SPR signals simultaneously from
every spots (that correspond to the active sites where ligands have
been attached on the surface) and visualize the changes occurred on
the surface while the analyte interacts with the ligand. Indeed, the
SPRi equipment has a broad-beam monochromatic polarized light
coming from a laser diode that illuminates the whole area of the chip.
The high resolution CCD video camera provides real-time difference

images capturing all of the local changes occurring at the surface of
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the biochip. Each local change is related to molecular binding and
biomolecular interactions. SPRi offers higher ligand throughput and

flexibility in surface patterning.
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Figure 9. SPR Sensorgram: (1) Ligand immobilization; (2) analyte injection,
complementary to the immobilized ligand giving a increment of the SPR
response; (3) saturation; (4) dissociation of the analyte from the surface by
replacing analyte injections with buffer; (5) removing of any remaining bound
analyte by injection of a regeneration solution; (6) regeneration of the ligand-
immobilized surface. (Adapted from Ref %)

1511 SPR surface chemistry for ligand
immobilization

According to the ligand that needs to be immobilized on the sensor
chip and to the analyte that is flowed over, a specific surface
chemistry is adopted for the preparation of the SPR chip.
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Typically, SPR sensor chip is made of glass and coated with a thin
layer of a chemically inert metal (usually gold) that is functionalized
for the ligand immobilization. There are different surface chemistries
to enable ligand immobilization to the sensor chip.

One of the most common ways provides that a linking layer is
deposited on the metal surface generating a self-assembled monolayer
(SAM) with a high packing density. Indeed, the molecules
organization into a densely packed layer is driven by van der Waals
interactions between the chain, that usually take some hours to
complete. This layer must has a thickness of 2-5 nm that is the good
compromise in order to keep the chip sensitivity that decays
exponentially with distance above the chip and to allow a uniform and
stable coverage of the chip. A typical SAM consists of a three parts: a
group for interaction with the surface (typically thiol groups for the
interaction with gold), an alkyl chain and a tail group able to provide
functionality to the SAM.

Sometimes, mixed monolayers are used to provide more stability and
different surface engineering. In these cases, the molecules should be
as similar as possible and preferably only differ in the tail group. For
instance, a mixed SAM made of poly-ethylene glycol (PEG)
functionalized with carboxyl groups and ethanolic groups has been
used for some SPR biosensor preparations®’.

The carboxyl groups of the SAM are then used to immobilize ligands
by amine coupling, where they form covalent amide bonds with
primary amine groups of the ligands (for example, proteins, which
contain several primary amines). To do this process, the activation of

carboxyl groups is required and is often performed with a of N-Ethyl-
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N’-(3-Dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxy-
succinimide (NHS). EDC reacts with the carboxyl group generating an
unstable intermediate which is able to react with NHS to form an
amine-reactive NHS ester. This compound can react with a primary
amine group in the ligand thus forming a covalent bond, providing a

direct conjugation of ligands on the surface (Figure 10).

HN +

EDC

Figure 10. EDC/NHS activation of carboxyl groups for ligand immobilization by
amine coupling.

After ligand immobilization, ethanolamine is used as a blocking
reagent to deactivate excess NHS-activated carboxyl groups, in order
to avoid aspecific binding on the surface.

Some not-direct ways to immobilize the ligand use the streptavidin-
biotin or protein A-immunoglobulin interactions. After the activation
with EDC/NHS, the immobilization of streptavidin or protein A on the
sensor chip allows to capture biotinylated or non-modified ligands,
respectively. The streptavidin-biotin is an established procedure, and
makes use of the very high affinity of streptavidin to biotin, resulting

in a stable surface. Protein A-1gG based capture method takes



advantage of their molecular affinity and the ease of eluting 19G
ligand using lots of methods, which include low/high pH and
competitive binding for chip regeneration.

Once the SPR chip is activated, the spotting procedure to immobilize
the ligand can be performed through a contact printing by using an
SPR-Arrayer. The SPRi-Arrayer of Horiba Scientific is an automatic
benchtop instrument for printing microarrays of biological samples
such as proteins and oligonucleotides, with a metal-ceramic capillary
pin that can vary from 140 pm to 700 pum of diameter (Figure 11). The
contact spotting procedure is very flexible, fast, versatile and requires
low amount of samples and prints up to 400 samples on a SPRIi

biochip.

Direct contact spotting
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Figure 11. Spotting of SPRi biochip by direct contact spotting using SPRi-Arrayer
of Horiba Scientific. A) Image of the chip with 48 printed spots (12 families of
spots, 4 spots/family); B) CCD differential image (reflectivity variation) showing
biomo lecules spotted with different printing pins.
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15.1.2 Applications

SPR is considered the gold standard for real time monitoring of
molecular interactions able to determine specificity, affinity and
kinetic parameters during the binding of macromolecules in many
bonds types, such as protein-protein'®?, protein-DNA!®, receptor-
drugt®, lipid membrane-protein'®®, complementary

oligonucleotides%%%%

. Its extraordinary versatility makes it suitable
for a broad range of biomedical applications, even in clinical
laboratories, considering the high-throughput screening compatible
with complex biological fluids analysis.

Abovwe all, the use of SPR technology for biomedical purposes is very
remarkable; for example it is an acceptable method for the
development of a biosensor for the disease diagnosis and drug
discovery'®®. The term “biosensor” indicates an analytical device
comprised of a biological element and a transducer, able to detect the
physico-chemical change due to specific interaction between the target
analyte and the biological material. The transducer then yields an
analog electronic signal proportional to the concentration of the
specific analyte.

SPR could be used for creation of new diagnostic tools thanks to the
ability of SPR-based sensors to detect low concentration of multiple
biomarkers concomitantly and in a label-free manner. In particular,
SPR technology is able to monitor, without the need of any label,
multiple molecular interactions, such as protein binding and
aggregation, occurring in a layer of about 200 nm from the surface®.

The main advantages come from the ability to avoid the use of
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fluorescent labels maintaining a high signal to noise ratio by means of
its mass-sensitivity.

Moreover, the compatibility with microfluidic liquid handling and
advanced chemical surface modifications makes it versatile, thus an
attractive alternative to conventional assays with higher efficiency

compared to classical ELISA immunoassay'®®.

1.5.1.3 Advantages of using SPR for EVs analysis

Recent studies have shown the success of using plasmonic biosensors
for the detection of vesicles frombiological samples.

In particular, SPR is starting to emerge in EV research and it seems
the ideal approach to study this target, thanks to the fact that the
evanescent wave propagates for about 200 nm from the gold surface,
and this range fits the dimension of vesicles.

SPR technology started to be used for obtaining a label-free profiling
of the main proteins of EVs, analyzing samples from breast cancer,

10112 I this latter case, an

multiple myeloma and ovarian cancer
homemade SPR chip was developed for this specific purpose,
otherwise commercially available instruments were used with these
biomedical applications. The SPR based method for analysis of
vesicles was improved by means of accurate surface modification
strategies necessary to limit non specific binding and screen the
presence of EVs and cancer specific biomarkers. In fact, most of the
studies of the EVs characterization by using SPR are related to cancer
research''®, and now the application field is expanding including

coronary heart disease™*.
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In these works, after EVs isolation by ultracentrifugation or size
exclusion chromatography, vesicles are captured on the gold coated
surface of the chip by means of specific antibodies and specific
protocols to reduce the unspecific binding on the sensor surface. In
this way, the ability of SPR to detect relative low concentration of
EVs from cell supernatant or from plasma was assessed.

Considering that EVs are a very heterogeneous group of vesicles,
advancement in SPR use were aimed to allow vesicle subtypes
screening, developing a specific antibody microarray on the chip
surface necessary to purify tissue-specific vesicles according to the
presence of validated protein markers and performing the analysis by
SPR imaging technique!®. The SPRi method allows a multiplexing
analysis and thus the phenotyping of wvesicles, similarly to
conventional microarrays that track multiple markers in parallel with

116 Moreover it allows to

limited amount of sample and reagents
simultaneously quantify specific EVs subtypes, thus providing
quantitative information thanks to the proportional relationship
between SPR signal and the number of bound vesicles per area'*’.

Considering the huge potentiality of this technique, what needs to be
more examined and improved in this field is the application of such a
methodology to complex biofluids, possibly without preliminary
purification of vesicles, and the implementation of the technique to
lower the detection limit that would allow the high-throughput
investigation of disease related pattern of EVs in a highly reproducible

manner.
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1514 Amplification of SPR signal

In order to enhance the biosensing capabilities of SPR, that sometimes
could have some difficulties associated with detecting very low target
concentration (< 1nm), some strategies based on the use of
nanotechnology could be adopted. In particular, SPR chip
characterized by nanostructured surfaces can be applied to exploit
surface plasmonic effects for sensing biomolecular interactions.
Moreover, metal nanoparticles with dimensions much smaller than the
wavelength of the incident light and properly functionalized in order
to bind the analyte, could significantly improve the surface plasmon
effects. The increment of the SPR signal is due not only to the fact
that metal particles can be exploited as intrinsic refractive index
sensors, but also to the huge mass of the metal particles themselves
able to strengthen the variation of the refractive index. Figure 12
shows a schematic representation of the strategies for enhancing the
SPR signal.

A successful attempt to improve SPR sensitivity in exosomes
detection is represented by the development of a nano-plasmonic
sensor NPLEX!2. The proposed sensor is made of a nanostructured
chip where nanoholes of less than 200 nm match exosomes size range
allowing improved sensitivity. Furthermore, the combination of
nanostructures chip and gold nanoparticles (spherical and star shaped)
proved to be an effective integration of nanotechnology approaches to
increase the sensor sensitivity, a pivotal issue when handling with
complex human fluids and heterogeneous vesicle populations.

In another study, He and colleagues demonstrated the nanoparticle-
amplified SPR detection of DNA, by using DNA-modified
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nanoparticles to achieve a detection limit of 10 pM in a sandwich
assay format''®. The intensity of SPR signals depends on nanoparticle
size, shape and distance to the metal layer, and lots of groups has

investigated all of these parameters, that has to be optimized

according to specific application.

A Injection of Injecton of analyte B Injection of analyte Injection of analyte on
analyte conjugated to on flat gold chip nanostructured gold chip
Au Nanoparticles V V?

& A o

SPR signal
SPR signal

Time Time

Figure 12. Schematic representation of the strategies for enhancing the SPR signal:
(A) by conjugating the analyte to metal nanoparticles or (B) by using an SPR chip
with nanostructured surface.
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1.5.2 Raman Spectroscopy

Raman spectroscopy (RS) is a vibrational spectroscopy based on the
use of a laser line to obtain information about the overall biochemical
composition of a sample.

The theory of the Raman effect is based on the phenomenon of
inelastic scattering of light. When light interacts with matter, the
photons may be absorbed or scattered or may not interact and pass
straight through it. In the scattering process the light is able to distort
the cloud of electrons round the nuclei generating a not stable state,
called “virtual state”; then the photons are re-radiated very quickly.
Almost all of the scattering is an elastic process, called Rayleigh
scattering: the scattered light has the same energy as the incident one,
so there is no change in energy. However, a very small percentage of
scattering is an inelastic process, called Raman scattering. In this case
scattered light has different energy from incident light, because the
cloud of electrons induces vibrational motions of the sample, like
stretching or bending, capturing part of the incident energy. Raman
scattering can occur in two different forms: when the scattered
radiation has a lower energy than the incident one, it is called
“Stokes”; whereas when the material loses energy and the scattered
radiation has higher energy, it is called “Anti-Stokes” (Figure 13).
Usually, in Raman analysis the Stokes scattering is collected.

In general, Raman scattering is an extremely weak process: it’s able to

collect only one in every 10° - 10® photons™*.
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Figure 13. Schematic diagram of the Rayleigh and Raman scattering.

RS collects the inelastic scattering from a sample after the irradiation
with a laser with a specific wawvelength;, the scattered light
qualitatively and quantitatively describes the chemical moieties
contained within the sample itself that are related to the biochemical
composition of the sample. Raman signals arises from molecular
vibrations causing a change in the polarizability, that typically occurs
in symmetric vibrations able to induce a large distortion of the
electron cloud around the molecule.

In a Raman spectrum, the intensity of scattered light is shown versus
wavenumber, the reciprocal of wavelength called Raman shift (cm™);
each peak is independent from the incident light and the energy is
related to the vibrational status responsible for the scattering. Figure
14 shows an example of a Raman spectrum of a phospholipid. The
major peaks have been associated to specific vibrational motions of

the chemical bonds present in the molecule itself. As shown in the
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figure, a single molecule can generate a complex signal in which
every band is carefully assigned to a specific molecular vibration. To
be able to carry out a complete and correct interpretation, the total
Raman spectrum and the acquisition parameters (laser wavelength,

laser power, time acquisition, etc) must be always considered.
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Figure 14. Raman spectrum of 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-
phosphocholine on a CaF; slide. The spectrum is the average of 3 measures with
substraction of the baseline. Parameters of acquisition: laser 532 nm, time 20
seconds, objective 50x.

The Raman spectra of biological samples contain contributions of all
the biomolecules present, so that the interpretation could be hard. To
avoid the complexity of the spectra, some works reported the use of
surface enanched Raman spectroscopy (SERS) or resonance Raman
(RR) spectroscopy, that could be adopted when only one or a limited

number of molecules are of interest. However, to obtain information
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about the entire composition of a biological sample, the Raman
spectrum has to be compared with database of Raman spectra that
serves as reference spectra of biomolecules. For example, an overview
of Raman spectra of biomolecules present in a cell has been developed
and consists in a database containing the most important building
blocks of cellular molecules. It provides the basic information
necessary to check the presence of specific molecules in biological
materials, to monitor metabolism or to track changes induced by the

environment*2°.

1521 Applications

RS is a non destructive, label-free, high specific and sensitive
technique able to provide a characteristic fingerprint pattern of the
analyzed sample. It is used in a variety of applications including the
field of cultural heritage materials, semiconductors, geology and
mineralogy, pharmaceuticals and cosmetics, life sciences,
nanotechnology and biology on bacteria, cells or tissues.

For clinical applications, this technique is used to perform gquantitative
analysis of biomolecules, characterize complex biological sample, or
identify unknown substances. In particular, RS has been explored as a
powerful diagnostic tool for different pathologies, like cardiovascular

121122 123 and cancers!?*'®_ Some publications

diseases , acute nephrite
reported Raman analysis on cells and tissue for their characterization
ex-vivo for purposes of basic research or as innovative alternative to
classic and time-consuming diagnostic methods*?®!?’. Indeed, the
quantitative and qualitative assessment could allow to identify

biochemical changes associated with a pathology. This is possible
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because the majority of biological molecules are Raman active thus
allowing to identify biochemical or molecular changes related to the

onset of pathological processes.

1522 Advantages of using RS for EVs analysis

The use of RS for the characterization of EVs both from cell culture
supernatants and biological fluids was already proved to be effective.
The advantages of applying this technique for EVs characterization
include the fact that they don’t have to be pre-processed or labeled and
that RS analysis requires low amount of sample. Moreover, the
measurement time is in the order of few hours.

The biochemical composition of EVs derived from different cell lines
can be distinguished by a specific Raman fingerprint that shows peaks
related to lipids, proteins and nucleic acids present in EVs.

Some Raman-based methods for EVs characterization have been
developed, both for single-vesicle and in bulk analysis, from cell
supernatants and biofluids*28 23,

Smith et al, for example, have used a Laser tweezers Raman
spectroscopy (LTRS) to explore the chemical content of individual
vesicle. They have demonstrated that exosomes derived from different
cancerous cell lines can be distinguished from non-cancerous ones
according to the expression of cholesterol and phospholipids*3!. This
kind of analysis have shown an interesting diagnostic potential of
EVs, that has still to be improved and strengthened.

However, regarding the use of EVs as therapeutic agents, RS appears
to be a good technique that allows the rapid characterization of sample

before its use in vitro or in vivo.
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For instance, in the field of regenerative medicine, it is known that
EVs from different mesenchymal stem cells have valuable therapeutic
effects for tissue regeneration and immunomodulation, but their
clinical applications have been limited by the lack of standardized and
optimized procedures of EV isolation and characterization. RS can be
used for routine bulk characterization of vesicles, identifying a
specific fingerprint of the EV populations used for regenerative
purposes. This approach can help to determine the best experimental
settings and compare results from different cell sources thus

promoting the translation of EV research to clinical practice.
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1.6 Scope of the thesis

The scope of the thesis is to detect and characterize EVs as complex
biomarkers involved in neurodegenerative diseases and as potential
therapeutic agents by means of label-free biophotonics techniques:
Surface Plasmon Resonance imaging (SPRi) and Raman Spectroscopy
(RS).

SPRi was used with the aim to analyze EVs as clinical minimally
invasive biomarkers for the diagnosis, the monitoring of the disease
progression, and the assessment of the response to treatments with the
vision of precision medicine. Indeed, SPRi allows to detect not only
intact vesicles but also multiple miRN As, that represent an important
class of molecules present inside the EVs.

RS was used for providing a routine quality check of EVs before their
use as therapeutic agents. In particular, the bulk characterization of
the chemical content of EV's can be determined in a label- and sample
processing- free way thus allowing the transferability into laboratory

practice.

The circulating brain-derived EVs were the populations of interest in
the work reported in chapter 2, and they were detected on a SPRi-
based biosensor by creating a microarray of antibodies that were
chosen in order to recognize specific classes of vesicles. The SPRi
technology was exploited for the identification of populations of
vesicles according to the presence of specific membrane molecules
and for the concomitant evaluation of the presence of other molecules
potentially involved in pathological mechanisms of neurodegenerative

diseases. The optimized SPRi biosensor represents a promising
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platform for the characterization of wesicles involved in
neurodegenerative diseases and for their possible use as peripheral

biomarkers.

Furthermore, in order to implement the characterization of vesicles not
only by analyzing membrane molecules but also their internal cargo,
SPRIi is an appropriate method as it allows the detection of miRNAs
with a good specificity and sensibility. A proof of concept (chapter 3)
was performed by developing a biosensor based on the use of a
nanostructured enhancer of SPRi for the detection of multiple

mMIRN As related to multiple sclerosis.

In parallel, a method based on RS was developed for the overall
biochemical characterization of EVs. Our first application of this
method (chapter 4) was demonstrated in the study of stem cell
phenotype. Indeed, the biological and functional features that can help
to distinct between bone marrow and adipose tissue mesenchymal
stem cells are usually difficult to be obtained. However, RS has shown
to be able to clearly distinguish EVs with different cell origin

identifying tissue-specific features of vesicles with a good accuracy.
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Abstract

The use of exosomes for diagnostic and disease monitoring purposes
is becoming particularly appealing in biomedical research because of
the possibility to study directly in biological fluids some of the
features related to the organs from which exosomes originate. A
paradigmatic example are brain-derived exosomes that can be found
in plasma and used as a direct read-out of the status of the central
nervous system (CNS). Inspired by recent remarkable development of
plasmonic biosensors, we have designed a surface plasmon resonance
imaging (SPRi) assay that, taking advantage of the fact that exosome
size perfectly fits within the surface plasmon wave depth, allows the
detection of multiple exosome subpopulations of neural origin directly
in blood. By use of an array of antibodies, exosomes derived from
neurons and oligodendrocytes were isolated and detected with good
sensitivity. Subsequently, by injecting a second antibody on the
immobilized vesicles, we were able to quantify the amount of CD81
and GM1, membrane components of exosomes, on each
subpopulation. In this way, we have been able to demonstrate that
they are not homogeneously expressed but exhibit a variable
abundance according to the exosome cellular origin. These results
confirm the extreme variability of exosome composition and
demonstrate how SPRi can provide an effective tool for their
characterization. Besides, our work paves the road toward more
precise clinical studies on the use of exosomes as potential biomarkers

of neurodegenerative diseases.
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2.1 Introduction

Exosomes (EXOs) are a group of secreted membrane wvesicles
characterized by nanoscale dimensions and a complex chemical
composition made up of proteins, lipids, and nucleic acids.! While all
EXOs share a common set of components, their biochemical
composition is strongly dependent on the cell or tissue of origin and
on its physiopathological condition.®*

First studied because of their role in paracrine intercellular
communication, they were then proven to be involved in the
communication between tissues and organs thanks to body fluid
transportation.>® Evidence about their involvement in several

pathologies (i.e., cancer’® and neurodegenerative’ '

and inflammatory
diseases'?) and physiological adaptive mechanisms like tissue
regeneration™>* has led to the hypothesis that EXOs might also play
an active role in the propagation or resolution of a specific disease.

One of the most exiting findings about EXOs is that they were
demonstrated to cross most biological barriers, including the
blood—brain barrier (BBB).*® This latter observation has recently
opened new research challenges in the rapidly expanding field of drug
delivery across the BBB and of the elusive biochemical processes
occurring within the central nervous system (CNS).'®™'® The study of
proteins and lipids present on EXOs derived from CNS and traveling
in the bloodstream is a promising approach for the discovery of much
needed biomarkers of neurodegeneration in Alzheimer’s disease (AD),
Parkinson’s disease (PD), and multiple sclerosis (MS). In particular,
EXOs have been found associated with pathogenic proteins like a-

synuclein and B-amyloid (AP) in PD and AD, respectively.!®?
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Fiandaca et al. reported that the concentration of AP peptides
associated with EXOs in the blood of AD patients is statistically
different when compared with a cohort of healthy subjects,?! whereas
glial EXOs were proposed as mediators of neuroinflammation in
MS.22 On the other hand, promising results obtained from in vitro and
in vivo experiments, have faced difficulties once applied to human
samples because of a lack of standardized preanalytical procedures
and reproducible methodologies.?®> The heterogeneity of the
experimental settings together with the laborious and various proposed
procedures for EXO isolation introduce great variability, making our
current knowledge about EXOs still incomplete.?*

Recent studies have shown the success of using plasmonic biosensors
for the detection of EXOs from biological samples. In particular,
surface plasmon resonance imaging (SPRi) is a surface based
technique that allows one to monitor, in real time and without the need
for any label, variations in the molecular mass adsorbed on top of a
gold layer, thanks to an evanescent wave that propagates for about 200
nm from the gold surface. As this range closely matches the
dimension of EXOs, SPRi seems the ideal approach to study this
target.

SPRi has been previously presented as an effective method for the
label-free profiling of the main membrane proteins of EX0s. 2%
Commercially available SPR instruments were used to profile EXOs
in breast cancer or in multiple myeloma.?”-? In addition, in a landmark
paper from Im and co-workers, a homemade SPRi chip was used for
the study of EXOs related to ovarian cancer.?® However, except for a

recent study focused on coronary heart disease,®® most SPR-based
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research studies are aimed at the characterization of EXOs related to
cancer, whereas to the best of our knowledge no study has been
published about the use of SPRi for the detection and characterization
of brain-derived EXOs.

Nevertheless, in previous studies EXOs were considered as a single
population, while as already noticed, they are a very heterogeneous
group of vesicles. In clinical samples (i.e., plasma or urine), this
diversity is pushed to its limit, because EXOs released by the different
tissues and cell types are collected and mixed together. In order to find
robust vesicle associated biomarkers in clinical samples, it is thus
necessary to purify tissue-specific EXOs according to the presence of
validated protein markers. Thanks to its multiplexing capabilities,
SPRi seems particularly well suited for this task. An SPRi chip can be
spotted at separate positions with antibodies (Abs) specific for the
subtypes of interest allowing the simultaneous detection of multiple
subpopulations of EXOs and avoiding the use of immunoaffinity
beads that are difficult to removed and could interfere with the
subsequent analysis. Moreover, in this study, we demonstrate that it is
also possible to study the amount of a specific protein or lipid present
on the membrane of each subpopulation by injecting a second Ab. As
SPRi is not only able to separate the different EXOs but also to
quantify the adsorbed amount, the results are more reliable than those
obtained with other approaches: it is possible to use the value relative
to the EXO detection to normalize the final result avoiding
uncertainties due to the amount of extracted EXOs (a task notoriously

difficult and characterized by low reproducibility).3!*?
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In the present work, we focused our attention on circulating EXOs
derived from the cells of the CNS, which can provide an overview of
the physiopathological condition related to the CNS directly from an
easily accessible fluid. EXOs were initially prepurified from human
plasma samples by using size exclusion chromatography (SEC)
columns. This approach is much more rapid and easily applicable to
clinical practice compared with ultracentrifugation.33—35 An array of
Abs was then used to separate the subpopulations of vesicles of
different neural origin on distinct positions of the chip surface. Abs
targeting markers of neuronal and glial EXOs were used, as well as
Abs targeting markers considered widespread on EXOs and thus
commonly used as general references. The relative amount of CD81
and GM1 was subsequently measured on the membrane of
immobilized EXOs, providing evidence of their heterogeneous
distribution. The robustness of the whole protocol was then tested by
the analysis of a small number of plasma samples from healthy
volunteers demonstrating the overall feasibility of this approach for

further clinical studies.
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2.2 Experimental section

We have submitted all relevant data of our experiments to the EV-
TRACK knowledgebase (EV-TRACK ID: EV180004).

Sample Collection. Human peripheral blood was collected from five
healthy volunteers in EDTA-treated tubes (BD Vacutainer, Becton
Dickinson). Subjects (<40 years old, 3 females and 2 males) were
enrolled at IRCCS Fondazione Don Carlo Gnocchi Onlus, after
approval by the institutional Ethics Committee. Written informed
consent was obtained from the volunteers in accordance with the
ethical principles of the Declaration of Helsinki. All of the samples
were anonymized, and no information or image could lead to
identification of a study participant. Plasma was obtained after a 10
min centrifugation at 1300g for removing cells and a second 10 min
centrifugation at 18009 for the depletion of platelets. Plasma samples

were apportioned in aliquots and stored at —80 °C until further use.

Exosome Extraction and Characterization. EXOs were isolated
from plasma by SEC using qEV Columns (IZON, gEVoriginal)
following the manufacturer’s instructions (see Supporting Information
for further details). To verify the isolation yield and repeatability of
the gEV columns, protein absorbance at 280 nm and total protein
content were measured. Morphology, physical, and molecular
characterization were performed as described in the Supporting

Information.

SPRi Chip Preparation. In SPRi chip preparation and experiments,
all reagents were purchased from Merck KGaA (Darmstadt, Germany)
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and used without any further purification, if not stated otherwise. SPRi
bare gold chips were purchased from Horiba Scientific SAS (SPRi-
Biochip, Palaiseau, France). Anarray of Abs was conjugated on top of
the SPRi gold chips by using an SPRi-arrayer (Horiba Scientific
SAS).

Prior to the Ab conjugation, the chip surface was cleaned with piranha
solution and rinsed with ultrapure water and ethanol. The surface was
then coated with a self-assembled monolayer (SAM) using ethanolic
solutions of thiolated PEG molecules (ProChimia Surfaces). The SAM
was obtained by using a mixture of HS-C11-EG2-OH (TH 001-
mll.n2) and HS-C11-EG6-COOH (TH 003-mll.n6) in specific
percentages (see Results and Discussion). After 24 h of incubation in
the ethanolic solution of PEGs, the chip was washed with ethanol, and
the carboxylic groups were activated by incubation with an aqueous
solution of EDC 0.2 M and NHS 0.05 M for 15 min.

The spotting procedure for the immobilization of the Abs was done at
about 70% relative humidity at room temperature with a capillary pin
of 0.7 mm spot diameter. The pin was automatically washed with 5
wash cycles of ethanol 10% and air-dried after each spotting step.
Each Ab family was represented by four spots, with 0.9 mm distance
between spots; 6 families of Abs were spotted on the same chip with
the anti-rat 1gG used as negative control (Table 1). The blocking of
the chip was done by dipping the surface ina solution of ethanolamine
1 M, pH 9, for 30 min. Finally, the chip was washed with water, and if
not immediately used in SPRi instrument, it was stored at 4 °C with a
layer of StabilCoat Immunoassay stabilizer for the preservation of the

activity.
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Antibody Manufacturer Clone s?)?t’fi?{:j
ANti-CD9  Affymetrix eBiCOg_'\:';‘A(ZS)N“ 5.0
Anti-CD81 R&D 454720 7.4
Anti-CD171  Affymetrix eBio5G3 (5G3) 7.4
Anti-ephrinB  HansaBioMed Polyclonal 7.4
Anti-PLP1 HansaBioMed Polyclonal 7.4
Anti-rat IgG  Biolegend MRG1-58 7.2
ﬁ;‘g;'bpuhr‘:“ | GeneTex GTX77275 7.4

Table 1. Details about antibodies used for the SPRi array

SPRi Measurements and Data Analysis. SPRi measurements were
performed using XelPleX instrument (Horiba Scientific SAS). Before
every experiment, the instrument was calibrated with the injection of
200 pL of sucrose (3 mg/mL) at 50 pL/min flow rate. Experiments
were performed using HBS-ET as running buffer (1.5 M NaCl, 100
mM HEPES, 30 mM EDTA, Tween 0.5%, pH 7.4). To test the
functionality of the chip, the specific interaction between a-
lactalboumin and its Ab was assessed before each EXO study.

EXO aliquots of 500 puL were then injected in the SPRi flow chamber
with a flow rate of 10 pL/min and by adding one recycling step (i.e.,
additional and consecutive injection of the same injected volume in
the flow cell). Finally, 200 pL of 200 nM solution of secondary Abs
(anti-CD81 and anti-ganglioside GM1, AbCam), were injected at 25
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ul/min (with 2 recycling steps) to characterize the surface of the
immobilized EXOs. The SPRIi signals of each injection were collected
and analyzed by using EzSuite software and OriginLab. Sensorgrams
were corrected by subtracting the signal related to anti-rat 1gG Abs

spotted in parallel on the surface.
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2.3 Results and discussion

Isolation and Characterization of Exosomes. Human EXOs were
preisolated from plasma to reduce the risk of protein complex
formation and vesicle aggregation during SPRi experiments. Among
the different approaches that could be used for the isolation of EXOs,
SEC was chosen to obtain vesicles in a rapid and reproducible way
from a limited amount of plasma (500 pL). Moreover, this approach
avoids the use of purification reagents (i.e., PEGs or other polymers)
present in the most common extraction Kits thus limiting
contaminations or artifacts.>”*® Thanks to this approach, we managed
to reduce the sample preparation time to about 30 min, a time that is
compatible with the clinical workflow. On the other hand, the main
limitations of SEC approaches can be the copurification of a small
amount of free proteins in the sample and the relatively low yield. The
first limitation is here negligible due to the specificity of the SPRi Ab-
based approach for the recognition and immobilization of EXOs. On
the contrary, the selection of just a small portion of the total number of
plasma EXOs could introduce a sampling issue in the analysis that
would result in inaccurate biological results. SEC fractions were
analyzed by UV—vis spectroscopy and BCA assay in order to select
the largest and cleanest possible amount of EXOs from the clinical
samples. According to the results of these experiments (Figure S-
1A,B,C), fractions from 7 to 11 were selected and used for the
following EXO characterization steps and SPRi analyses.

EXOs were characterized according to ISEV guidelines for the
minimal experimental requirements for definition of extracellular

vesicles.®® TEM images acquired on the fractions of our interest
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confirmed the presence of vesicles with EXO typical morphology and
size range (Figure 1A). Dimensions and concentration of the purified
EXOs were tested by nanoparticle tracking analysis (NanoSight).
Results were in accordance with previous reports from literature with
a mean size of about 150 nm and a concentration of approximately 1.5
x 10° particles/mL (Figure 1B).*°*! Western blot analysis was used to
demonstrate the presence of some of the main markers of EXOs such
as flotillin-1 and CD81 in our samples (Figure 1C).

Moreover, the purity of EXOs was determined by using a recently
developed nanoplasmonic assay based on the use of gold
nanoparticles.*> Our results (Figure S-2) confirmed that plasmatic
EXOs obtained by SEC are almost as pure as the commercially
available ones that were used as reference, with an aggregation index
Al% (Al = A520/A650) of 13.1% (calculated with regard to the peak
of water dispersed nanoparticles), which is indicative of a good level

of purity of the sample.
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Figure 1. EXO characterization by transmission electron microscopy (TEM),
Nanoparticle tracking analysis (NTA), and Western blot. (A) TEM image of EXOs
collected from fractions 7to 11 in PBS. Bar = 200 nm; (B) size distribution of EXOs
as measured by NTA (mean size = 150 nm); (C) immunoblotting with Abs against
exosomal proteins flotillin-1 (Flot 1) and CD81. EXOs purchased from
HansaBioMed (EXO std) were used as positive control.
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Surface Chemistry and Antibody Conjugation. The reliable
detection of EXOs by SPRIi is subsequent to the careful preparation of
an appropriate surface chemistry that makes it possible (i) to stably
immobilize active Abs in a repeatable way on the surface and (ii) to
reduce the unspecific binding of the vesicles on the gold layer. A
mixed layer of PEG molecules was used to cover the gold surface.
Thence, to find the best Ab conjugation protocol, the anti-CD171 Ab
was immobilized on the chip surface by different approaches: (1)
streptavidin conjugation by using biotinylated anti-CD171; (2)
protein-A oriented conjugation; (3) EDC/NHS coupling. As
summarized in Figure 2A, the EDC/NHS coupling gave the best
results.

The streptavidin-based approach produced scarce signal and
unspecific adsorption of EXOs on the chip. Both EDC coupling and
protein-A approaches are characterized by good specificity, but EDC
coupling provides higher SPRi signal, probably due to a higher
amount of Ab on the surface, as suggested by the difference shown in
the plasmonic curves after the spotting procedures (Figure S-3).

Once EDC/NHS coupling was chosen, other parameters such as the
density and the length of the carboxylated PEGs in the mixed
monolayers were tested. We found that the signal increased with the
density of the carboxylated PEG used, from 5% to 20% (Figure 2B).
The use ofa long carboxylated PEG, in contrast, affects negatively the
performance of the assay (Figure 2C). To prepare the array of Abs
targeting general exosomal makers (anti-CD9 and anti-CD81) as well
as markers of EXOs released by cell types present in the CNS (anti-

43-45

CD171 and anti-ephrinB specific for neurons, anti-PLP1 specific
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for oligodendrocytes*®), a screening of several clones was performed
(data not shown), and we studied also the best pH to be used in the
spotting procedure (Figure S-4). Table 1 summarizes the Abs that
were finally selected for the study and the pH used for spotting.
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Figure 2. Intensities of SPRi signals at the end of EXO injection (340 pL of 15
pg/mL protein content, 10 ul/min) measured for the anti-CD171 family (A) on
different SPRi chips prepared with streptavidin—biotin chemistry, protein A
chemistry, or direct conjugation, which is here called EDC/NHS, using 20% of the
carboxy lated PEG of MW 500 (error bars indicate standard deviation of 2 chips for
each strategy adopted), (B) on three different SPRi chips prepared with direct
conjugation using 5%, 12.5%, or 20% of the carboxylated PEG of MW 500 (error
bars indicate standard deviation of four spots on the same chip) and (C) on 2
different SPRi chips prepared with direct conjugation using carboxylated PEG of
MW 500 (PEG500) or MW 2000 (PEG2000) both at 5% (the error bars indicate
standard deviation of four spots on the same chip).

Specific Detection of Multiple Subpopulations of Plasma
Exosomes. EXOs extracted from plasma contain a mixture of vesicles
coming from virtually any cell present in the organism. The SPRi chip
was used to simultaneously detect multiple subpopulations of EXOs
dispersed in plasma with a special focus on the vesicles released by
the CNS. Before the injection, EXOs were diluted in HSB-ET buffer
used as running buffer in all experiments. Sensorgrams reported in

Figure 3 show the signals related to the adsorption of EXOs in
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correspondence to three Abs chosen to select different membrane
biomarkers (anti-CD9, anti-CD171, and anti-CD81). In contrast, no
signal comes from the respective negative controls, as demonstrated
also by the corresponding chip CCD differential images. Differences
in the signals are related to the amount of EXOs in the sample but also
to the association and dissociation rates of the selected Abs and to

their density on the chip surface.
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Figure 3. SPRi sensorgram of injection of 500 pL of EXOs (15 pg/mL of total
protein content) at 10 pL/min with 1 recycling step. The signal of each family is the
average of four spots after the subtraction of the signals from a family of negative
control (IgG) spotted in parallel on the same chip. The SPRi signal on a second
family of the same 1gG is shown in black. The CCD differential image (reflectivity
variation) of the SPRi chip acquired during the EXO detection phase at equilibrium
is shown beside the sensorgram.

The sensitivity of the assay was tested by injecting progressively
increasing concentrations of EXOs diluted in running buffer. The

resulting calibration curve shown in Figure 4A demonstrates a
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detection limit of around 1 pug/mL of the total amount of protein
measured by BCA assay, which is in line with the best ELISA based
approaches available on the market.*” While it is not immediately
possible to translate the sensitivity of this kind of assay to the amount
of the target protein, it is worth noting that the detection of molecules
present on EXO membranes can be achieved thanks to the
enhancement of the signal due to the relative high molecular weight of
the whole vesicles. In fact, SPRi signals are proportional to the
adsorbed amount of material during the measurement; the EXO
membrane effectively increases the local molecular mass adsorbed on
the chip. This means that the presence of unbound proteins
contaminating the sample does not affect the analysis, as their
molecular mass is vastly lower. This intrinsic enhancing mechanism
gives SPRi a higher specificity in the detection of EXOs toward other
immune based approaches.

To demonstrate that the signal observed was due to the detection of
EXOs and not of solubilized membrane molecules, we injected a
sample of lysed EXOs, prepared as for the immunoblotting
experiments, where their typical structure was destroyed. Figure 4B
shows the intensity of the signal collected on the anti-CD9 spots after
the injection of either the lysed or the intact wvesicles. This
demonstrates that proteins alone are not able to produce a relevant
SPRisignal.
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Figure 4. (A) Calibration curve obtained by injecting different amounts of EXOs.
The SPRi signal corresponds to the signal related to anti-CD9 Abs corrected using
the signal related to the negative control. The amount expressed in pg/mL is the total
protein content measure by BCA assay. (B) Comparison between the intensities of
SPRi signal after the injection of lysed EXOs and the injection of intact EXOs,
collected on anti-CD9 Abs. Error bars indicate standard deviations of four spots on
the same chip.

Multiplexing ldentification of Membrane Specific Molecules on
CNS-Derived Exosomes. The label-free detection of EXOs by SPRIi
allows the use ofa single Ab conjugated on the surface of the chip and
does not require the typical sandwich configuration of other ELISA
assays. This feature leaves much of the surface of vesicles available
for their further characterization. Hence, the relative abundance of a
membrane component can be simultaneously evaluated on different
EXO subpopulations taking into account the amount of captured
EXOs on the different positions of the chip.

To confirm that what stops on spotted Abs after the injection of SEC

eluted fractions were EXOs and to verify the possibility to
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characterize them once immobilized on the chip with a second Ab, we
injected an unconjugated monoclonal Ab specific for a typical
exosomal transmembrane marker, CD81. The spots where EXOs were
supposed to be present revealed a further increase in the SPRi signal.

Figure 5 shows the adsorption of plasma EXOs onto anti-CD171
spotted on the chip surface and the consecutive interaction of injected
anti-CD81 Ab on the membrane of immobilized vesicles. This result
confirmed the feasibility of SPRi to study interactions between EXOs
and other molecules thanks to vesicle dimensions (40—150 nm) that
remain within the range scanned by the instrument. From the
biological point of view, this graph confirmed that the materials
absorbed on the anti-CD171 Abs are EXOs as they carry the CD81

marker.
] ——anti-cD171
254 ——Neg ctrl
anti-CD81
2.0 l
?
g 154
2
D 104
w
&
0.5
w
N
0.0 "
B 1 S —
0 2000 4000 6000 8000 10000 12000

time (s)

Figure 5. SPRi signal collected on anti-CD171 Ab during the injection of 500 uL of
EXOs (20 pg/mL of total protein content at 10 ul/min) and 200 pL of anti-CD81
(200 nM at 25 ul/min). The signal is the average of four spots after the subtraction
of the signals from the negative control (IgG) spotted in parallel on the same chip.
The SPRisignal on another IgG is shown in black.
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One of the main advantages of the SPRi-based biosensor is the
opportunity to perform simultaneously the detection and
characterization of multiple markers (and thus subpopulations of
EXOs) vastly reducing the amount of sample and the time required for
the analysis.

We thus evaluated the feasibility of performing a multiplexing
experiment using an Ab-array specific for CNS related markers
(CD171, EphrinB, PLP1). Our data demonstrate that the brain-derived
EXO subpopulations circulating in the bloodstream, in particular those
from neurons and oligodendrocytes, can be successfully isolated on
distinct spots on the surface (Figure 6A). The specificity of the
biomarkers chosen to detect the neural EXOs was verified by injecting
the corresponding Abs after the EXO suspension and analyzing the
SPRi signals related to the possible interaction of the injected
antibodies with the EXOs adsorbed on the chip (Figure S-5). In
addition, we were able to further characterize immobilized vesicles by
means of the injection of an Ab targeting CD81 and of an Ab against
ganglioside GM1, performed in sequence. Figure S-6 shows the
sensorgrams of this experiment for each Ab family analyzed. As
expected, SPRi was able to quantify the relative amounts of CD81 and
GM1 showing that EXOs have a different composition according to
their cellular origin (Figure 6B,D). Moreover, the possibility to
quantify the amount of EXOs captured on the surface also allows a
normalization of the data allowing a more precise profiling of the
subpopulations (Figure 6C,E). For this purpose, the signal related to
the injection of anti-CD81 or anti-GM1 is divided by the signal
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intensity related to the amount of EXOs previously immobilized on
the surface (Figure S-6), allowing comparison of all subpopulations.
Our multiplexing approach allowed analysis of the relative presence
of CD81 on each family of EXOs detected. Interestingly, even if
CD81 is commonly considered a general marker of EXOs, we
demonstrated that it is not homogeneously expressed in CD9, CD171,
PLP1, and ephrinB positive vesicles, as shown in Figure 6C. EXOs
expressing CD171 are richer in CD81 on their membranes than CD9-
positive vesicles. Indeed, although some proteins were conventionally
identified as useful general markers for EXO definition, recent studies
have exposed the fact that these markers can exhibit diverse
abundance according to their originating cell type.*®

Similarly, our results showed that GM1 was more abundant on the
membrane of CD171 and PLP1 positive EXOs, reflecting their
neuronal and oligodendrocyte origin, respectively. More precisely,
normalized data clearly show that PLP1 positive EXOs are richer in
the amount of ganglioside GM1 in comparison with the generic EXOs
(CD9 positive) and also with the neuronal ones selected with anti-
CD171 and antiephrinB (Figure 6E). Although both anti-CD171 and
anti-ephrinB were chosen for the selection of neuronal EXOs, our
SPRi array was not able to capture a relevant amount of ephrinB-
positive EXOs, as is visible also in Figure S-6. Our data are in line
with the current controversy about a valid and shared marker for
neuronal EXOs.*® Indeed, several studies have addressed the aim of
identifying a robust marker for EXOs released by neurons; still no
consensus has been found. CD171 is one of the most commonly used

neuronal markers for EXOs, studied in both in vitro and in vivo
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studies like those devoted to the investigation of AD, PD, and MS
pathogenesis. 1*3% However, its concomitant expression on the
membrane of cells from other organs (i.e., kidney,*® immune

system,51'52

and epithelial cells of the urogenital tract and intestine®)
might explain its higher binding to EXOs in our SPRi approach
compared to ephrinB. In contrast, the latter is a neuronal marker
expressed on the membranes of excitatory or inhibitory neurons in the
neocortex able to regulate cell migration,®® and its higher specificity
may account for the smaller proportion of ephrinB-positive EXOs

detected on the SPRi array compared to CD171 positive ones.
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Figure 6. (A) Sensorgram related to the injection of 500 pL of EXOs (20 ug/mL of
total protein content) at 10 uL/min on a SPRi chip with spots of anti-PLP1 (marker
of oligodendrocytes), anti-CD171 and anti-ephrinB (neuronal markers), and anti-
CD9 (marker of generic EXOs). Each curve represents the average of four spots
after the subtraction of the signals from a family of negative control (IgG) spotted in
parallel on the same chip. The SPRi signal on a second family of the same IgG is
shown in black. (B, C) Intensity of SPRi signal after the injection of anti-CD81 (200
pL, 25 uL/min) before and after being normalized for the amount of EXOs detected
on each family of Ab. (D, E) Intensity of SPRi signal after the injection of anti-GM 1
before and after being normalized for the amount of EXOs detected on each family
of Ab. The values of intensities were calculated by performing a linear or
polynomial fitting of the curves in order to consider the dissociation rate of each
interaction. Error bars indicate standard deviations of four spots on the same chip.
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Beyond this, our data related to the other spotted Abs are in agreement
with the well-known presence of the phospholipid family of
glycosphingolipids in neuronal and glial membranes, which have been
proposed to have a biological role in the pathogenesis of
neurodegenerative diseases. For example, GM1 was shown to favor
the aggregation of AB in AD.>**® In particular GM1 was the first
ganglioside to be found directly and tightly bound to AB peptides®®
and from that discovery on, several studies confirmed the involvement
of GMI in AP aggregation.®’ In the study of the pathogenesis of PD,
gangliosides were found to be able to accelerate the process of a-
synuclein aggregation in neurons contributing to the spread of the
disease.'® Moreover, in MS lesions the ganglioside expression on
oligodendrocytes and in general on glial cell subpopulations is higher
than in normal CNS, showing their involvement in this demyelinating

disease.>®

Repeatability of the SPRi Approach on Exosomes from Different
Plasma Samples. In order to evaluate the efficacy of the SPRi
biosensor for EXO detection and characterization and the potential for
use in clinical studies, we tested the repeatability of our method by
analyzing vesicles extracted from five young healthy subjects with
five distinct SPRi chips prepared in the same way. The analysis of this
little and homogeneous cohort was intended to verify the efficacy of
the proposed method, from the preparation of the sample to the data
analysis, and the possibility to detect all the EXO subfamilies in all of
the samples. We determined that the normalized intensities of the

SPRi signals related to the injections of anti-CD81 and anti-GML1 are
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in the same order of magnitude for all of the subjects (Figure 7). Our

experiments confirm that EXOs can be detected and characterized by

a SPRi approach, creating solid foundations for a following

comparative analysis between healthy donors and selected patients.
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Figure 7. SPRi intensities related to the injections of 200 pL of anti-CD81 and 200
puL of anti-GM1 in sequence (normalized for the amount of EXOs previously
detected on the chip) for EXOs derived from blood plasma of five healthy subjects.
Error bars indicate standard deviations of four spots on the same chip.
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2.4 Conclusion

In this work, we developed an Ab-array based on SPRi for the
isolation and in situ characterization of multiple EXO subpopulations
of neural origin directly from plasma. We demonstrated that this label-
free technology is a suitable method for clinical studies, as it can
precisely quantify multiple membrane components of EXOs starting
from a limited amount of human plasma (500 pL) and by using
commercially available reagents and instrumentation. The array
preparation was optimized for the identification of circulating EXOs
released from neurons and oligodendrocytes, reaching a level of
sensitivity and specificity matching the traditionally used ELISA
method but with the inherent possibility to simultaneously analyze
multiple subpopulations.

The herein reported SPRi-based biosensor represents an innovative
and practical approach that allows the assessment of different amounts
of specific membrane markers by simply injecting the Abs of interest
in sequence on multiple EXO subpopulations. Indeed, the
discrimination and the characterization of different brain-derived
EXOs directly from human plasma represent an important step toward
the use of circulating EXOs for the noninvasive diagnosis and
monitoring of neurodegenerative and other CNS diseases. Considering
that the SPRi assay could be created by spotting all kinds of Abs, this
approach can be optimized and adapted for the characterization of
EXOs derived from other somatic cell types, including astrocytes and
microglia. Future studies will be focused on the analysis of other
clinically relevant molecules present on or interacting with the EXO
membranes that could be involved in specific pathological processes.
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2.5 Supporting Information

Abstract

In this supporting information we provide the description of the
protocols of the EXOs isolation and characterization by Transmission
Electron Microscopy, Nanoparticle Tracking Analysis, western blot
and by using the colorimetric test for exosomes purity.

Then, we provide the data regarding the EXOs characterization in
terms of the total protein content (absorbance at 280 nm and BCA
assay, Figure S-1) and in terms of sample purity (by using the
nanoplasmonic assay, Figure S-2 ). In these experiments we have to
consider that during SEC isolation, proteins start being collected only
after that most vesicles have already been eluted, since the EXOs
elution under these experimental conditions occurs from fraction 7, as
reported by Boing et al (J. Extracell. Vesicles, 2014). From these data
we were able to select the largest and cleanest possible amount of
EXOs from the clinical sample.

Moreover, we show the plasmonic curves of SPRi chips obtained after
the immobilization of anti-CD171 antibody (Figure S-3) and the
comparison between SPRi signals collected by using different pH for
the solution of the antibodies to be spotted (Figure S-4); these are
supporting data that we considered for the optimization of the
preparation of the SPRi array of antibodies of our interest. We also
verified a good level of specificity of anti-CD171 and anti-PLP1
antibodies as markers of CNS cell types (Figure S-5).

In the end, the whole sensograms related to the injections of

exosomes, anti-CD81 and anti-GM1 in sequence are here reported for
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each exosome subpopulations immobilized on the same SPRi chip
(Figure S-6).

2.5.1 Experimental section

EXOs isolation and characterization:

EXOs isolation. Prior to isolating vesicles, plasma samples were
thawed and centrifuged at 10,000g for 10 minutes at 4°C to remove
any free-thaw aggregates. Subsequently, EXOs were isolated by SEC
using gEV Columns (IZON, qgEVoriginal) following the
manufacturer’s instructions. Briefly, columns were firstly rinsed with
10 ml of freshly prepared phosphate-buffered saline (PBS) solution
filtered through a 0.22 pm filter. Afterwards, 500 ul of clarified
plasma were loaded onto the column and PBS was added as the
eluent. Twenty-three fractions of 500 pl were collected.

To verify the isolation yield and repeatability of the gEV columns,
protein absorbance at 280 nm (NanoDrop 2000c, Thermo Scientific)
was measured on all the collected fractions, and the total protein
content was more precisely quantified for the fractions containing
EXOs (from 7 to 11) by BCA protein assay kit (Pierce BCA assay Kit,
Thermo Scientific, Waltham, MA, USA).

Transmission electron microscopy (TEM). The morphology of the
isolated vesicles was assessed by TEM analysis. 5 pl of freshly
isolated EXOs were absorbed on Formvar carbon-coated grids for 10
minutes and then negatively stained with 2% uranyl acetate in aqueous
suspension for 10 minutes. Filter paper was used to remove the excess

of uranyl. After having dried the grids, the sample was analyzed with
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a transmission electron microscope (Leo 812AB, Zeiss, Oberkochen,
Germany) at 80 kV.

Nanoparticle Tracking Analysis (NTA). The size and concentration
of the isolated EXOs were measured by Nanoparticle Tracking
Analysis using a NanoSight NS300 Instrument (Malvern) with flow-
cell top-plate. The sample solution was homogenized by vortexing and
followed by serial dilutions to a final of 1:5,000. The analysis was

conducted for 60 seconds in triplicate.

Western Blot. For immunoblotting experiments, the samples were
lysed in RIPA buffer in the presence of protease inhibitors, sonicated
in a water bath 3 times for 5 minutes and centrifuged for 20 minutes at
12,0009, following the protocol of Lasser et al (J. Vis. Exp. JOVE,
2012). Lysed EXOs were treated with SDS-PAGE Sample Prep Kit
(Thermo Scientific) to remove eventual interfering chemicals. Proteins
(15 pg per well) were separated by gel electrophoresis and transferred
on a nitrocellulose membrane. Immunoblotting was performed at 4°C
overnight using anti-flotillin-1 (BD Transduction Laboratories™, San
Jose, CA, USA) and anti-CD81 (clone 1.3.3.22, Thermo Scientific)
Abs. The secondary HRP conjugated Ab used was goat anti-mouse
(Thermo Scientific). EXOs standards purchased by HansaBioMed
(HBM-PES-100/4) were used as control in all experiments.

Colorimetric test of exosomes purity. The purity of the fractions
containing EXOs was determined through a colorimetric
nanoplasmonic assay developed by Maiolo and co-workers (Anal.
Chem., 2015). Briefly, EXOs were incubated with gold spherical
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nanoparticles (6 nM) for 30 minutes; the solution color changes and
the calculated aggregation index (ratio between the LSPR absorption

peak at 520 and 650 nm) are indicative of the purity level of the
sample.

2.5.2 Figures
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Figure S-1. (A) Absorbance at 280 nm of each fraction (from 1st to 23rd)
collected by size-exclusion chromatography with an Izon gEV column. The volume
of each fraction is about 500 pl. Results showed that the elution of contaminant
proteins is slow and starts predominantly just after the 12-13th fraction. (B)
Quantification of total protein content for fractions 7, 8, 9, 10 and 11 by using the
BCA assay. Error bars indicate standard deviation of two different replicates. This
accurate quantification showed that fractions 7 to 9 contain very little amount of
proteins, with just a small increment in fractions 10 and 11 (Figure S-1B). (C) The
reproducibility and the yield of the isolation were verified by the quantification of
the total protein content measured by BCA assay of fractions 7, 8 and 9 obtained
from three different plasma samples in comparison to the nominal value from the
gEV column supplier (Figure S-1C).
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Figure S-2. Nanoplasmonic and colorimetric assay of fractions 7-11 and
exosomes purchased from HansaBioMed (Exo std). (A) UV spectra of aqueous
dispersion of nanoparticles 6nM (red), nanoparticles dispersed in 10 mM PBS
(blue), nanoparticles with plasmatic exosomes obtained from SEC - fractions from 7
to 11 - (gray) and nanoparticles with exosomes from HansaBioMed (green). (B)

Aggregation index (Al%) of each sample. Error bars indicate standard deviation of
two different replicates.
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Figure S-3. Plasmonic curves related to the spots of anti CD171 and the negative
control (IgG) conjugated on the chip by streptavidin-biotin chemistry, protein A and
direct conjugation (EDC/NHS), just after the antibody immobilization. The bigger
shift between the anti-CD171 spots and the negative control present in the
EDC/NHS chip respect to the others is indicative of the higher amount of antibody
immobilized on the surface.
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Figure S-5. SPRi intensities related to the injections of 200 pl of anti-CD171 (A)
and 200 pl anti-PLP1 (B) in sequence, normalized for the amount of EXOs
previously detected on the chip according to the expression on their membranes of
CD9, CD171, ephrinB and PLP1. Anti-CD171 and Anti-PLP1 interact with a good
specificity with CD171-positive exosomes and PLP1-positive exosomes,
respectively. Error bars indicate standard deviations of four spots on the same chip.
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Abstract

Here we describe a simple approach for the simultaneous detection of
multiple microRNAs (miRNAs) using a single nanostructured reagent
as surface plasmon resonance imaging (SPRi) enhancer and without
using enzymatic reactions, sequence specific enhancers or multiple
enhancing steps as normally reported in similar studies. The strategy
involves the preparation and optimisation of neutravidin-coated gold
nanospheres (nGNSs) functionalised with a previously biotinylated
antibody (Ab) against DNA/RNA hybrids. The Ab guarantees the
recognition of any miRNA sequence adsorbed on a surface properly
functionalised with different DNA probes; at the same time, gold
nanoparticles permit to detect this interaction, thus producing enough
SPRi signal even at a low ligand concentration. After a careful
optimisation of the nanoenhancer and after its characterisation, the
final assay allowed the simultaneous detection of four miRNAs with a
limit of detection (LOD) of up to 0.5 pM (equal to 275 attomoles in
500 puL) by performing a single enhancing injection. The proposed
strategy shows good signal specificity and permits to discriminate
wild-type, single- and triple- mutated sequences much better than non-
enhanced SPRi. Finally, the method works properly in complex
samples (total RNA extracted from blood) as demonstrated by the
detection of four miRNAs potentially related to multiple sclerosis
used as case study. This proof-of-concept study confirms that the
approach provides the possibility to detect a theoretically unlimited
number of miIRNAs using a simple protocol and an easily prepared
enhancing reagent, and may further facilitate the development of

affordable multiplexing miRNA screening for clinical purposes.
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Abbreviations

Ab
C12E5
CCD
DEPC
EDC
GNSs
ICP-AES
LOD
miRN A
MS
NGNSs
NHS
NP

oD
RT-PCR
SAM
SPR
SPRi
SSC3
TCEP

Antibody
Pentaethylene glycol monododecyl ether
Charge-coupled device
Diethyl pyrocarbonate
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Gold nanospheres
Inductively coupled plasma atomic emission spectroscopy
Limit of detection
MicroRNA
Multiple sclerosis
Neutravidin-coated gold nanospheres
N-Hydroxysuccinimide
Nanoparticle
Optical density
Real-time PCR
Self-assembled monolayer
Surface plasmon resonance
Surface plasmon resonance imaging
Saline-sodium citrate

Tris(2-carboxyethyl) phosphine
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3.1 Introduction

The small size, low concentrations, various abundances and sequence
similarity of microRNAs (miRNAs) make them challenging to detect
and mean that, unlike the quantification of mMRNA (i.e. gene
expression measurements) for which existing analytical approaches
satisfy most standard analytical and practical requirements, the
methods of profiling and quantifying miRNAs are still to be
improved. The currently used platforms, most of which are based on
quantitative polymerase chain reaction (PCR), deep sequencing and
microarrays, do not always combine good analytical performance
(sensitivity, specificity and multiplexing capacity) with sufficient
usability (high-throughput power, simplified workflows and cost-
effectiveness)®>. This is one reason why, despite the potential use of
miRNAs as circulating stable diagnostic markers or predictive
markers of disease progression, they have not yet been screened in
large patient cohorts thus probably delaying their introduction into
clinical practice. There is therefore a need to develop new and
technologically improved analytical approaches.

Much has recently been done in this direction and, among the
promising new approaches based on optical, electrochemical and
nanotechnological strategies (reviewed in *°), surface plasmon
resonance (SPR) has made a large contribution to the field of miRNA
detection”®. The relevance of SPR to DNA and RNA detection is
mainly based on the direct capture of label-free signals arising from
the simple adsorption of target molecules onto complementary probes,
but the low molecular weight of miRNAs and their very small

concentration in clinical samples require SPR enhancements. The
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pioneering SPR-based method of mIRNA detection using a signal
enhancer was described by Corn et al, who demonstrated the
detection of miRNA after coupling gold nanoparticles (NPs) and
enzymatic reactions'®. One type of further coming enhancement
strategies developed with the aim of improving and simplifying
miRN A detection is based on sequencesandwich (or super-sandwich)
approaches to couple miRNA targets with enhancers based on Au
NPst2  grapheme oxide-Au NPs!3, streptavidin'* ormultiple
amplification steps using both Au and Ag NPs™. Even if these
strategies may permit high sensitivity, some sequence-sandwich
approaches imply the partial hybridisation of the miRN A target with a
first semi-probe immobilised on the SPR chip, thus potentially
reducing hybridisation efficiency and specificity given the shortness
of mIRNA (and DNA probes) sequences. In addition, sequence-
sandwich strategies may require the use of as many sequence-specific
regents as the number of miRNAs to be detected, or may require
multiple enhancing steps, thus reducing multianalyte determination
and practicality. Alternative solutions are enhancers able to recognise
the presence of mMIRN A targets onto an array in a sequencesandwich-
free manner. For example, anti-DNA/RNA hybrid antibodies'® and
protein p19'’ have been used as SPR signal enhancers reporting
sensitivity above pM. Alternatively, the use of hairpin structure may
be also a convenient approach®®*8. Other strategies are those based on
specific enzymes (such as ligase'®, polymerase!® and nuclease®®) able
to discriminate the presence of mMiIRNA molecules in order to produce
a detectable signal cascade. But enzymatic reactions coupled with

SPR approaches may be limited by specific enzymatic reaction
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conditions, long reaction time, reproducibility biases and elevated
costs.

The aim of this study is to develop a single universal SPR enhancer
capable of simultaneously detecting multiple miRNAs with sensitivity
below pM and without the use of enzymatic reactions, sandwich
strategies, partial sequences hybridisation steps, multiple reagents or
multiple enhancing steps. To this end, and as shown in Fig. 1, we
combined (1) the universal sequence-independent recognition of
miRN A thanks to the use of an Ab against all DNA/RNA hybrids, (2)
the SPR-enhancing properties of gold NPs properly functionalised
with the mentioned Ab and (3) the use of a SPR imaging (SPRI)
instrumentation (reviewed by Scarano et al.®) that offers the capability
to simultaneously detect in real-time multiple (potentially hundreds)
molecular interactions in a multiarray format. The commercially
available Ab used here recognises DNA/RNA hybrids without
sequence specificity and is similar to the S9.6 Ab previously used for
microarray-based®*, SPR-based'® and graphene/ composite electrode-
based methods of miRNA detection?’. As far as we know, anti-
DNA/RNA Abs have never been conjugated with gold nanospheres
(GNSs) for enhanced SPR based strategies. Passing through careful
protocol optimization and deep characterisation steps, anti-DNA/RNA
Abs were conjugated with GNS using simple biotin/avidin strategy
and the new nanoenhancer was tested by means of commercial, high-
throughput and fully automated SPRi.

Multiple sclerosis (MS), a highly heterogeneous, chronic and immune-
mediated demyelinating disease?®, was used as case study. On the

basis of the most recent guidelines, a clinical evaluation and magnetic
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resonance imaging (MRI) are still the only available means of staging
and monitoring MS®*. Some blood MS biomarkers have been
proposed, but none of them has been clinically implemented for
diagnostic, sub-typing or staging purposes?®. Some miRNAs have
been also reported as promising MS markers according to what

26-30 and by relevant reviews®*?, but these

reported by several studies
still need to be validated in large patient cohorts, and further MS-
related miRNAs may be discovered by means of multiple miRNA
studies. MS is therefore a paradigmatic example of diseases for which
the development of efficient and versatile multiplexing miRNA
detection methods may help patient care. On the basis of these
premises, we tested our enzyme-free universal SPRi enhancer to
detect multiple MS-related miRNAs on total RNA extracted from

blood, which is the standard sample used for miRNA detection.

Universal nano-
enhancer preparation

NPs /
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Fig. 1 Schematic representation of the strategy used for the simple and simultaneous
detection of multiple miRNAs using the same nanoenhancer
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3.2 Materials and methods

Materials

The reagents used in this study were purchased from Merck KGaA,
Darmstadt, Germany, unless otherwise specified. Diethyl
pyrocarbonate (DEPC)-treated RNase- and DNasefree water was used
to prepare the thiol-modified DNA and RNA solutions. The
oligonucleotide sequences (Eurofins Genomics, Germany) were
purified by means of highperformance liquid chromatography (HPLC)
by the manufacturer and the thiol-modified sequences were reduced
with tris(2-carboxyethyl) phosphine (TCEP) before use (see details

in the Electronic Supplementary Material (ESM)). All of the
oligonucleotide sequences are shown in Table S1 (see ESM). The

iodine-125 radionuclide was purchased from PerkinElmer, Spain.

GNS synthesis and conjugation with neutravidin

GNSs of 14 nm with maximum optical density (OD) at 520 nm were
synthesised using the citrate-based approach as previously described
excepting for the order of the addition of reagents which is here
inverted®® (ESM Fig. S1). Three hundred millilitres of ultrapure water
was brought to the boil, after which 12 mL of sodium citrate 50 mM
was added and stirred for 15 min; subsequently, 2.5 mL of
tetrachloroauric acid (HAuCIl;*3H,0) 20 mM was added and the
solution was stirred under boiling conditions for ~ 1 h in order to
obtain monodispersed GNS characterised by an intense red colour.
Finally, the solution was slowly cooled to room temperature under
stirring for 2 h. Bare GNSs were coated with alpha-(11-mercapto-
undecanoylamido)-omega-carboxy dodeca(ethylene glycol) (HS-FA-
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PEG-COOH) (818 Da) using a protocol previously reported®*. Briefly,
10 nM (see “nGNS characterization” below for GNS quantification)
of GNSs were mixed with 0.028% sodium dodecyl sulphate and 20
uM HSFA-PEG-COOH. NaOH was further added to a final
concentration of 25 mMand the mixture was incubated in agitation for
16 h at room temperature. The excess PEG chains were removed by
centrifugation at 14,000xg for 30 min at 4 °C and the supernatant was
discarded. This washing process was repeated three times and the
pellet with GNSs was resuspended in ultrapure water and stored at
4 °C. The bare GNSs were then stored at 4 °C, a temperature at which
they remain stable for several months if protected from direct light.
Before beginning the conjugation with neutravidin, the GNSs were
concentrated by centrifuging 1 mL of GNS (0.5 OD) at 14,000xg for
20 min and resuspended in 250 pL of water. A mixture of 60 pL 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC 10 mM), 12 uL
sulfo-N-hydroxysuccinimide (sulfo-NHS 10 mM) and 48 uL of water
was added to the vial containing the 250 uL of GNS immediately after
its preparation, and the suspension was gently stirred for 15 min. The
GNSs were then centrifuged at 14,000xg for 20 min and resuspended
in 880 pL of phosphate buffer, pH 5.2 (1 mM). Thereafter, different
amounts (0, 2, 4, 6, 10, 15, 20 uL) of neutravidin (Thermo Fisher
Scientific, Waltham, MA, USA, product nr. 31000) solution 280 pg
mL? were added to different GNS solutions (reaching final
neutravidin concentration from 0 to 104 nM) in order to screen the
best amount of neutravidin, finally defined as 6 M1 (32 nM) (see ESM
Fig. S1A). Each suspension was then gently stirred for 20 min.
Subsequently, 160 pL of taurine 100 mM in sodium borate buffer (100
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mM, pH 9) was added, and the suspension was gently stirred for 10
min. The neutravidin GNSs (nGNSs) were centrifuged at 12,000xg for
20 min and resuspended in 10 mM phosphate buffer saline (PBS) 10
mM pH 7.4. The conjugation of the GNS and neutravidin was
followed by gel electrophoresis and also wverified by means of
ultraviolet-visible (UV-vis) spectroscopy. For gel electrophoresis
experiments, nGNSs were resuspended in 20 pL of sucrose 20 mg
mL?, instead of buffer, loaded onto 0.6% agarose gel, and the
electrophoretic run was held for 30 min at 225V in TBE 0.5X, pH 8.

NGNS characte risation

The transmission electron microscopy (TEM) images for nGNS
characterisation were collected using an FEI Tecnai T20 (FEI Europe,
Eindhoven, The Netherlands) working at 200 kV. ImageJ software
was used to measure the mean diameter of the nGNSs. For elemental
analysis, the samples were evaluated by means of inductively coupled
plasma atomic emission spectroscopy (ICP-AES) using an Optima
8300 (PerkinElmer, MA, USA). By correlating the absorbance at 450
nm revealed by means of UV-vis spectroscopy with the Au
concentration measured by means of the ICP-AES analysis, it was
possible to obtain a conversion factor (¢) of 12.6 mL mg mL™ cm™*
for GNSs at 450 nm. The use of absorbance at 450 nm, instead of the
maximum adsorption wavelength, for GNS quantification, permits to
obtain more reproducible results. Assuming that the GNSs were
spherical and using the diameter measured by means of TEM, the
density of Au fcc (19.3 g cm®), the Avogadro number and the
theoretical molecular weight (MW) of GNSs was calculated (1.67 x
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10" g mol'™?). These data were used to calculate the protein: GNS

molecular ratio and for radiolabelling experiments.

NGNS functionalisation with anti-DNA/RNA hybrid Ab

The monoclonal anti-DNA/RNA hybrid Ab (Ab; Covalab, mab0105-
P, clone D5H6) was dialysed in PBS for using a Slide-A-Lyzed mini-
dialysis unit with a 3.5 kDa MW cut-off limit (Thermo Fisher
Scientific, Waltham, MA, USA, product nr. 69550) in order to remove
the Tris, sucrose and glycin used as storage additives. The Ab was
then diluted in PBS (0.5 mg mL™?, 3.33 pM) and mixed with freshly
prepared NHS-PEG4-biotin (EZ-Link™, Thermo Fisher Sci., 21330).
Different amounts of the NHS-PEG4-biotin stock solution (1mM)
were added to the Ab in order to obtain solutions with 5, 25, 50 and 75
biotin:Ab molar ratios. After 1 h of incubation at room temperature,
the mixture was dialysed twice in PBS pH 7.4 in order to remove the
unreacted biotinylation reagent, and the biotinylated Ab was stored at
4 °C until use. The neutravidin-coated GNSs (nGNSs) were
functionalised with the biotinylated antibodies before each
enhancement experiment by diluting them in PBS Tween 0.01% (0.25
OD measured at 524 nm) and mixing them with the biotinylated Ab in
order to obtain a final Ab concentration of 5 nM. The mixture was

incubated by means of gentle shaking for at least 30 min before use.

Radiolabelling protein quantification
A previously described, radiolabelling protein quantification

method®® was used with minor modifications (see details in ESM).
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SPRi chip preparation

Bare gold SPRi biochips (HORIBA Scientific SAS, Palaiseau, France)
were cleaned with piranha solution for 20 min at room temperature
and washed with ultrapure water before use. They were then
microspotted by means of contact printing (SPRi-Arrayer, HORIBA
Scientific SAS, Palaiseau, France) using Xtend metal-ceramic
capillary pins with a 700-pm spot diameter. Spotting was optimised by
dissolving the thiol-modified (5’ thiohexyl (C6)) DNA
oligonucleotides in different spotting solutions (PBS, pH 7.4;
KH,POy, pH 3.8: acetate 0.1M, pH 6; or saline-sodium citrate 3x)
containing different surfactants (Tween-20 0.05%, sucrose
monolaurate 0.05%, Triton X-100 0.05%, pentaethylene glycol
monododecyl ether (C12E5) 0.05% or glycerol 0.05%) in order to
obtain a final DNA concentration of 30 uM. The optimal spotting
solution was PBS, pH 7.4, and Tween-20 0.05%. At least three spots
were made for each probe, and negative control (reference) probes
(PolyA DNAc 5-S) were spotted in parallel in order to minimise
spikes related to differences in the position of the response and
reference spots. The spotting procedure was performed at about 70%
relative humidity and 20 °C. Before the spotting of each probe, at least
three pre-spots were made on a separate chip in order to prepare the
pins for definitive spotting. The printing pins were automatically
washed with EtOH 10% and dried by air at least four times between
the spotting of different samples. The spotted SPRi biochip was then
incubated owvernight at 20 °C with a relative humidity of 75%
controlled using a saturated salt solution of sodium chloride, after

which it was briefly washed with ultrapure water and then blocked

131



using PolyA DNA 5-S (10 uM) in water for 4 h at room temperature
with gentle shaking. Finally, the chip was washed in water for 12 h to
carefully remove unbound molecules, dried and immediately used or
stored at 4 °C.

SPRi experime nts

The SPRi experiments were carried out using XelPleX (HORIBA
Scientific SAS, Palaiseau, France), a fully automated high-throughput
SPRi system based on acquisitions at incident angles selected during
the preparation phase on the basis of the best resonance condition for
each spotted probe (a maximum of ten angles simultaneously). No
more than three incident angles were simultaneously monitored.
Before each experiment, the system and the SPRi chip were
conditioned with the running buffer (PBS and Tween 0.01%) for more
than 20 min and by means of two injections of NaOH 50 mM (100
uL) with a flow of 100 uL min * in order to stabilise the chip surface.
Then, the array configuration and the spot regions to be read by the
CCD were defined. The relevant region usually corresponds to the
central part of the spots (i.e. around 80% of spot surface, equal to
around 500 pm diameter). The CCD response ofeach spot was then
calibrated and normalised by injecting 200 pL of sucrose 3 mg mL ™.
The flow rates used to inject the miRN As, antibodies and nGNS were
10 or 50 pL min"* depending on the type of experiments. The surface
of the SPRi chip was regenerated by injecting one or twice 100 pL of
NaOH 50mM. The calibration curve was calculated by performing a
linear fitting of data after plotting them using a log-log scale. For each
mIiRN A, the LOD signal was calculated as the average of three SPRi-

enhanced signals obtained after the injection of running buffer
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summed to three times the corresponding standard deviation (i.e.
average of background signal + 3 SD). The miRNA concentration
corresponding to each LOD signal was calculated using the fitting
equations reported in Table S2 (see ESM).

Scanning electron microscopy

Scanning electron microscopy (SEM) images of the SPR chips were
acquired using a field emission SEM Inspect F50 with an EDX INCA
PentaFETx3 system (FEI Company, Eindhoven, The Netherlands) in

an energy range of between 0 and 30 keV.

Tests on complex samples

The tests on complex samples were performed using blood from three
healthy control subjects enrolled at IRCCS Fondazione Don Carlo
Gnocchi. The subjects included in this study gave written informed
consent in accordance with the protocols approved by the ethics
committee of the same institution and according to the principles of
the Declaration of Helsinki. Peripheral blood was collected in BD
Vacutainer® SST™II Advance Tubes (Becton Dickinson, Franklin
Lakes, NJ, USA). At the end of clotting time (60 min), serum was
obtained by centrifugation at 1800g for 10 min at room temperature.
The clear supernatant was aliquoted into RNase/DNase-free tubes and
stored at — 80 °C until use. Serum was then thawed on ice, centrifuged
at 16,000xg for 5 min in a 4 °C, and then total RNAwas extracted
from 200 uL of serum using spin-column chromatography (miRNeasy
Serum/Plasma, Qiagen GmbH, Hilden, Germany) according to
protocol suggested by the manufacturer. RNA was eluted by adding
15 uL of RNase-free water for each column. Atotal of 60 pL of RNA
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obtained from 800 pL of serum was then resuspended in 550 pL (final
volume) and analysed by SPRi. For the RT-PCR analysis see ESM.
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3.3 Results and discussion

Spotting optimisation

Contact spotting procedures for depositing thiolated oligonucleotides
on a chip’s surface are practical and cost-effective, but the spotting
needs to be suitably optimised. Before starting the enhancement
experiments, a number of tests were carried out in order to select the
spotting buffer that guaranteed the strongest SPRi signal and the
greatest reproducibility.

We first studied the effects of various surfactants typically used for
printing and spotting, including some reported in literature®®: Tween-
20, sucrose monolaurate, Triton X-100, pentaethylene glycol
monododecyl ether (C12E5) and 0.05% glycerol were tested in PBS
pH 7.4, and compared with pure water and PBS without any
surfactant. As can be seen in Fig. 2a, the choice of surfactant affected
both the shape of the spots and the final SPRi signal, whereas pure
water and PBS alone did not produce good spots and led to very poor
signals. Glycerol was completely inefficient; C12E5 led to relatively
good signals but irregular spots with coffee-ring features and poor
reproducibility; and only Triton X-100, sucrose monolaurate and
Tween-20 all produced spots with regular boundaries and good
homogeneity. Of the last three surfactants, Tween-20 was chosen as
the best surfactant because this guaranteed the highest SPRi signals,
which normally are collected from the central part of the spot.
Besides, Triton X-100 produced too large spots that sometimes caused
spots to merge (data not shown). In addition, Triton X-100 spots
produced higher intensity mainly on boundaries (normally excluded
by the CCD detection), thus reducing the overall signal intensity.
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Fig. 2 Spotting optimisation. a SPRi signals detected in correspondence of thiolated
DNA probes dissolved in solutions containing different surfactants. The CCD
differential image (reflectivity variation) acquired during the measurement
(association phase at equilibrium) is shown beside the bar plot. b SPRi signals
detected in correspondence with the thiolated DNA probes dissolved in different
buffers, all mixed with Tween-20 0.05%as the best surfactant. aand b both show the
SPRi signal related to the injection of miR-223 (500 nM, signal at equilibrium)
flowed onto a chip spotted with the same complementary thio lated DNA probe
previously dissolved in different solutions. Each bar corresponds to the average
signal obtained from three parallel spots and the subsequent average of two
consecutive and identically ad ministered injections (500 uL, 50 pL min )
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Subsequently, various buffer solutions selected from the literature®’=¢

as being among the most used for microarray spotting (i.e. PBS, pH
7.4; phosphate buffer 0.2 M, pH 3.8; acetate buffer 0.1 M, pH 6; and
saline-sodium citrate 3x(SSC3x), pH 7.4), were mixed with Tween-20
0.05% in order to establish the best combination of buffer and
surfactant, which proved to be PBS pH 7.4 + Tween-20 0.05% (Fig.
2b).

Universal nanoenhancer production: neutravidin GNS synthesis
and functionalisation with anti-DNA/RNA hybrid Ab

The proposed SPRi enhancing strategy is based on the use of
neutravidin GNS (nGNS) functionalised using anti-DNA/RNA hybrid
Ab as previously described (Fig. 1). GNSs with a diameter of around
14 nm were prepared using citrate as the reducing agent and stabilised
using a carboxylated selfassembled monolayer (SAM). The coated
nanoparticles showed excellent stability and did not show any sign of
aggregation for a few months. In order to define the best approach to
guarantee a good neutravidin conjugation but also to prevent a loss in
the stability of the nGNS leading to the higher unspecific adsorption
of the surface of the SPRi chip, we optimised the protocol in order to
define the best amount of neutravidin required to functionalise all the
GNS. Neutravidin was conjugated onto the SAM layer using
EDC/sulfo-NHS coupling and the neutravidin conjugation was
followed by gel electrophoresis, UV-vis spectroscopy and TEM
measurements (ESM Fig. S1). Among these approaches, gel
electrophoresis was mainly used to visually select 32 nM as final

optimal neutravidin concentration corresponding to the minimum
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amount of neutravidin to obtain the functionalisation of all GNS (i.e.
no residual bands related to non-conjugated GNS were visible).
Coupling data acquired by means of ICP-AES and by radiolabelling
protein determination using iodine-125 radionuclide made possible to
quantify the number of neutravidin molecules attached to each
nanoparticles when using this protocol. Radiolabelling allows the
precise quantification of very low protein levels and is one of the few
methods that can be used to measure the amount of protein linked and
not linked to the nanoparticles at the same time*°. The results showed
that a mean 2.58 £ 0.19 neutravidin molecules were conjugated per
GNS in the case of EDC/NHS covalent coupling and 1.6 £ 0.25 in the
case of non-covalent adsorption (see ESM Table S3 for details), thus
demonstrating that utility of covalent conjugation.

Considering the importance of using a robust and controlled procedure
for the production of the nanoenhancer®®, before functionalising the
NGNS with the biotinylated anti-DNA/RNA Abs, we tested various
Abbiotin molar ratios (15, 1:25, 1:50 and 1:75) taking in account a
biotinylation reaction yield of around 10% according to protocol
suggested by the manufacturer. This test was done in order to compare
the activity of the original Ab and with that of the differently
biotinylated Abs injected immediately after the injection of a high
concentration of mMIRNA (500nM) and determine signals at
equilibrium binding conditions (Fig. 3a—c). As expected, increasing
the biotinylation molar ratio led to a progressive reduction in Ab
activity due to the chemical modification of the antigen-binding site
(Fig. 3a). On the other hand, Fig. 3b—d and ESM Fig. S2 show the

results when the different Abs were mixed with nGNSs and injected
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after the injection of a low concentration of miRNA (1 nM) with the
aim of selecting the optimal Ab:biotin molar ratio and verifying the
best conditions for SPRi enhancement. The biotinylated Abs mixed
with  nGNS greatly enhanced SPRi, thus confirming nGNS
functionalization and Ab coupling. The SPRi signal progressively
increased when moving from the non-biotinylated Ab (Ab:biotin
molar ratio 1:0) to a ratio of 1:25 biotinylated antibodies, which led to
approximately 900-fold enhancement (compared to non-enhanced
SPRi miRN A detection), and began to decrease when the higher ratios
of 1:50 and 1:75 were used. Taken together, these findings show that
the 1:25 ratio offered the best compromise between Ab activity and
the number of Abs linked to the nGNS. As shown in Fig. 3d and ESM
Fig. S2, the nGNS alone did not show any significant signal arising
from aspecific interactions between the nGNSs and the SPRi chip
surface, and the original nonbiotinylated Abs used alone showed
similar enhancement to that observed when the nGNSs were mixed
with nonbiotinylated Abs (19-fold and 17-fold, respectively). This
suggests that the non-biotinylated Abs do not spontaneously bind
NGNS and that their combination does not lead to any significant
additional signal due to aspecific interactions. It is finally worth
noting that in these experiments and all of the further experiments
involving model or real samples, the mixture of nGNS/Ab used as
only enhancing reagent was stable for days without any further
purification if stored at 4 °C.

Radiolabelling experiments were also used to determine the number of
Abs effectively linked to the nGNS and clarify the importance of Ab

biotinylation (Fig. 3e). Using the theoretical molecular weight of the
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NGNS (1.67 x 10" gmol™), the molecular weight of the antibodies
(@bout 150 kDa), and the gamma emissions produced by
functionalised nGNSs after the reaction, the number of linked can be
easily calculated (see more details in “Materials and methods” and
ESM Table S4). The result confirmed that, under our experimental
conditions and considering all the biotinylation ratios tested, the
number of biotinylated Abs linked to each nGNS is between 0.7 and
4.1 and this is compatible with the number of biotin-binding sites
provided neutravidin molecules immobilised on the nanoparticles (i.e.
2.58 neutravidin moleculessfGNS multiplied by maximum four
neutravidin binding sites = a maximum of ~ 10 Abs/nGNS). More in
details, nGNSs conjugated with 1:5 biotinylated antibodies were
linked with less than one Ab (0.73); the most active nGNSs (i.e. those
conjugated with an Ab:biotin ratio of 1:25) were linked with an
average of 1.9 Abs, whereas the less active nGNSs conjugated with
more biotinylated Abs (i.e. at molar ratios of 1:50 and 1:75) were
linked with respectively 2.4 and 4.1 Abs. These numbers are also
close to the number of biotins supposed to be covalently bound to
each Ab considering the biotinylation reaction yield of around 10% as
claimed by manufacturer (i.e. 0.5, 2.5, 5 and 7.5 biotin/Ab for 135,
1:25, 1:50 and 1:75 M ratio respectively). As the enhancement factor
did not linearly correlate with Ab activity or the number of
immobilised Abs (see Fig. 3b), different biotinylation ratios may not
only affect Ab activity and functionalisation efficiency but also the
orientation of the immobilised Abs. All these data confirmed that the
NGNSs linked with more Abs were less active due to Ab damage,

wrong Ab orientation or steric hindrance, and that the preparation of
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active nanoparticle-Ab conjugates require proper screening and

optimisation steps*C.

Analytical performance. The specificity of the signal produced by
the Ab + nGNS can be seen in the sensogram (Fig. 3a) and the chip
CCD differential image (Fig. 4a), neither of which shows any
significant signal related to the chip surface or negative control spots.
The interaction between the Ab + nGNS and the SPRi chip was
investigated by SEM at the end of an enhancement experiment that
was without the regeneration steps normally used to remove
interacting/adsorbed molecules. As shown in Fig. 4b, c, the positive
spots are covered by nanoparticles of the expected size and probably
clustered in correspondence with the presence of SH-DNA/MIRNAS
hybrids; the negative spots do not show any significant interactions.

In order to evaluate the enhancing properties and dynamic range of the
proposed method, two synthetic miRNAs (miR- 422 and miR-223)
injected in a wide range of concentrations were detected without
enhancement, using only the Ab or using the Ab + nGNS. Figure 5a
shows all of the calibration curves, which demonstrate the

improvement in detection when using the two enhancing strategies.
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Fig. 3 nGNS functionalisation tests. a Ab activity tests. The sensograms relate to the
activity of the original Ab and the differently biotinylated antibodies (Ab:biotin
mo lar ratios 1:5, 1:25, 1:50 and 1:75) injected (5 nM, 500 uL, 10 uL mL?) after the
injection of miR-223 (500 nM, 500 pL, 10 pLmin %) (not shown). b Enhancement
test (see ESM Fig. S2 for larger graphs). The sensogram relates the injection of
NGNS (0.25 O.D. at Abs. A 524 nm) mixed with 5 nM of the original Ab and the
differently biotinylated antibodies (Ab:biotin molar ratios 1:5, 1:25, 1:50, 1:75) (800
pL, 10 uL minY) after the injection of 1 nM of mIRNA 223 “(1)” (500 pL, 50
mein‘l). Each Ab + GNS injection was followed by a dissociation phase (running
buffer “(2)”) and chip regeneration phase (double injection of NaOH 50 mM “(3)”).
The signal in a and b are the average of three spots after the subtraction of the
signals from the negative references (PolyA sequences) spotted in parallel on the
same chip. Both sensograms also show the signal related to miR-159 (not injected).
¢ Activity of Abs functionalised with increasing amounts of biotin; the SPRi signals
shown in a were normalised using a non-biotinylated Ab as the reference (100%). d
SPRi enhancement induced by the original Ab, the nGNS and the nGNS conjugated
with differently biotinylated Abs; enhancement was calculated by dividing the SPRi
signals (see b) produced by the Ab + nGNS by those produced by 1 nM of miR-223
alone injected before the Ab + nGNS. (*) See the sensograms in ESM Fig. S2 for the
enhancement produced by the nGNS and the original Ab alone. e Results of the
radiolabelling experiments; the values refer to the average number of Abs linked to
each nGNS (see ESM Table S4 for details). Anti- HRP (horseradish peroxidase) was
used as additional control
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Fig. 4 SPRi chip images. a CCD differential image (reflectivity variation) of the
SPRi chip acquired during Ab + nGNS-enhanced detection of four different
miRNAs [100 pM]; the PolyA spots were used as references for each miRNA
family, and miR-159 was used as negative control. The two letters indicate the chip
positions visualised by means of SEM (panels below). b SEM image of the positive
spot showing nGNS adsorbed on miR-223:DNA probe hybrids. ¢ SEM image of one
negative spot relating to miR-159, which was not injected in this experiment. Scale
bar = 400 nm (x 200,000). The two regions indicated by the dashed lines are
magnified in the boxes enclosed by the solid lines (scale bar = 50 nm (x 450,000).
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The dynamic ranges of the three approaches were from about 1 to >
500 nM for direct detection (x 1), from about 50 pMto 100 nM
(around x 20 enhancement) for Ab-enhanced detection and from about
0.5 pMto 1 nM (around x 1000-2000 enhancement) for Ab + nGNS
enhanced detection. The sensitivity and the multiplexing capacities of
the proposed method were tested by the simultaneous detection of four
miRN As that have been suggested as potential MS biomarkers (miR-
422, miR-223, miR-126 and miR-23a)?%?"®# These miRNAs were
mixed, serially diluted (1:2.5) in running buffer from 0.16 to 100 pM,
injected in the SPRi instrument and then detected using Ab + nGNSs
as a single enhancing reagent. As shown in Fig. S3 (see ESM), the
SPRi chip surface was completely regenerated between injections.
Most of the binding curves (Fig. 5b and ESM Fig. S4) were clearly
separated from noise and their maximum values were plotted using a
log-log scale for each miRNA (Fig. 5¢).

The data can be interpolated linearly through most of the tested
concentrations, and the linear equation was used to calculate the limit
of detection (LOD: the average of three replicated blank injections + 3
SD) for each miRNA: 0.55 pM for miR 422, 0.88 pM for miR-223,
1.19 pM for miR-126 and 1.79 pM for miR-23a. The amounts of
detectable miRN A given the 500 puL of injected volume are therefore
between 275 and 890 attomoles. These data show that our universal
enhancement strategy does not seem to be much affected by different
sequences as the four calibration curves reside in similar SPRi signal
intensity ranges. This is in line with the findings of a previous
fluorescence microarray-based study that used an anti-DNA/RNA Ab

to analyse small RNA expression?®.
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In parallel, the sequence selectivity, necessary in case of mutated
miIRNA or miRNA isomers detection, was tested by comparing the
SPRi signal obtained after injecting wild-type (WT) miR-23a and
miR-23a carrying one or three mutations (Fig. 5d, ESM Table S1) in
three different experiments comparing the selectivity of non-enhanced
SPRi (miRNA injected at 100 nM), Ab-enhanced SPRi (miRNA
injected at 1 nM) and Ab + nGNS-enhanced SPRi (miRNA injected at
100 pM). These experiments were conducted using different analyte
concentrations according to the sensitivity range of the three different
signal detection approaches. As shown in Fig. 5d, the use of both Ab
and Ab + GNS increased the selectivity of the SPRi biosensor. When
detecting a target with three mutated bases, the Ab + GNS enhancer
produced only the 13% of signal if compared with the signal related to
the WT target. In the case of the miR-23a carrying a single mutation,
SPRialone was unable to distinguish it (i.e. 96% of response signal in
comparison with the wild-type sequence), and Ab still produced
77%0f the signal but the use of Ab + nGNS reduced the sensor
response to 52%. This demonstrates that Ab, but especially Ab +
NGNS enhancement, easily allows to recognise the mutated sequence
probably because of the three-dimensional changes arising from the

base-base mismatch.
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Fig. 5 Sensitivity and sequence selectivity. a The calibration curves of the detection
of miR-422 and miR-223 by means of standard SPRi (blue and red), Ab-enhanced
SPRi (jade and orange) and Ab + GNS-enhanced SPRi (grey and violet). b SPRi
sensograms showing the Ab + nGNSenhanced detection of miR-223 within the low
concentration range of 0-100 pM that was used to plot the calibration curves in a
and ¢ (see ESM Fig. S4 for the sensograms of all of the miRNAs). ¢ Calibration
curves of all of the studied miRNA families plotted using a log-log scale and fitted
linearly (see equations in ESM Table S2). The LOD values shown in band c were
calculated as the blank (0 pM signal + 3 SDs). d Sequence selectivity. The bars
represent the SPRi signals corresponding to the detection of non-mutated (WT)
(100%)miR-23a, andmiR-23a carrying one and three mutations. The three variants
were detected by means of nonenhanced SPRi (after injecting miR-23a 100 nM),
Ab-enhanced SPRi (after injecting miR-23a 1 nM) and Ab + nGNS-enhanced SPRi
(after injecting miR-23a 100 pM) in separate experiments.
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Test on complex samples

In order to test our approach in a clinical relevant environment, we
used total RNA extracted from serum samples taken from three
healthy control subjects, which were processed as is usually done in
pre-clinical research laboratories before RT-PCR quantification®®=,
Total RNA samples were isolated from serum using a commercial
extraction kit, diluted in 550 uLL ofrunning buffer and directly injected
into the instrument, followed by the Ab + nGNS. All three samples
were automatically and consecutively injected onto the SPRi chip,
which had been previously used to define the calibration curves. The
four studied miRNAs (miR-422, miR-223, miR-126 and miR-23a),
selected because they have previously associated with MS26:472941
were then detected and quantified (Fig. 6a). These data show the
varied contents of miRNAs in different samples, as expected and
reported in literature, and show that, at least for these four selected
miRN As, the proposed approach is adequate for the realistic dynamic
range for clinical purposes. A parallel quantification by RT-PCR was
carried out, thus demonstrating a good agreement between the data
obtained by the proposed SPRi approach and demonstrating that the
total RNA complex sample does not interfere the SPRi measurement
(Fig. 6b).Worthy of note, also RT-PCR was not able to detect miR-
422 in Sample 1, probably because at a very low concentration in the
real sample. It is obviously beyond the scope of this study to provide
clinical evidence concerning significant differences in mMIRNA
expression between subjects. On the other hand, our experiments aim

to confirm that multiple miIRNAs can be detected starting from
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complex samples and passing through standard sample preparation

followed by a very simple detection approach.
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Fig. 6 Tests on complex samples. a Total RNAs extracted fromserum samples taken
from three healthy control subjects were analysed by SPRi. The concentrations of
four different miRNAs (miR-223, miR-126, miR- 23a and miR-422) were calculated
on the basis of the calibration curves shown in Fig. 5 and were corrected (1:0.687
dilution factor) considering that the RNA extracted from 800 pL of serum was then
suspended in a final volume of 550 uL; 500 uL of those was injected (10 pL min ")
followed by 800 uL Ab + nGNS (10 L min ). b Comparison between the new
proposed method and miRNA quantification by RT-PCR. The same sample of total
RNA extracted from serum (Sample 1) was used as starting material for both
quantifications. The relative signal intensity was based on the expression ratio
between the four miRNAs and miR-223. For SPRIi results were used the quantities
and the standard deviation reported in a. For the RT-PCR results relative expression
fold between each miRNA and miR-223 were used.
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3.4 Conclusion

This paper describes a new and practical approach for the
subpicomolar simultaneous and multianalyte detection of miRNAs
without the use of enzymes or multistep enhancing protocols. The
major advantage is that just one, stable and easy-to-prepare reagent
consisting of gold nanoparticles functionalised using a commercially
available Ab is sufficient for the detection of a theoretically unlimited
number of MIRNAs. To better understand the advantage of this
approach, we report in Table S5 (see ESM) a brief overview of some
recently reported SPR-based approaches for miRNA detection.
Among these studies, higher sensitivity values were achieved by using

10.20 " sequence dependent strategies'! or multiple

enzymatic reactions
enhancing steps*® which may reduce the simplicity and practicality;
features that, according to a recent review by Kalogianni et al., may be
required to their introduction in clinics®. A very recent article by Qian
et al. reported an interesting and simple sequence-independent
enhancing strategy by using boronic acid functionalised Au NPs able
to recognise cis-diol groups of miIRNA targets, but still not tested for
multianalyte detection. Among recent studies, only Vaisocherova et
al.!! tested the simultaneous detection of four miRNAs by the same
SPR-based biosensor as we here reported.

These advantages derive by the coupling of an Ab able to recognise
RNA/DNA regardless of sequence with the very good enhancing
properties of gold nanoparticles. Our protocol also allows specific
interactions (without GNS adsorption on the chip surface or on
negative spots) and better sequence selectivity than the intrinsically

low sequence selectivity obtained by means oligonucleotide
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hybridisation on a bare SPRi chip. Most of these benefits are due to
the optimisation of GNS synthesis and functionalisation: the
nanostructured enhancer was thoroughly characterised, including the
absolute radiolabelling quantification of the average number of
neutravidin molecules and antibodies immobilised on each single
nanoparticle. As proof-of-concept, we tested our method by
simultaneously detecting four miRNAs related to MS in real samples
from human subjects instead of detecting miRNAs in spiked samples.

Further studies have been planned in order to increase the sensitivity
of our system by (1) improving the Ab immobilization (i.e. by using
oriented and biotin-free immobilization approaches), thus avoiding to
reduce binding properties of the Ab, and by (2) screening other anti-
DNA/RNA antibodies (e.g. the S9.6 Ab used by Sipova et al.*®) that
we could not use here due to its deactivation after biotinylation
reactions (data not shown). We suppose that all the reported features
could be also compatible with a direct detection of mMiIRNAs in whole
serum or plasma samples, without passing through a pre-purification
step. On the other hand, we firstly wanted to test our approach using
sample preparation protocols identical to those utilised in RT-PCR or
microarray analyses. Further studies have been planned in order to test
this approach on whole serum. Furthermore, we planned to carefully
validate the method by increasing the number of real samples and the
number of miRNAs that can be detected on the same chip, which is
only limited by the number of spots that can be deposited on the chip
surface. This should allow the development of more feasible and
affordable methods of screening and validation of miRNAs related to

the diagnosis, subtyping and progression of MS. At the same time, this
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approach can obviously also be used to detect miRNAs related to any

other disease or process of clinical or research interest.
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Abstract

Extracellular vesicles (EVs) from mesenchymal stromal cells (MSC)
are emerging as valuable therapeutic agents for tissue regeneration
and immunomodulation, but their clinical applications have so far
been limited by the technical restraints of current isolation and
characterisation procedures. This study

shows for the first time the successful application of Raman
spectroscopy as label-free, sensitive and reproducible means of
carrying out the routine bulk characterisation of MSC-derived vesicles
before their use in vitro or in vivo, thus promoting the translation of
EV research to clinical practice. The Raman spectra of the EVs of
bone marrow and adipose tissue-derived MSCs were compared with
human dermal fibroblast EV's in order to demonstrate the ability of the
method to distinguish the vesicles of the three cytotypes automatically
with an accuracy of 93.7%. Our data attribute a Raman fingerprint to
EVs from undifferentiated and differentiated cells of diverse tissue
origin, and provide insights into the biochemical characteristics of
EVs from different sources and into the differential contribution of
sphingomyelin, gangliosides and phosphatidilcholine to the Raman

spectra themselves.
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4.1 Introduction

Extracellular vesicles (EVs) are a heterogeneous group of membrane-
bound vesicles that are constitutively released by cells of different
tissue origins. Past controversies concerning nomenclature have now
been resolved by the scientific community, which defines EVs as the
group of particles made up of exosomes, microvesicles and apoptotic
bodiesl. Exosomes (30—100 nm) and microvesicles (up to 1000 nm)
differ in size and cellular origin, but both mediate intercellular
communication within a tissue and among organs thanks to body fluid
transportation®.

As is the case for most body cells, part of the secretome of
mesenchymal stromal cells (MSCs) includes exosomes and
microvesicles, which are currently being investigated because of their
striking regenerative and immunomodulating potential. The bioactive
molecules loaded onto/into EVs are involved in the paracrine effects
of stem cells, and even the membrane constituents of vesicles seem to
trigger intracellular protective/regenerative pathways in recipient
cells®. It has been suggested that MSC-derived EVs may be sometimes
even more therapeutically valuable than whole cells, because of their
remarkable handling advantages, which can accelerate their clinical
application in the so-called cell therapy without cells®. The possibility
of overcoming the cell therapy drawbacks of having to administer
living, replicating and difficult to control cells is currently one of the
main challenges facing regenerative medicine, and EVs can be an
effective means of stimulating the restoration of organ function
through tissue regeneration and repair in the context of an integrated

strategy of regenerative rehabilitation®.
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Over the last ten years, many studies have demonstrated the role that
MSC-derived EVs can play in tissue repair and immunomodulation®®
and, in 2014, EVs ability to influence the activity of recipient cells and
regulate immune responses was successfully exploited in a patient
undergoing allogeneic hematopoietic stem cell transplantation who
developed therapy-refractory graft-versus-host disease’. Their

regenerative potential has also been assessed in in vitro and in vivo

models of many diseases affecting heart®°, kidney'! ™3, liver!*®,
bone and cartilage’®!’, muscle!®, skin'®, and central nervous
system?%,

However, there are still concerns about the effect that the source of
MSCs and cell culture conditions can have on EV production and
characteristics as there is no standardised and optimised method for
isolating and characterising EVs. Furthermore, the technical restraints
of current techniques have limited their potential use in regenerative

medicine®*?°

by preventing reproducible quality and safety
assessments?®.

The aim of this study was to test Raman spectroscopy (RS) as a label-
free, non-destructive, sensitive, rapid and automatable means of
carrying out the bulk characterization of EVs. This technique provides
a spectrum that qualitatively and quantitatively describes the chemical
composition of a sample and thus avoids the need for specific protein
biomarkers. It has been widely used in the pharmaceutical industry as
a mean of verifying raw materials and quality controlling drug
production, and we suggest it could help in purity and quality
checking vesicle suspensions. It has already proved its value by

characterising a wide range of cells and tissue samples for the
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purposes of basic research, and as an innovative alternative to classic,

time-consuming and operator-dependent diagnostic methods®’34. |

n
the field of regenerative medicine, it has been used to analyse
undifferentiated and differentiated human and murine embryonic stem

cells®>%

and to monitor MSCs stimulated towards osteogenic
differentiation®®°. Efforts have also been made to develop Raman-
based methods for the individual characterization of human
vesicles*®*!, but although these have provided information at single-
vesicle level, they are still far from being used diagnostically. What is
required to allow the immediate transferability of EV research to
clinical practice is a procedure that allows i) the rapid characterisation
of a sample before its use in vitro or in vivo; ii) the identification of
fingerprints of the EV populations used for regenerative purposes in
order to determine the best experimental settings and compare results
from different cell sources; and iii) the routine application of the
analysis. The third point should be favoured by the current availability
of portable Raman spectrometers that can automatically scan and
analyse complex samples, which could bring Raman analysis easily in
the reach of most laboratories. RS is much more suitable for achieving
these goals than the widely used techniques of immunoblotting,
cytofluorimetry and spectrometry because it can provide reproducible
results quickly and in a label-free manner, and only requires tiny
sample volumes in comparison with the large amounts needed by
other methods, which cannot easily cope with the nanoscalar
dimensions of exosomes.

This study provides the first Raman-based characterisation of the EVs

of human MSCs isolated from bone-marrow (bone marrow
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mesenchymal stromal cells, BM-MSCs) and subcutaneous adipose
tissue (adipose tissue mesenchymal stromal cells, ASCs). The results
were compared with those obtained using EVs released by dermal
fibroblasts (DFs), in order to verify the ability of Raman analysis to
distinguish vesicles from undifferentiated and differentiated cells, and
gain insights into the biochemical features of EVs from different
sources. Multivariate analysis was used to assess spectral differences
and automatically distinguish the three groups. In addition, given the
growing body of evidence concerning the pivotal role of lipids in
mediating EV functions*?, we also evaluated the contribution of lipid
membrane constituents to the Raman spectra. Our findings provide
evidence supporting the use of RS for the routine characterisation of

MSC-derived EVs before their in vitro/in vivo application.
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4.2 Methods

All of the relevant experimental data have been submitted to the EV-
TRACK knowledgebase (EV-TRACK ID: EV170012)%°.

Cell cultures. Human BM-MSCs were isolated from the residual bone
marrow cells of healthy bone marrow (BM) transplantation donors (3
male donors, age range: 17-20 y/o) after approval by the Institutional
Review Board of San Raffaele Hospital. Human ASCs and DFs were
isolated from waste materials of abdominoplasty and liposuction
procedures performed at IRCCS Galeazzi Orthopaedic Institute
(subcutaneous adipose tissue of 4 female healthy donors - age range:
35-58 y/o - and de-epidermised dermis of 3 female healthy donors —
age range: 26-46 ylo-, respectively). Tissues were collected following
the procedure PQ 7.5.125 regarding waste materials to be used for
research purposes, version 4 dated 22.01.2015, approved by the same
institute. Written informed consent was obtained from all of the
patients in accordance with the ethical principles of the Declaration of
Helsinki. All of the samples were anonymised and no information or
images that could lead to identification of a study participant might
occur. All experiments were performed in accordance with the
relevant guidelines and regulations of San Raffaele Hospital and
IRCCS Galeazzi Orthopaedic Institute.

Cells were isolated following previously described protocols®!®?.
Briefly, mononuclear cells from BM aspirates were isolated by means
of density gradient centrifugation (Ficoll 1.077 g/ml; Lympholyte,
Cedarlane Laboratories Ltd., Burlington, Canada) and plated in non-

coated 75-150 cm? tissue culture flasks (BD Falcon, Franklin Lakes,
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NJ, USA) at a density of 160,000/cm? in complete culture medium:
DMEM (Euroclone, Milan, Italy) supplemented with 10%
ultracentrifuged foetal bovine serum (Gibco, Life Technologies LTD,
Paisley, UK), penicillin 50 U/ml, 50 pg/ml streptomycin and 2 mM L-
glutamine (L-Glu, Euroclone). Cultures were maintained at 37 °C in a
humidified atmosphere, containing 5% CO,. After 48-hour culture,
non-adherent cells were removed. The ASCs were isolated from
adipose tissue samples following digestion with 0.75 mg/ml type |
Collagenase (250 U/mg, Worthington Biochemical Corporation,
Lakewood, NJ, USA) and the filtering of the stromal vascular fraction.
The DFs were obtained from de-epidermised dermis fragmented and
digested with 0.1% collagenase type I. The ASCs and DFs (plating
density: 10° cells/cm?) were cultured (37 °C, 5% CO2) in complete
culture medium. The medium was replaced every other day and, at
70-80% confluence, the cells were detached with 0.5% trypsin/0.2%
EDTA, plated (BM-MSC plating density 4,000 cells/cm?; ASC plating
density 10,000 cells/cm?; DF plating density 5,000 cells‘cm?) and
expanded. Once at 80-90% confluence, cells at 3rd—4th passage were
washed twice with DMEM, kept for one hour in serum-free DMEM
(phenol-free DMEM supplemented with 2 mM L-glutamine, 50U/ml
penicillin, 50 pg/ml streptomycin) and then cultured for 72 hours in

serum-free DMEM.

Extracellular vesicle isolation. In order to avoid the presence of RS-
visible isolation reagent residues in the EV suspension, the vesicles
were isolated from cell-conditioned medium (CM) by means of
differential centrifugation, as previously described*®. Briefly, after 72

hours of starvation, the medium conditioned from approximately 6 x
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10° cells was centrifuged at 800 g for 10 min to remove non-adherent
cells and then at 2,500 g for 15 min to remove potential apoptotic
bodies. CM was then ultracentrifuged for 70 min at 100,000 g (L7-65;
Rotor 55.2 Ti; Beckman Coulter, Brea, CA, USA) at 4 °C, and the
pellet was re-suspended in sterile saline solution and ultracentrifuged
again. The collected EV suspension (approximately 500 pl) was kept

at 4 °C before making Raman and TEM analyses, and then frozen.

Western blotting. Immunoblotting was performed to characterise the
EVs as suggested by ISEV minimal experimental requirements**. The
EV pellets were re-suspended in SDS sample buffer with protease
inhibitors64.  Electrophoresis was performed under reducing
conditions, and then proteins were transferred to nitrocellulose
membrane. The antigens were probed with anti-flotillin-1 (BD
Transduction Laboratories™, San Jose, CA, USA), anti-CD63 and
anti-CD9 (System Biosciences, Palo Alto, CA, USA), and anti-
calnexin (endoplasmic reticulum protein used as negative control,
clone C5C9, Cell Signaling Technology, Danvers, MA, USA). As
secondary antibodies goat anti-mouse (Thermo Fisher Scientific,
Waltham, MA, USA) and goat anti-rabbit (System Biosciences)
conjugated with HRP were used. Cell lysates were considered as the
control for the specificity and working conditions of the considered

antibodies.

Transmission electron microscopy and size measurement. For the
TEM visualisation of EVs, 5 ul of purified exosomes were absorbed
on Formvar carbon-coated grids for 10 min. The drops were then

blotted with filter paper and negatively stained with 2% uranyl acetate
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(5 pl) in aqueous suspension for 10 min. Excess of uranyl was
removed by touching the grid to a filter paper. The grids were dried at
room temperature and examined with a transmission electron
microscope (Leo 812AB, Zeiss, Oberkochen, Germany) at 80 kV. The
TEM images obtained in order to verify EV ultrastructure were used
to assess vesicles’ size using the particle analysis tool of Imagel
software (National Institutes of Health, Bethesda, MD, USA). At least

30 measurements per sample were done.

Raman spectroscopy. Freshly isolated EVs were analysed by means
of Raman microspectroscopy (LabRAM Aramis, Horiba Jobin Yvon
S.AS, Lille, France) equipped with a diode-pumped solid-state laser
operating at 532 nm and a Peltier-cooled CCD detector. 5-10 uldrops
of EV suspension were deposited on a calcium fluoride slide and
allowed to air dry. All of the measurements were performed with 50x
objective (NA 0.75, Olympus, Tokyo, Japan), 1800 grooves/mm
diffraction grating, 400 pm entrance slit, and confocal mode (600 pm
pinhole) in the spectral ranges 500-1800 cm* and 2600-3200 cm .
Accumulation times were 2 x 10 s per spectrum.

The Raman shift was calibrated automatically using LabSpec 6
software (Horiba) using zero order line and Si line of a Si reference
sample. In order to capture the spectra randomly, maps of about 150
um? (with lateral steps of 20-30 pum) were acquired in the centre and
at the borders of the air-dried drops. Before analysing the data, a two-
class hierarchical clustering analysis (HCA) of the Raman maps was
made in order to distinguish the spectra relating to vesicles from those

related to background. At least 10 independent replicates of the
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Raman spectra were obtained for every donor of the different cell
types.

Data analysis. Baseline correction was made using LabSpec 6
processing tool by fitting all spectra with a sixth order polynomial
curve in order to remove autofluorescence and background before unit
vector normalisation. Post-acquisition calibration was carried out on
normalised spectra, in order to compensate for possible thermal drifts.

Principal component analysis (PCA) of the normalised and aligned
spectra was made in order to reduce the dimension of the data and
describe their major trends. The provided principal components (PCs)
represent differences in the spectra of vesicles from the three
cytotypes and therefore in their chemical composition. The first 25 PC
scores were used in a supervised classification model, linear
discriminant analysis (LDA), in order to discriminate and classify the
data by maximizing the variance between groups. Data reduction by
PCA before LDA was essential because LDA requires that the number
of variables is smaller than the number of observations. The smallest
number of PC scores was selected for the LDA to prevent data
overfitting. A decreased number of PCs reduced the accuracy of the
method in distinguishing the EVs, whereas an increased number did
not improve the classification, but progressively decreased accuracy.
Leave-one-out cross-validation was used to test the classification
sensitivity, specificity, and accuracy of the LDA model. One-way
ANOVA was performed on PC scores to verify that the means ofeach
group were significantly different, despite within-group variance.

Data manipulations and statistical analysis were performed using
Origin2017 (v. 9.4, OriginLab, Northampton, MA, USA).
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CLS fitting. Reference molecules of some of the major known
constituents of EV membrane were used to investigate the lipid
content of vesicles. Cholesterol (Chol), ceramide (N-stearoyl-D-
erythro-sphingosine; Cer), sphingomyelin (SM), phosphatidylcholine
(16:0/22:6; PCh), L-a-phosphatidylethanolamine (PE), phosphatidic
acid (PA), and monosialotetrahexosylganglioside (GM1) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA) and used to
acquire reference spectra using the same acquisition settings as those
used for the EV analysis.

Labspec 6 was used for the Classical Least-Squares (CLS) fitting of
the PC1 and PC2 spectra, which allows to calculate the contribution of
the reference chemicals to the PC spectra by evaluating any
similarities. The resulting coefficients described the relationships

between the PC spectra and the reference molecules.
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4.3 Results

EV characterisation. EVs were isolated from BM-MSCs, ASCs and
DFs following a multi-step ultracentrifugation protocol*® and
characterised by immunoblotting and transmission electron
microscopy (TEM) to verify their peculiar features as suggested by the
International Society for Extracellular Vesicles (ISEV)**.

Immunoblotting confirmed the presence of EVs carrying flotillin-1,
CD63 and CD9, and a significant reduction in calnexin-positive
vesicles (Fig. 1A). The TEM images (Fig. 1B-D) confirmed the
typical morphology of the EVs, whose ultrastructure and size were
consistent with published data®®. The vesicles in all of the samples
were round (Fig. 1B-D) and their general mean diameter as calculated
on the TEM images was 46.5 nm (£15.8 nm) with slight differences
among cell groups. Supplementary Figure S1 shows a box plot with

all of the recorded measurements.

Raman spectroscopy biochemical overview of EVs. Freshly isolated
EVs were analysed by RS in the spectral ranges of 500—1800 cm * and
2600-3200 cm'%, the most significant regions of the Raman spectrum
for biological specimens. The spectra were obtained from random
spots of air-dried drops of EV suspension and, given the size of the
laser beam, we speculate that every spectrum described the

biochemical features of small clusters of aggregated EVs.
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Figure 1. EV characterisation by means of Western blotting and transmission
electron microscopy. (A) Western blot analysis of extracellular vesicles-enriched
fractions (EVs) produced by BM-MSC, ASCs and DFs using the indicated
antibodies. Flotillin-1, CD63 and CD9 are positive markers for EVs and Calnexin is
considered a negative one. Corresponding cell lysate (CL) was used as control and
depicts the specificity of the three antibodies. Western blots were cropped to
improve clarity. All bands within the range of the molecular markers were retained
and processing of the film was applied equally across the entire image. (B-D)
Representative transmission electron photomicrographs of ultracentrifuged EVs
from BM-MSCs (B), ASCs (C) and DFs (D) conditioned medium. The TEM images
were used for size measurements. Bars = 100 nm.

Figure 2 shows representative mean Raman spectra (+1 standard
deviation) of the vesicles isolated from the supernatants of BM-MSCs,
ASCs and DFs. Each mean spectrum represents the average of 40-50
independent recordings obtained from all of the donors of the same
cell type. The overall homogeneity in the spectra from the same tissue
source underlines the reproducibility of the analytical method, which

is not affected by the intrinsic inter-individual variability of donors.
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The spectra showed characteristic Raman bands of nucleic acids
(NAs, 720-820 cm?), phenylalanine (Phe, 1003 cm?), lipid and
protein markers such as CH and CH2 groups (bands respectively
centred at 1450 cm' and 2940 cm) (Fig. 2 and Table 1). In
particular, lipids made a large contribution, which is in line with
previously reported spectroscopic evidence®®*#®. Lipid content was
characterised by peaks attributable to cholesterol and cholesterol ester
(537; 702; 1130; 1442 cm®) and peaks of varying intensity
corresponding to the C-C stretch (around 1100 cm ™) and CH, CH,
and CHs bonds (in the spectral range 2600—-3200 cm%). In addition,
the areas usually assigned to NA bases (718; 748; 782 cm}) and
phosphate backbone (785; ~1060 cm) were variably prominent in
the three average spectra. This is in line with many data demonstrating
that EVs contain intact mRNA, long non-coding RNA, miRNA and
other forms of RNA loaded into EVs*’. The recurrent peaks
attributable to proline/hydroxyproline (853; 920; 1206 cm!) and
tryptophan (752-760; 1208; 1360; 1555 cm ') may be related to
differences in cell metabolism and responses to serum-deprived
culture conditions. Proline is known to be a signalling molecule and a
sensor of cellular energy status when responding to metabolic stress*”,
and the kynurenine pathway of tryptophan has been reported as being
involved in the immunosuppressive effects of MSCs*®.

Comparison of the average spectra revealed many differences between
the cytotypes (highlighted in bold characters in Table 1), suggesting
discrepancies in the panel of protein biomarkers and lipid content of
vesicles, although it is difficult to attribute divergences in peak

intensity to specific molecules. The presence of a 1127 cm ™ peak
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seemed to distinguish ASC spectra from those of both BM-MSC and
DF EVs. The comparison of ASC and DF data highlighted minor
divergences in the spectral range 26003200 cm *, which is greatly
influenced by lipid molecules thus indicating similarities in the lipid
content of ASC- and DF-derived vesicles.
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Figure 2. Raman fingerprint of BM-MSCs, ASCs, and DFs. Average Raman spectra
obtained using an excitation wavelength of 532 nm and 10 seconds of exposure for 2
accumulations for each spectrum. The solid black line indicates the average of 40—
50 spectra = 1 standard deviation (shaded grey areas). The Raman bands
corresponding to lipids are highlighted in yellow (500-540 cm *; the band centred at
700cm™; 1700-1740 cm™*; 2850-2950 cm ), those corresponding to proteins are in
blue (1200-1300 cm *; the band centred at 1450 cm™*), and those corresponding to
nucleic acids are in red (720-820 cm; the band centred at 915 cm *; 1060—1100
cm *; the band centred at 1360 cm ). The arrows indicate the 1003 cm™ peak of
Phenylalanine.
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Position (cm™) Component

520 Phosphatidyinositol

524 Phosphatidylserine

537 Cholesterol ester

540 Glucose-saccharide band

596 Phosphatidylinositol

701-703 Cholesterol ester

720-820 Nucleic acids

752-760 Tryptophan

840-860 Polysaccharide structure

941 Polysaccharide structure

995 C-O band of ribose

1003 Phenylalanine

1048 Glycogen

1054 C-O and C-N stretching of proteins
C-C vibrations of lipids and carbohydrates

1060-1095 PO, stretching of nEcIeic acids )

1120 C-O band ofribose; carotenoids

1127 C-N stretching of proteins; ceramides
Amide I

1200-1300 1230-1240 for p-sheets; 1260-1300 for a-
helix

1298 Fatty acids
CH3CH2 wagging mode of

1336 polynucleotide

chain (purine bases)
Tryptophan; Glycine back bone and

1337 Proline side chain

1357; 1361 Guanine

1360 Tryptophan

1420-1480 CH fgnctlonal_ groups of nucleic acids,
proteins and lipids

1520-38 Carotenoids

1555-1558 Tryptophan

1716-1740 C=0Ogroup

2853-2881 :ijpl—:é:ymmetrlc and asymmetric stretch of

2910 CHs stretching vibrations

2940 CHand CH,; inlipids and proteins

Table 1. Main Raman peak assignments from literature refs 65-67. The major
divergent peaks are highlighted in bold characters.
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Lipid membrane constituents account for spectral differences.
Principal Component Analysis (PCA) was used to simplify the
original data (n = 198) and all of the spectra were collectively
represented by their principal components (PCs). Starting from PC1
(which accounted for 37.1% of total variance), the subsequent PCs
describe differences in the Raman fingerprint that were progressively
less prominent (Supplementary Table S1 and Supplementary Fig. S2).
The first 2 PCs (Fig. 3A) were used to build the scatter plot shown in
Fig. 3B. Combined analysis of the scatter plot and the PC1 and PC2
spectra revealed that the positive loadings in the PC1 spectrum mainly
in PC2 represent BM-MSC vesicles rather than ASC or DF vesicles.
One-way ANOVA performed on PC1 and PC2 scores demonstrated
that the means of each group were significantly different (Prob > F <
0.05), despite within-group variance (Supplementary Table S2).

Based on the simple premise that a spectrum from a mixture of
chemical ingredients is a mixture of the spectra from the pure
ingredients, the PC1 and PC2 loadings were least squares fitted
(classical least square (CLS) fitting) with specific reference spectra to
investigate one possible cause of the observed spectral differences,
following a previously reported procedure40. As we observed that the
most variable spectral intervals in PC1 and PC2 were related to lipids,
the membrane components cholesterol (Chol), ceramide (Cer),
sphingomyelin (SM), phosphatidylcholine (PCh),
phosphatidylethanolamine (PE), phosphatidic acid (PA), and
monosialotetrahexosylganglioside (GM1, reference molecule for

monosialoganglioside family) were used for CLS fitting.
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Lipid reference molecules were preferred to protein markers because
proteins spectra are dominated by backbone conformation signals,
whereas lipids have more specific and defined peaks and can be more
easily distinguished by RS. The resulting CLS fitting scores reported
in Table 2 described the relative contribution of each standard
molecule to PC1 and PC2 loadings, thus their contribution to the
observed spectral differences between the three cytotypes. Figure 3C
depicts the fitting coefficients ina bar graph, making apparent that SM
and ganglioside (GM1) contribute to the shape of PC1 and PC2
loadings more than the other reference molecules. Similarly, PCh is
the phospholipid which contributed most to fit the shape of PC1. In
particular, the positive score attributed to SM after PC1 fitting
demonstrated that it made a contribution to the spectrum of ASC-
derived EVs, and this was further underlined by the negative SM score
after PC2 fitting. On the contrary, GM1 and PCh were assigned a
negative CLS fitting score in the case of PC1, suggesting their
presence within the membrane of EVs from BM-MSCs and DFs rather
than ASC-derived vesicles. After CLS fitting, the scores assigned to
Chol, Cer, PE, and PA suggest their presence in the EVs from all three
source cells, although they do not greatly contribute to the differences
between EVs. It has to be noted that the considered lipids are only few
of the constituents of vesicles, for this reason our results should be
considered as hints for future studies aimed at verifying the exact

membrane composition of vesicles.
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Figure 3. Multivariate analysis of the Raman spectra. (A) Raman spectra of
reference lipid molecules, PC1 and PC2 that were considered for CLS fitting. The
grey lines highlight the correspondences between the peaks of the standard lipids
and the PC loadings. (B) Scatter plot of the PCA results showing the PC1 and PC2
scores assigned to each spectrum recorded from the EVs of BM-MSCs (pink), ASCs
(blue) and DFs (green). Each square represents one spectrum. The scatter plot shows
that a positive PC1 score described ASC-derived EVs better than those derived from
DFs and BM-MSCs, whereas a positive PC2 score better described EVs derived
from BM-MSC. (C) CLS scores obtained after fitting the spectra of Cer (light
green), Chol (green), SM (light blue), GM1 (blue), PCh (pink), PE (red) and PA
(violet) with the PC1 and PC2 loadings. The positive and negative scores obtained
after CLS fitting are visualized as a bar graph and respectively indicate the
contribution of each standard molecules to the positive or negative peaks visible in
the PC1 and PC2 loadings. Cer: ceramide; Chol: cholesterol; SM: sphingomyelin;
GM1: monosialotetrahexosylganglioside; PCh: phosphatidylcholine;  PE:
phosphatidylethanolamine; PA: phosphatidic acid.
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CLS fitting scores
% %
variance | Chol [ Cer | SM | GM1 PCh PE PA | Error

PC1 351 0.13 | -0.19 | 0.76 -1.01 -0.99 -0.31 0.6 2.12

PC2 22.7 0.6 055 | -015 | -1.98 0.34 0.33 014 | 1.82

Table 2. Classical least-square (CLS) fitting. CLS fitting scores obtained after
fitting the reference spectra of cholesterol (Chol), ceramide (Cer), sphingomyelin
(SM), monosialotetrahexosylganglioside (GM1), phosphatidylcholine (PCh),
phosphatidylethanolamine (PE), and phosphatidic acid (PA) to PC1 and PC2
loadings. The reported fitting scores are a measure of the contribution of each
molecule to the considered PC loadings and provide hints to explain spectral
differences between EV spectra. The percentage of total variance of PC1 and PC2
and the percentage of error obtained after CLS fitting are also reported.

Predicted group

BM-MSC ASC DF | Totaltrue | Sensitivity | Specificity | Accuracy
BM-MsC | 46 2 2 50 92% 98.7% 97.1%
True | ASC 1 97 7 105 92.4% 91.8% 92.1%
group | pr 1 7 35 | 43 81.4% 94.8% 92.1%
198 88.6% 95.1% 93.7%

Table 3. PCA-LDA confusion matrix. Confusion matrix obtained from the results of
the multivariate LDA of the first 25 PCA scores after leave-one-out crossvalidation.
True positives, true negatives, false positives, and false negatives were used to
calculate the sensitivity, specificity and accuracy of the method.

183



Raman spectroscopy can distinguish BM-MSC, ASC and DF EVs
with 93.7% accuracy. The first 25 PCs were used for Linear
Discriminant Analysis (LDA), which made possible to verify the
ability of the method to identify between-group differences by
maximising the variance among classes while minimizing intra-class
variability. The results showed that RS clearly distinguished the
biochemical fingerprints of the three groups. After leave-one-out
cross-validation, the PCA-LDA model showed that the owerall
accuracy of the model was 93.7% and that its accuracy in
distinguishing DFs from MSCs was 92% (Table 3). The LDA scatter
plot (Fig. 4) revealed that the spectra of the ASC-derived EVs fell into
a region that was clearly separated from those of the BM-MSC EVs.
Although there was a limited overlap between the DF and ASC
derived vesicles, RS distinguished their sources with a high degree of
statistical confidence (Wilks’ Lambda Test, p < 0.001). Details
concerning the distribution of the individual donor spectra are shown

in Supplementary Figure S3.
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Figure 4. Linear discriminant analysis. The first 25 PC loadings calculated by
means of PCA were used for the LDA. The scatter plot shows the LDA scores
obtained for EVs from BM-MSCs (pink), ASCs (blue), and DFs (green). Each
square represents a single spectrum. The crosses indicate the mean canonical
observation score obtained for each group.
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4.4 Discussion

The possibility of using regenerative medicine to treat diseased,
damaged or aged tissues and restore organ function without side
effects is one of the main challenges facing modern medical science,
and so is no surprise that the discovery of the regenerative potential of
EVs released by MSCs has aroused great interest. However, the main
obstacle to the clinical use of vesicles is the lack of a robust and
standardised method of characterising them®.

In this study, we investigated the biochemical fingerprints of MSC-
derived vesicles originating from different tissues and compared them
with those of terminally differentiated dermal fibroblasts. Our findings
demonstrate the ability of RS to identify tissue-related fingerprints for
vesicles released by MSCs and fibroblasts without the use of any
label. This is the first time that Raman analysis has been used to
provide a biochemical overview of MSC-derived EVs from a limited
volume of EV suspensions.

As previously reported in relation to other types of vesicles*®44°
data on MSC-derived EVs confirm the ability of RS to reveal the

our

presence of the main EV constituents in a single repeatable spectrum.
Although we cannot exclude the possible presence of a limited amount
of soluble factors other than wvesicles in our suspension, the
reproducibility of the results and the main peak attributions suggest
the purity of the samples.

The main finding of this study is that RS can clearly distinguish not
only vesicles from MSCs and terminally differentiated fibroblasts, but
also vesicles of MSCs from bone marrow and adipose tissue.

Although there are protein markers that define a stem cell phenotype
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exist, a straightforward distinction between bone-marrow and adipose-
tissue MSCs, based on biological and functional features, is still
difficult to be obtained®. The ability of RS to highlight unique, tissue-
specific features of vesicles should therefore assist scientists working
with stem cells. Even if assessing the possible correlation between
biochemistry and function goes beyond the scope of this study, the
biochemical variations observed provide suggestions for further
investigations into the functional differences of EVs from multiple
MSC types and sources for which there is still not a definite
marker®t2,

Analysis of the spectra of MSC- and DF-derived EVs revealed that
lipids made a substantial contribution to the Raman signals, as
previously reported*®***® The prominence of membrane constituents
in determining the fingerprints of vesicles is in line with the growing
body of evidence demonstrating that lipids play a crucial role in the
formation of EVs® and the fulfilment of their signalling functions*?. It
is known that a number of specific lipids are typically associated with
lipid rafts and enriched in vesicles that inherit the plasma membrane
composition of their cell of origin. In particular, cholesterol and
sphingolipids are preferentially included in EV membranes and may
be involved in the formation of vesicles and in their stability in the
extracellular environment*?. There is also evidence that lipids are
involved in BM-MSC responses to a strongly pro-inflammatory
environment®®. Furthermore, it is possible that direct membrane
interactions between vesicles and recipient cells is one of the
mechanisms of action of EVs, as has already been demonstrated in the

case of whole cells?.
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Onthe basis of CLS fitting results, we hypothesised that gangliosides,
phosphatidylcholine and sphingomyelin directly contributed to the
main spectral differences between the considered EVs. Our data are in
agreement with those of a recent proteomic and lipidomic study
demonstrating how sphingomyelins, ceramides, cholesterol and
phosphatidylcoline were enriched in the exosomes of BM-MSCs in
comparison with other cell types®, but there is still a lack of data
concerning the membrane composition of ASC-derived exosomes.
Our observation that GM1 also contributes to the recorded spectra of
BM-MSC wesicles is in line with the reported functional role of
gangliosides in regulating the proliferation and neuronal
differentiation of MSCs>*>®. Similarly, it is known that ceramides and
ceramide-containing lipids are involved in many of the pathways
mediating immune responses, and that they modulate the adipogenic
differentiation of MSCs>’. Despite the reported functional significance
of PA in the biogenesis and release of exosomes, our data did not
reveal any significant difference of PA content in the EVs derived
from the three cell types, as has also been noticed by Haraszti et al.>*
Further lipidomic studies are needed to verify the exact membrane
composition of MSC-derived vesicles and to establish the role of lipid
species in mediating vesicle function.

It is important to mention one limitation of our study related to the sex
mismatch of our MSC donors. It is known that MSC activity and
recipient responses are influenced by the sex of both donor and
recipient because of circulating hormones®®, but, to the best of our
knowledge, no specific study has been published concerning sex-

related variations in the function of EVs derived from cultured cells.
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Studies evaluating the efficacy of MSC-derived EVs in vitro and in
vivo rarely refer to the sex of the donors, but this is very useful and
should be always clearly indicated together with donor age®®. Future
in-depth analyses of larger donor cohorts should evaluate age and sex-
related differences in EV function and chemical composition.

In conclusion, our findings demonstrate that RS can determine the
chemical content of EVs in a label- and sample processing- free
manner. The proposed method can be immediately transferred into
laboratory practice as it allows the bulk characterisation of vesicle
suspensions before their use in vitro or in vivo. As independent MSC-
derived EV preparations can have different therapeutic potentials, the
overall characterisation of vesicles offered by Raman spectroscopy
might become a pivotal quality check for comparing data coming from
different experiments or research labs, and thus hasten the clinical

application of stem cell-derived products.
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CHAPTER 5

Summary, conclusions and
future perspectives
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Extracellular wvesicles (EVs) are naturally produced nanoscaled
vesicles that physiologically mediate intercellular communication.
The quantity of EVs released from cells and their composition was
demonstrated to change according to the physio-pathological
condition of the tissue of origin, mirroring their direct involvement in
specific pathogenic mechanisms and thus being promising biomarkers
of diseases. Besides, EVs are able to cross multiple physiological
barriers including the blood-brain barrier and specific neural
subpopulations of circulating EVs could reflect the composition of
brain-derived EVs, thus offering the unique opportunity to study the
complex and multifaceted biochemical processes inside the central
nervous system froma biofluid easy to access as human blood.*

EVs have gained interest also as valid therapeutic platforms,
exploiting their native biological effects, their functions as vehicles of
bioactive molecules or their ability to carry and deliver other
exogenous and synthetic therapeutics to a target site.

Nowadays, the emerging remarkable potential of EVs is investigated
from a technical and biological point of view, but its translation to
clinics is limited by the lack of effective and reproducible
standardized methods for their detection and characterization from
biological samples, that are still needed for their successful integration
into daily practice.??

The aim of the present thesis was to develop innovative technological
platforms for the detection and characterization of EVs cargo, taking
advantage of methods borrowed from the nanotechnological and
biophotonic field to overcome the current technical limitations that

prevent the validation of EVs as biomarkers or therapeutic agents.
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Surface Plasmon Resonance imaging (SPRi) and Raman spectroscopy
are well-known photonic-based technologies that are experiencing
recent progresses and increasing application in the biomedical
research, thanks to their sensitivity, label-free and high-throughput
features™”.

Thanks to these properties, we propose SPRi and Raman spectroscopy
as innovative and valuable tools for the characterization of EVs with
the specific aim to detect and characterize them as possible tools for
diagnosis and monitoring of treatment efficacy in neurodegenerative

diseases.

First, we developed an antibody SPRi-array in order to separate
different neurally-derived EVs pre-isolated from human blood plasma
by size-exclusion chromatography: those from neurons (CD171- or
ephrinB- positive), oligodendrocytes (PLP1-positive), astrocytes
(Glast-positive; data not published) and microglia (1B4-positive; data
not published) were successfully identified with good sensitivity and
specificity.

The analysis of the relative amount of proteins and lipids present on
the EVs membrane of each subpopulation was concomitantly
performed, demonstrating their heterogeneous composition and the
potentiality of SPRi-based biosensor to study EVs interaction with
molecules potentially involved in neurodegenerative processes.

For example, EVs can interact with extracellular amyloid-B (AB)
species influencing the complex process of Ap aggregation behind the
mechanism of pathogenesis of Alzheimer’s disease (AD)°. Specific
surface molecules able to mediate the interaction between EVs and AP

have been identified, such as ganglioside GM1 that can form a
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complex with AP and act as a seed for its aggregation’. The SPRIi-
based biosensor has shown to have the ability to evaluate the presence
and relative amount of GM1 on different neural EVs populations by
using a sandwich approach injecting GM1 antibody on the EVs
immobilized on the chip.

The efficacy of the SPRi biosensor was evaluated and verified by
analyzing vesicles from a little and homogeneous cohort of healthy
subjects, demonstrating the possibility to detect and identify GM1 on
the EV subpopulations inall the samples.

The future activities will include the comparison of the vesicle
components between patients with AD and healthy controls, in order
to use this biosensor for the diagnosis and monitoring of the disease
and possibly to identify EV-related biomarkers that can correlate with
the progression of the disease. To implement this work, future analysis
will be focused on studying other clinically relevant molecules present
on or interacting with the EV membranes that could be involved in
specific pathological processes. For example it is possible to study the
effect of the interaction between EVs carrying GM1 and AP in order
to clarify the role of EVs in the pathogenesis of AD and understand
whether their promote or counteract the deleterious action of Ap.
Besides, starting from the emerging hypothesis that neurological
diseases share common pathological mechanisms that relate with EVs
biochemical composition and rely on EVs for the spread of the
disease®®, the SPRi platform will be used to characterize EVs in other
neurological disorders.

From the technological point of view, the possibility to enhance the

sensitivity of the SPRi-based biosensor is under investigation by
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implementing the characterization procedure using gold nanoparticles
(NPs) conjugated with specific antibodies/molecules expected to
interact with the EV surface. To achieve reliable and reproducible
results, there are some parameters that need to be optimized, such as
(1) the features of NPs, in terms of size and shape; (2) the surface
chemistry for the conjugation of NPs with antibodies and (3) the

amount of molecule to be attached at NPs surface.

Secondly, the SPRi technology was used as an alternative approach
for the detection of microRNAs (miRNAs) that represent good
diagnostic, subtyping and prognostic potential biomarkers for several
diseases. miRNAs are a group of small non-coding RNAs whose
dysregulation has been associated to the onset and the development of
several diseases. Currently both circulating and vesicular miRNAs are
proposed as biomarkers for diseases, including nervous system
disorders, diabetes, cardiovascular disorders and cancers*®.

In particular, our setting up of SPRi-based method was performed by
analyzing miRNAs related to multiple sclerosis (MS). MS is an
immunobased progressive neurological disorder that is currently
lacking for biomarkers and the only two indicators of pathology are
the clinical signs of the patients and magnetic resonance imaging.
However, in recent years, some specific miRNAs are emerging as
potential biomarkers in MS', but their quantitative analysis with
conventional methods (PCR, microarray and next generation
sequencing) are still challenging and have some limitations'?. We
have proposed to use SPRi as an alternative high sensitive approach
for the detection of circulating miRNAs related to the progression of
MS.
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DNA sequences complementary to the miRNAs of interest were
immobilized on the surface of an SPRi chip; conversely miRNAs were
flowed on the gold surface for the DNA/RNA hybridization by
complementary bond. Subsequently, a commercial antibody specific
for the hybrid DNA/RNA conjugated to gold NPs, was used as an
universal enhancer of the SPRi signal. In this way, the properties of
SPRi technology (label free, real time measurements and minimal
preparation of the sample) were combined with the high sensitivity
due to the enhancement and plasmonic properties of NPs.

The specificity and the multiplexing capacity of this approach were
verified by detecting seven different miRNAs and by recognizing
single- and three-mutated sequences. The sensitivity was tested by
measuring mMiRNAs at increasing known concentrations and the
maximum achieved limit of detection was around 0.5 pM. This
enhancing approach was furthermore validated in a clinical relevant
environment by the detection of miRNAs in real human samples. The
results of this study demonstrated that this universal and enzyme free
strategy allows to detect multiple miRNAs independently by their
sequence using a simple protocol assay and a single enhancing
reagent.

Further studies will include the validation of this method by increasing
the number of patient samples and the number of miRN As that can be
detected on the same chip, in order to develop a more feasible and
affordable method for the screening of specific miRNAs related to the
diagnosis and monitoring of MS or other diseases or processes of

clinical interest.
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Moreover, this approach can obviously be used to detect not only
miRN As circulating in the blood but also those present inside EVs,

that are related to any pathological process.

Finally, a procedure for analysis of EVs based on Raman spectroscopy
was optimized in order to obtain a snapshot of the EVs biochemical
profile. To draw up and evaluate the feasibility of the method,
ultracentrifuged EVs obtained from conditioned media of human
mesenchymal stromal cells from bone marrow and adipose tissue and
dermal  fibroblast were analyzed by confocal Raman
microspectroscopy with 532 nm laser sources in the spectral ranges
500-1800 cm™* and 2600-3200 cmi™.

Multivariate statistical analysis (PCA-LDA) and Classical Least
Squares (CLS) fitting with reference lipid molecules (cholesterol,
ceramide, phosphatidylcholine, phosphatidylethanolamine,
phosphatidic acid, and GM1) were performed on the recordings
obtained on air-dried drops of EV suspensions. When vesicles were
irradiated, Raman bands of nucleic acids, proteins, and lipids
(cholesterol, phospholipids) were visible in the spectra providing a
biochemical fingerprint of the considered vesicles. CLS fitting
allowed us to identify the main lipid families involved in the spectral
differences between EVs from different cell sources.

Raman spectroscopy was proved to be able to clearly distinguish
vesicles originated by different cell-types with good accuracy (around
93%) thanks to biochemical features typical of the cell/tissue of
origin. Further lipidomic studies are still needed to verify the exact
membrane composition of EVs and to establish the role of lipid

species in mediating vesicle function.
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Raman spectroscopy has thus demonstrated to be a valuable approach
for EVs characterization prior to their use as therapeutic agents in
complex disease models. In particular, requiring minimal amount of
samples and no preliminary preparation, Raman analysis can be
immediately transferred into laboratory practice and used as a routine
quality check method for bulk characterization of EVs suspensions
before in vitro or in vivo use, being also more informative compared
to other complementary techniques. Considering the different
therapeutic potentials of mesenchymal stem cells-derived EV
preparation, the overall characterization by Raman spectroscopy might
become a primary method for the comparison between data coming
from different research studies. The use of this method has the
potentiality to hasten the clinical application not only of stem cell-
derived products but also of other kinds of vesicles used as therapeutic
agents or drug delivery systems.

Besides, the optimized Raman method could also be translated to the
study of EVs as circulating biomarkers of several diseases. Indeed,
Raman spectroscopy could provide insights in the biochemical
features of EVs circulating in the blood of neurological patients, that

are known to be associated/loaded with atypical cargoes.

Considering the future applications of these biophotonics based
approaches for the analysis of clinical samples, an important aspect
that needs to be considered and evaluated is the definition of
appropriate inclusion and exclusion criteria for the recruitment of the
patients and the relative healthy controls who will be enrolled in the
research study in order to create a large and representative cohort of

subjects. The proper selection of subjects will help to identify and
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evaluate how the specific molecular features are associated to physical

and emotional symptoms of neurological diseases.

Collectively, the data obtained in the framework of the present thesis
have demonstrated that SPRi is a very sensitive and useful technique
for the characterization of circulating EVs with the perspective of
investigating their possible use as peripherally-sourced clinical
biomarkers of neurodegenerative diseases, enabling greater patient
tolerability, integration with existing samp le testing infrastructure, and
the scalability and affordability necessary for population-Ilevel
screening. Once validated, the SPRi-based biochemical profile of EVs
and EV-related miRNA collected from any biological fluids (such as
blood, urine and saliva) could be an indication of the presence or a
state of a particular neurological disorder avoiding the invasive
collection of cerebrospinal fluid.

At the same time, the combination of the SPRi platform with the
Raman approach could provide new hints to support the role of EVs in
pathogenesis of diseases, like neurodegenerative diseases (e.g.,
Parkinson’s disease13, Alzheimer’s disease“), cardiovascular diseases
(e.g., heart failure®), infectious diseases and cancers (e.g., cancer of

t', prostate'®, gastrointestinal tract'®, skin®).

lung®®, breas , skin
The combination of SPRi and Raman characterization methods of
circulating EVs is an innovative approach with high potential of

transferability to the clinical practice.
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