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ABSTRACT

Exosomes are extracellular vesicles naturally secreted by living cells, intended for the
exchange of information between them. Their physicochemical characteristics, featured
by nanometric size and lipid bilayer structure, make them similar to the synthetic
liposomes designed to be applied in the field of biomedicine. In addition, exosomes
have associated an intrinsic biological role, which confers them natural tropism to
certain tissues and pathological processes. Taken together, these characteristics suggest
the potential use of exosomes as natural platforms to design new nanoprobes for
molecular imaging, overcoming the limitations presented by nanoparticles traditionally
used in this research field, generally associated with their toxicity and in vivo stability.
As source of exosomes, milk stands out due to its high content of these nanovesicles,
with proven functionality as carriers of molecules and drugs.

The main goal of this thesis was to develop milk exosome-based probes for the
detection of several pathologies by molecular imaging. To reach this aim, the project
was divided in four specific objectives, as follows: 1) establishing an optimal protocol
for the isolation of exosomes from, in this case, commercial goat milk, according to the
milk characteristics and the resources available in the research laboratory, ii) exploring
alternative strategies for the radioactive and fluorescent labeling of exosomes,
overcoming the limitations of current approaches, iii) determining the in vivo
pharmacokinetics and biodistribution of the exosome-based probes, to elucidate their
natural behavior in healthy mice and iv) evaluating the capacity of the exosome-based
probes to target inflammatory processes, as potential nanoplatforms for diagnosis.

Thus, first contribution of this thesis is to describe for first time an isolation protocol
based on the combination of physical and biological approaches to obtain pure and
homogeneous milk exosome samples. By means of physicochemical, proteomic and
biological characterization, the efficacy of the biophysical protocol was demonstrated,
as well as the exosomal nature of the isolated vesicles and their non-toxicity in healthy
mice.

The second contribution of this thesis is based on the development of new chemical
strategies for the labeling of exosomes with both radioisotopes and fluorophores. In the
case of the radiochemical labeling, exosomes were labeled with Technetium-99, by the
passive incorporation of this isotope into the nanovesicle structure. The main
advantages of this straightforward approach is that it does not require a chelator for the
coordination of the radiometal and employs mild conditions that avoid the chemical
modification or degradation of the exosomes. The second chemical approach presented
in this thesis is the fluorescent labeling of exosomes. Current methodologies for the
fluorescent labeling of exosomes involve advanced knowledge of genetic engineering or
result in unstable fluorescent probes that can lead to false positives. This thesis proposes
a labeling strategy based on the covalent binding of commercial fluorophores to the
functional groups available on the exosome surface. This strong chemical bond ensures
the stability of the nanoprobe, preventing the release of the fluorophore. In both cases,
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physicochemical characterization of the resulting molecular probes showed that the
original properties of the exosomes are not altered after the corresponding labeling.

The third contribution of this work is the in vivo evaluation by nuclear and optical
techniques of the natural behavior of labeled goat milk exosomes after exogenous
administration in healthy mice. By means of SPECT/CT imaging and ex vivo
evaluation, it was determined that the way of administering the exosome-based probe
significantly alters their pharmacokinetic and biodistribution parameters. On the other
hand, both optical and nuclear imaging revealed the high accumulation of the
nanoprobes in liver after intravenous injection, due to its high uptake by hepatocytes
and Kupffer cells. This finding could endorse their future used in the field of hepatic
diseases.

Last contribution of this thesis deals with the evaluation of the exosome-based probes
for diagnostic of inflammatory pathologies. Based on the literature, goat milk exosomes
are involved in the immune response and inflammation. For this reason, a fluorescent
exosome-based probe developed in this thesis was evaluated in vitro against cells
related to the inflammatory process and in vivo in a peritonitis mouse model, by
different optical imaging techniques. Fluorescent exosomes demonstrated their ability to
detect the inflammatory process underlying the disease, presenting particular uptake by
the proinflammatory population of macrophages.

In conclusion, this thesis provides novel methodologies to the labeling and
characterization of milk exosomes for use as natural nanoprobes for molecular imaging.
These approaches improve the current labeling protocols, enabling the development of
stable molecular probes that do not alter the original properties of the exosomes.
Pharmacokinetic and biodistribution evaluation of the developed nanoprobes highlight
the importance of choosing the appropriate route of administration of exosomes
according to their purpose, as well as their potential applicability in liver pathologies.
Finally, studies performed in the in vivo model of peritonitis support their use as
imaging probes for the detection of inflammatory response, enabling the evaluation of
the process at cellular level as well as the in vivo localization of the inflammatory focus.
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CHAPTER 1 . GENERAL INTRODUCTION

CHAPTER 1 . GENERAL INTRODUCTION

1.1. Nanotechnology and biomedicine

The concept of “nanotechnology” was first introduced by physicist and Nobel Laureate
Richard Feynman in 1959 [1]. Since then, nanotechnology has been considered as a
scientific field that conduces physics, chemistry, biology and technology to the
nanometer scale (10 m), with the aim of producing new small-engineered devices. The
underlying idea is to manipulate the structure of a wide variety of materials into new
constructions with unique intrinsic properties, depending on their shape, surface,
biocompatibility, etc. Thus, nanotechnology has potential applicability in diverse
technologies.
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Figure 1.1 Comparative metric scale of nanotechnology, common biomolecules and macro-objects.

Renewable energy and electronics are two of the major beneficiaries of the development
of nanotechnology. Nanostructures synthesized from metallic and semiconductor
components are currently being exploited to replace some of the materials traditionally
used in this field. In its structure, it is worth noting the arrangement of the items
forming long surfaces that increase the area of energy conduction [2]. Interestingly,
organic materials also have great applicability in electronics. This is the case of
graphene, a two-dimensional carbon crystal with a promising future in the design of
touch-screens and microchips due to its flexibility, transparency and high electron
mobility [3].

Regarding the application of this nanotechnology in the field of biomedicine,
researchers have focused their efforts on the development of biocompatible
nanoparticles (NPs) for improving current drug delivery and molecular imaging
strategies. This is due to the capability of this kind of NPs to incorporate into their
structure therapeutic and/or imaging agents, enhancing their solubility, in vivo stability
and accumulation in specific biological targets [4]. Even the current pandemic situation
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that has taken place during the writing of this thesis (COVID-19) is benefiting from the
use of NPs as alternative theranostic (therapeutic + diagnostic) agents [5].

Among the NPs developed, polymeric nanoformulations and lipid-based structures are
particularly attractive for offering multiple functionalization possibilities, in addition to
demonstrating the efficacy of loading therapeutic agents [4].

Lipid-based nanosystems include liposomes, which are spherical particles composed of
self-enclosed lipid bilayers and an aqueous core [6]. This characteristic structure
enables hydrophilic, hydrophobic and lipophilic compounds to be encapsulated within it
[4]. In addition, size, stability, biocompatibility or ionic charge properties can be
modified by surface engineering during or after chemical synthesis [4,6]. Together with
the organic character of these NPs, all these features make liposomes excellent carriers
of therapeutic compounds, such as anti-tumor drugs, and diagnostic agents, especially
for magnetic resonance and nuclear imaging [6,7].
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Figure 1.2 Schematic representation of the different parts of a liposome.

Despite the promising results achieved in preclinical research, several limitations hinder
the translation of inorganic and lipid-based NPs from bench to clinic, highlighting: (1)
low reproducibility, scalable and/or cost-effective production, (ii) poor stability in the
bloodstream and (iii) limited biocompatibility and potential toxic profile [7]. In relation
to the latter point, ecotoxicology of synthetic nanomaterials is gaining relevance due to
the scarcity of information available about their impact in animal/human respiratory
health or microenvironments such as seawater [8].

1.2. Exosomes: natural nanoparticles manufactured by cells

Charles Darwin's theory of Pangenesis was not very successful among his successors,
but one of the concepts included therein has been rescued by the current literature
related to bio-nanotechnology. Darwin hypothesized that cells shed microscopic
particles (called “gemmules”) to the bloodstream for the transference of heritable
information between generations through the interaction with reproductive cells [9,10].
Years later, scientist confirmed the existence of primitive small phospholipid vesicles
released by cells, but categorized them as “platelet dust” [10]. From the mid-1990s to
the early 2000s, the concept of phospholipid vesicles was revolutionized under the term
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“extracellular vesicles” and several biological roles were associated with these particles
[11-14], beyond being the dumpsters of the cells.

Nowadays, it has been established that extracellular vesicles (EVs) constitute a
heterogeneous group of particles naturally secreted by most living cell types. The main
purpose of the release of these vesicles is the intercellular communication through the
encapsulation and transfer of biomolecules such as proteins, lipids, nucleic acids and
sugars [15,16]. This process has been evolutionarily conserved not only in animal cells
but also in plants and pathogenic and non-pathogenic bacteria [17-19].

The term EVs encompasses several types of vesicles whose specific nomenclature is
open to controversy due to the difficulty of classifying them solely by their
physicochemical characteristics, biogenesis pathway or biological role. Rose Johnstone
established the term “exosomes” a few years after its first association with biological
functions [20]. The “Minimal Information for Studies of Extracellular Vesicles
(MISEV)” guide, published in 2018 by the International Society of Extracellular
Vesicles [21], categorizes exosomes as small EVs originated from late endosomes
inside cells.

Figure 1.3 Scheme of the biogenesis of exosomes inside a cell.

Early endosomes are formed from the invagination of the cell membrane and accumulate different
biological compounds until the mature into multivesicular bodies (MVB). When MVB fuse to the cell
membrane, exosomes are released into the biological medium [22].

Other works also suggest that EVs should comply with the following general
specifications for being considered as exosomes: size range from 20 to 200 nm [23],
phospholipid bilayer membrane [24], cup-shape morphology under electron microscope
[24,25], negative surface charge in buffer [26] and membrane biomarkers enriched in
HSP70, HSP90, CD63, CD81 or TSG101, among others [17]. However, a consideration
to bear in mind is that, due to their intracellular biogenesis, all exosomes have parent-
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cell-specific signatures [18] which influence the composition of their surface and also
some of their physicochemical properties.
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Figure 1.4 Image of a milk exosome by (A) Transmission Electron Microscopy and (B) example of the
general molecular structure of an exosome, including some of its most relevant components.

The role of exosomes in cellular communication and bioactive compounds exchange
appears to be crucial, contributing both in fundamental biological processes and in the
development of some pathologies.

1.3. Role of exosomes in disease progression

Mammalian-derived exosomes are released by cells under normal physiological
conditions to mediate several biological processes by the trafficking of bioactive
material, from modulating the activity of the cells neighboring the parent cell to
neuronal communication, pregnancy or the macrophage polarization during the immune
response [24].

However, the role of these exosomes is not always beneficial for the organism, acting in
the development and progression of many diseases. For example, exosomes can
contribute to neurodegenerative disorders by the transmission of pathogenic proteins
between cells [27,28]. The detection of misfolded proteins inside exosomes, associated
with the development of Alzheimer's or Parkinson's diseases such as tau or a-synuclein,
opens the door not only to study the inhibition of the biological pathway related to
exosome secretion but also to the use of these vesicles as biomarkers of disease [29-31].

Exosomes may also promote the spread of infectious agents from virus/bacterial-
infected cells [24,32], as result of evading the immune system response through the
incorporation of infectious-specific components into the exosomes naturally secreted by
infected cells [33]. Viruses such as human immunodeficiency virus (HIV-1) or
varicella-zoster virus are capable of altering the protein content of exosomes, of loading
histocompatibility complex into their structure, and also of incorporating their own
DNA/RNA inside these vesicles [32,33]. Thus, exosomes work as “Trojan horses” in
the transmission of infection to healthy host cells, which are unable to distinguish
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between normal and pathogenic exosomes. These changes in exosome content are not
accidental, as some studies describe that viruses are able to intervene in the endosomal
pathway in order to alter the biogenesis of exosomes and thus their composition and
secretion [34]. This also occurs in the case of bacterial infections, where a significant
increase in exosome release after infection has been demonstrated [35].

However, one of the main lines of study in the area of exosomes is their involvement in
oncological processes. The progression of primary tumors is not limited to the aberrant
behavior of malignant cancer cells but also to their microenvironment and the cells that
compose it, such as fibroblasts, endothelial and stromal cells, or tumor-associated
macrophages. This is partly due to the dynamic transference of proteins, lipids and
nucleic acids as RNA from tumor to surrounding cells by exosome secretion, at all
stages of cancer progression [36]. By this pathway, tumor cells can promote the
disruption of endothelial cell barriers, facilitating the angiogenesis and metastatic
processes [36], or induce the conversion of healthy stromal cells into cancer-associated
fibroblasts which support tumor growth, resistance and spread [36,37]. Modulation of
immune response is also influenced by exosomes through the reprogramming of tumor-
associated macrophages into its M2 anti-inflammatory and immunosuppressive
phenotype [38,39]. Those are just few examples of the key role of exosomes in tumor
development, but the underlining message is the strong ability of these vesicles to
interact in many biological processes and with cells of different lineage than the parent
one.

1.4. Molecular imaging

Imaging techniques are applied in the fields of biomedical research and clinical practice
to test novel drugs, elucidate the cause of a disease, determine its stage and severity or
follow the disease response to a treatment regimen. Each imaging modality has its own
features, varying primarily in terms of sensitivity, spatial and temporal resolution, depth
of penetration and imaging characteristics (e.g. dynamic/static, small region/whole
subject) [40].
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Figure 1.5 Main imaging modalities for preclinical and clinical research.

However, the choice of the most appropriate imaging technique is initially dependent on
the data to be collected, in terms of anatomical or functional information.

Molecular (or functional) imaging is defined as the detection and visualization of
certain biological processes and pathways in living organisms at the cellular and
molecular level. Imaging techniques encompassed in this concept move into the
chemical, metabolic, cellular and tissue level to provide functional information under
non-invasive conditions, enabling the real-time evaluation of cellular and
pathophysiological processes in living subjects [41]. Among the various imaging
techniques included in this category, optical and nuclear imaging stand out as those with
better preclinical application and clinical transfer.

1.4.1. Optical imaging

Optical imaging is widely used for cellular assays, but is also gaining relevance in small
animal preclinical research. The advantages of optical imaging lie in its high sensitivity,
cost-effectiveness and safety, due to the use of light instead of ionizing radiation for
imaging molecular and cellular processes [42]. This modality includes bioluminescence
and fluorescence.

In the case of bioluminescence, the light arises as a result of the oxidation reaction
between a substrate (luciferin) and an enzyme (luciferase), which produces the emission
of photons [40]. Cells and tissues do not emit endogenous bioluminescence, so the main
advantage of this technique is the absence of background signal or ‘“auto-
bioluminiscence” [40]. Several pathological processes can be evaluated at molecular
stages using bioluminescence imaging, including cancer biology. However, the use of
bioluminescence has been limited to the preclinical field because of problems derived
from light propagation in living tissues and the substrate-enzyme reaction requirements
[40,42].
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In the case of fluorescence, it is necessary to illuminate the sample under study with a
laser, enabling the absorption of energy and the emission of light. Thus, image
acquisition requires the use of a fluorescent probe, such as commercial fluorophores or
dyes. These offer a wide variety of labeling possibilities, enabling us to improve the
imaging resolution and depths. The main drawback of this modality is the natural in
vivo absorption of light by some tissues and biomolecules, such as hemoglobin, which
results in a significant background signal that may limit the detection of the process to
be detected [40]. This phenomenon, called “autofluorescence”, can be attenuated by the
use of near-infrared (650 - 900 nm) fluorescent agents, which avoids the background
signal of endogenous molecules and tissues [43] and provide deeper tissue penetration.
The development of near-infrared fluorescence has enabled the transference of optical
imaging from in vitro and preclinical assays to clinical applications, such as
fluorescence-guided surgery [44].

1.4.2. Nuclear imaging

Nuclear imaging is based on the detection of the radiation emitted by a radioisotope or
radionuclide, which enables imaging biochemical processes, molecular targets or
pathogens in living subjects. This modality includes Positron Emission Tomography
(PET) and Single-Photon Emission Computed Tomography (SPECT), and the choice
between them depends mainly on the physics of the radiation emitter. Both techniques
present limitless depth of tissue penetration and enable two- or three-dimensional
imaging with high sensitivity, as well as the quantification of the registered radioactive
signal [45,46]. These features have facilitated the successful translation of nuclear
medicine to the clinic, although its ionizing nature limits the number of scans enabled
per individual and year [40].

Both PET and SPECT require the administration to the subject of an imaging agent
called radiotracer. A radiotracer is composed by a biological element and a
radioisotope. The first is the active part of the tracer, able to bind or detect with high
specificity and affinity the evaluated biological target. Thus, biocompounds selected are
usually antibodies or small organic molecules, such as amino acids or peptides [45]. The
radioisotope is the part which, thanks to the emission of ionizing radiation, can be
detected by PET or SPECT. It is a prerequisite that it can be conjugated to the biological
agent without altering its inherent functionality.

Since these nuclear imaging techniques only provide functional information regarding
metabolic pathways and biochemical processes, the complementary use of structural
techniques is necessary for the anatomical localization of the pathology or target. PET
and SPECT are normally combined with X-Ray Computed Tomography (CT), which
enables the precise correlation between the functional data achieved from nuclear
imaging and the anatomical characteristics of the event under evaluation [40]. This
approach is known as “multimodality imaging”.
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1.5. Milk exosomes as natural liposome-like nanoparticles for biomedical imaging

Molecular imaging techniques described above have in common the need to use
imaging agents, either to obtain the desired functional information or to improve the
image acquisition characteristics.

NPs have been widely used as contrast agents for the study of disease development at
the preclinical level. Compared to traditional molecular probes, NPs offer intrinsic
magnetic and optical properties which can be exploited in various imaging modalities.
In addition, the controlled variation of their physicochemical and surface properties
enables to easily improve their specificity and circulation time in blood, as well as the
design of multifunctional nanostructures [47]. Iron oxide NPs as contrast agents for
MRI or fluorescent quantum dots for optical imaging are two examples of NPs whose
raw material enables them to be used in molecular imaging. However, several
limitations mainly associated with their synthesis, toxicity and long-term stability
hinder the NPs translation to clinical diagnostics [47].

As described up to this point of this thesis, the physicochemical features of exosomes
together with their assumed biocompatibility and intrinsic biological role in disease
development postulate them as candidates to replace synthetic liposomes and lipid-
based NPs in biomedical imaging, both in preclinical and clinical applications.
Although exosomes do not have any component with imaging properties in their
composition, they can be labeled with fluorescent or radioactive agents, or encapsulate
cores of optically/magnetically active materials in order to overcome their limitations,
as was ideally intended with lipid-based NPs [48].

Because all cells produce exosomes, and their intrinsic characteristics and biological
role strongly depend on the parental cell, the choice of the type of exosome as a
therapeutic/diagnostic nanoplatform will vary depending on its specific application.

At the therapeutic level, there is a growing interest in the potential use of exosomes in
regenerative medicine and modulation of the immune response, with at least 11 studies
presently registered in the clinicaltrials.gov repository in recruitment or completed
status. All of them have in common the election of mesenchymal cell-derived exosomes
for different purposes, such as inflammatory modulation after viral infection,
assessment of tumor response to exosome administration or tissue regeneration (lung or
brain) after acute damage, including treatments for SARS-CoV-2 [49-51]. However,
one of the main drawbacks of employing exosomes isolated from cell culture is their
low production yield and scalability, hindering their translation to clinical use [52].

Thinking about cancer cell-derived exosomes for biomedical purposes due to their
strong involvement in the development of the disease, controversy arises due to their
potential applications as well as their possible secondary effects. Although their use as
anti-tumor immune response stimulators has been suggested, it has also been
demonstrated that cancer cell-derived exosomes can promote adverse effects that may
favor tumor development [53]. Thus, it seems more interesting to design imaging tools
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based on tumor exosomes to fully characterize their role in the development of cancer
instead of considering their directly use as an imaging/therapeutic platform.

Focusing on the use of exosomes as medical imaging or therapeutic NPs, these vesicles
should meet the following requirements: 1) resistance to conditions different from those
of their natural biological environment (necessary not to be destroyed during chemical
treatments), i1i) non-toxicity or immunogenicity and iii) high availability and the
possibility of scalable isolation. Consequently, exosomes contained in food products,
such as plants, fruits or milk, have attracted scientific interest because of accomplishing
these characteristics. Research lines involving food-contained exosomes summarized
that these vesicles can join the bloodstream of an individual after oral ingestion and
deliver their cargo to distal organs, resisting to the harsh digestion conditions [54]. In
addition, some natural therapeutic effects have been associated with food-derived
exosomes, such as the modulation of the anti-inflammatory response by grape berry,
curcumin and ginger derived exosomes [54].

One of the most studied populations of food-derived vesicles is milk exosomes due to
the high consumption of milk from animal origin by adult humans and its proven
fundamental role in the maturation of the infant immune system. Milk exosomes are
secreted by some of the cells that compose the mammary glands, such as macrophages,
lymphocytes, and epithelial and mammary stem cells [55,56]. Once included in milk,
exosomes are incorporated into the circulatory system of the consuming organism after
being orally ingested and absorbed in the intestine.

Depending on the origin of the milk (human or animal), the health of the producing
organism and the lactation period, the milk exosomes cargo and functionality may vary
[55]. Nevertheless, the biological role of milk exosomes is mainly related to the
maturation and growth of digestive system [57], and the regulation of the inflammation
response and infant immune system, including strong interaction with cells from these
biological environments [54,57]. In this regard, several publications have also reported
the protective and anti-inflammatory effect of milk extracellular vesicles in pathologies
such as colitis or osteoarthritis [58,59].

Among the different milk sources, human and bovine milks are the most exploited in
the field of the extracellular vesicles research [60]. However, goat milk is also one of
the most consumed milks by humans and is gaining relevance in recent years due to the
demonstrated enrichment of its exosomes in immunomodulatory metabolites [61], as
well as the excellent capacity of these nanovesicles to encapsulate chemotherapeutic
drugs compared to other milk exosomes [62]. Nevertheless, these findings have been
reported so recently and few literature about goat milk exosomes has been reported to
date.
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Figure 1.6 Cows, goats and sheep are the main sources of animal milk for daily human consumption.

Altogether, the resistance of milk exosomes to harsh conditions such as low pH (in the
digestive system [63]) or extreme temperature changes (in the pasteurization process in
the case of commercial milk [64]), together with their cross-species tolerance, their high
availability and their apparently non-pathogenic/protective biological role, support their
potential use as substitutes of lipid-based NPs in the development of natural exosome-
based probes for biomedical imaging.
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CHAPTER 2 . MOTIVATION AND OBJECTIVES

The unique physicochemical and optical properties of synthetic nanoparticles as well as
their multiple functionalization options have significantly increased their applicability in
the field of biomedicine in recent years. Lipid-based nanoparticles, such as liposomes,
are of particular interest as diagnostic agents and drug transporters. However, the
limitations associated with these nanoformulations, such as low biocompatibility, lack
of batch-to-batch reproducibility and potential toxicity, among others, hinder their
translation to the clinic.

Milk exosomes are presented as a potential alternative to lipid-based nanoparticles due
to their natural origin, expected non-toxicity and similar physicochemical properties. In
this sense, their lipid bilayer composition enables the loading of several molecules
within their structure [1] and the nanometric size facilitates their passive accumulation
in biological targets with associated angiogenic development, based on the enhanced
permeability and retention (EPR) effect, especially in tumor tissues [2]. In addition, the
relationship between exosomes derived from different milk sources and the immune
response has been established at a preclinical level, concluding the preventive and
immunomodulatory effect of these nanovesicles against inflammatory processes [3-5].
This could support the natural vectorization of milk exosomes towards inflammatory
foci or biological sites where immune response has been activated.

Based on the properties described above, exosomes are postulated as promising
platforms for the development of imaging agents, with particular interest in the areas of
inflammation/immunology and cancer. Goat milk was selected in this thesis because of
the limited information on its exosomes compared to other milk sources, thus bringing
an additional novelty character to this project. Although characterization techniques
such as immunoblot analysis, RNA content evaluation, mass spectrometry or
metabolomics are necessary to establish the basis of the biological behavior of
exosomas before their clinical translation [6-8], the invasive nature of all of them
implies the destruction of the nanovesicles, limiting the number of samples to be
analyzed. Thus, biomedical imaging techniques emerge as a highly useful tool, enabling
not only a more in-depth study of the pharmacokinetic properties of exosomes in a non-
invasive manner, but also to evaluate their promising applications in the diagnosis of
inflammation-related processes.

Optical imaging, especially in the near-infrared range, is very useful for the real-time
tracking of exosomes in small mice [9] and the in vitro uptake assessment of these
nanovesicles by different cell populations, supported by the cost-effectiveness and the
usual availability of equipment in laboratory facilities [10,11]. However, current
labeling methods, based on genetic engineering or the incorporation of fluorescent
probes to the exosomes structure by encapsulation or membrane integration, assume an
uncontrolled labeling of the vesicles, a modification of the exosome surface and an
unintended release of the fluorescent agent due to the low stability of the probe [11,12].
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As an alternative to optical imaging, especially for in vivo applications, several
publications have also assessed the labeling of exosomes with radioactive isotopes for
both PET and SPECT imaging. Technetium-99, *™Tc, is one of the most employed, and
its incorporation into the exosome structure involves the binding of **™Tc complexes to
surface proteins [13,14] or the intraluminal entrapment of **™Tc after crossing the
exosome lipid membrane [15]. These approaches imply sensitive chemical conditions,
the modification of membrane proteins (in case of surface radiolabeling) and the low
stable incorporation of the isotope in the exosomal nucleus (in case of intraluminal
radiolabeling) [10].

2.1. Objectives

The main objective of this PhD thesis is to develop milk exosome-based probes and
evaluate their potential application as natural nanoplatforms for the diagnosis of several
pathologies by medical imaging. To achieve this aim, the thesis project is divided into
the following specific objectives:

1. To define an optimal protocol for the isolation and purification exosomes from goat
milk exosomes, presenting a complete characterization of the collected nanovesicles.

2. To design radioactive and fluorescent labeling strategies for developing exosome-
based nanoprobes, solving the drawbacks associated to current protocols.

3. To evaluate the in vivo pharmacokinetics and biodistribution properties of the
exosome-based probes in healthy mice, for assessing their natural behavior.

4. To investigate the ability of the exosome-based probes for detecting inflammatory
processes underlying pathologies, as potential diagnostic tools.

2.2. Scientific contributions

This thesis is part of the research line focused on the development of molecular probes
of the Biomedical Imaging and Instrumentation Group (BiiG) of the Instituto de
Investigacion Sanitaria Gregorio Maraion (liSGM).The results achieved from this
thesis may establish the basis of the natural behavior of goat milk exosomes as probes
for medical imaging, facilitating future research lines based on their evaluation in other
pathologies related to inflammatory processes and on the customization of the exosome
surface to improve their pharmacokinetic properties and their directionality towards
certain therapeutic targets.

At the overall level, this thesis aims to offer exosome labeling alternatives to those
currently employed, which will enhance their research as diagnostic tools for medical
imaging but also for improving the knowledge on their pharmacokinetics, cell
interaction and effectiveness for future clinical applications.
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2.3. Outline of the document

This PhD thesis is based on four research articles, already published or under
preparation. In case of published works, they have been included in this thesis as they
were published, with minor modifications.

Chapter 1 compiles an overview of the state of the art in the field of nanotechnology
applied to biomedicine as well as a general description of exosomes and their potential
use as natural nanoparticles for molecular imaging. Chapter 2 summarizes the
motivation and objectives of this thesis. Chapter 3 presents an innovative methodology
for the isolation of exosomes from commercial goat milk and contents a complete
physicochemical and biological characterization of these nanovesicles, based on the
paper M.I. Gonzalez, A. Santos-Coquillat, et al. Goat Milk Exosomes As Natural
Nanoparticles for Detecting Inflammatory Processes By Optical Imaging (Small, 2021).
Chapter 4 describes a novel strategy for the labeling of exosomes with the radioisotope
Technetium-99, *™Tc, based on the paper M.1. Gonzalez et al. Radioactive Labeling of
Milk-Derived Exosomes with **"Tc and In Vivo Tracking by SPECT Imaging
(Nanomaterials, 2020). This approach has enabled us to evaluate the pharmacokinetics
and biodistribution of exosomes in healthy mice by SPECT/CT imaging, comparing
three different routes of administration. Chapter 5 proposes an easy and
straightforward approach for the fluorescent labeling of exosomes by the covalent
biding between the nanovesicle surface and commercial fluorophores, based on the
paper M.I. Gonzélez et al. Covalently Labeled Fluorescent Exosomes for In Vitro and In
Vivo Applications (Biomedicines, 2021). The resultant nanoprobes were validated both
in vitro and in vivo. Chapter 6 evaluates the applicability of the fluorescent nanoprobe
developed in the previous chapter as diagnostic tool, based on the paper M.I. Gonzalez,
A. Santos-Coquillat, et al. Goat Milk Exosomes As Natural Nanoparticles for Detecting
Inflammatory Processes By Optical Imaging (Small, 2021). To this end, the ability of
fluorescent milk exosomes to detect inflammatory processes underlying disease was
assessed in vitro in macrophages populations and in vivo in a peritonitis mouse model.
Finally, Chapter 7 summarizes a general discussion and conclusions of the thesis
project.

Additionally, scientific output derived from this thesis and other research merits have
been detailed at the end of the document.

Regarding the design of the figures presented in this thesis, the following ones from
Chapter 1 have been totally or partially created with BioRender.com: Figure 1.1, Figure
1.2, Figure 1.3, Figure 1.4, Figure 1.5 and Figure 1.6.
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CHAPTER 3. ISOLATION OF GOAT MILK EXOSOMES BY
NOVEL COMBINED BIOPHYSICAL METHODOLOGY
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E., Desco, M., Salinas, B. Goat Milk Exosomes As Natural Nanoparticles for Detecting
Inflammatory Processes By Optical Imaging Small 2021, 2105421.

Authors signaled by an asterisk (*) have contributed equally to the research article.

3.1. Introduction

The term ‘exosome’ can be applied to bilayer membrane vesicles with nanometric size
(20-200 nm) and cup-shape morphology [1,2], naturally secreted by cells as mediators
of cell-cell communication. These nanovesicles have an endosomal origin and their
cargo is composed by lipids, metabolites and nucleic acids (mainly miRNA) [3]. There
are also several biomarkers which characterize them, including tetraspanins (e.g. CD63,
CD81) and membrane molecules (e.g. TSG101) [4]. Several publications stand out the
use of exosomes in biomedical applications; the lipid bilayer structure of these
nanovesicles enables both hydrophilic and hydrophobic drugs to be loaded within their
structure, supporting their use as drug delivery systems (DDS) [5]. Additionally, natural
origin of exosomes ensures their in vivo biocompatibility, also exhibiting an intrinsic
ability to target specific cells and tissues [6].

Despite all these promising properties, not all exosomes are available for biomedical
purposes. The cellular origin determines not only the composition of the nanovesicle but
also its biological function. Foodstuff and plants have been purposed as attractive
sources of EVs for involving scalability, accessibility and cost-effectiveness, and
ensuring biocompatibility and cross-species tolerance [7]. Specifically, milk represents
the only EVs-enriched fluid commercially available and widely consumed by humans.

Exosomes presented in milk are of particular interest because of their remarkable
robustness under degradation conditions, necessary to be incorporated into the organism
through the intestine after oral ingestion [3]. In addition, their inherent biological
functionality supports a promising role as therapeutic tools; milk exosomes are involved
in the regulation of inflammatory processes and immune response as well as providing a
vehicle for miRNA transmission from mothers to infants [1]. Several publications have
demonstrated efficient encapsulation of therapeutic agents in these vesicles, including
antitumor drugs [8]. Furthermore, the successful labeling of these nanovesicles with
both fluorescent probes and radioisotopes also supports their potential use as novel
diagnostic agents for nuclear or near-infrared (NIR) fluorescence imaging [9-11].

Among the different mammalian milk sources, goat milk is one of the most consumed
milks by humans, although the vesicles contained therein have been not widely
investigated. In addition, it has been reported that goat milk exosomes have a significant
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role on inflammatory biological pathways compared to exosomes derived from other
milk sources [11,12]. However, one of the drawback in the goat milk exosomes research
is the high fat content compared to other human consumption milks and the significant
casein composition [13], which could hinder its isolation and limit the efficiency of
well-stablished extraction protocols.

The improvement of the purity and specificity of isolated goat milk exosomes is crucial
due to their direct influence on their biophysical features. For example, co-precipitation
of milk proteins misrepresents the quantification of the total protein amount in the
collected sample [14] and may induce vesicle aggregation, altering its size and
morphology. In addition, residual proteins bound to exosomes can change its surface
charge, modifying the vesicle’s in vivo stability and natural tropism [15,16]. Nowadays,
different approaches are employed in the isolation of milk exosomes, including
sequential centrifugation, size exclusion chromatography, density gradient
centrifugation or immunomagnetic beads precipitation [3,17,18]. Among them,
differential ultracentrifugation is one of the most widely employed [14]. This physical
separation technique enables treating large milk volume, increasing the amount of
exosomes that can be recovered per isolation round. This fact support the cost-
effectiveness and scalability of the technique, despite the initial investment in the
equipment. Nevertheless, the co-precipitation of ‘contaminants’ with nanovesicle-like
physicochemical properties, such as proteins, casein or fat-containing globules [14] may
limit the purity of the isolated vesicles.

Previous publications have evaluated the effect of combining differential
ultracentrifugation with other isolation techniques in order to improve the purity of the
exosome sample. For example, size exclusion chromatography (SEC) after differential
ultracentrifugation can reduce the aggregation status of isolated exosomes as well as
increase the elimination of residual elements [19,20]. The acidification of milk samples
with acetic or hydrochloric acid can also avoid the co-precipitation of non-exosomal
components during differential ultracentrifugation, although it can affect the surface
composition of the nanovesicles [21].

We propose an innovative protocol which combines typical steps from differential
ultracentrifugation with SEC to improve the purity of isolated goat milk exosomes,
minimize their aggregation and collect a nanovesicle population as homogeneous as
possible. Additionally, we have implemented the use of microbial rennet as biological
agent to enhance the removal of casein and non-exosomal proteins. Isolated exosomes
have been fully characterized not only to determine the efficacy of this methodology but
also to present for the first time the physicochemical and biochemical properties of
these nanovesicles.

3.2. Materials and Methods

Commercial organic semi-skimmed goat milk (El Cantero de Letur, Albacete, Spain)
was acquired from the supermarket and storage at 4 °C until use. All centrifugation
steps were performed at 4 °C employing an AVANTI J-301 centrifuge, a Ja 30,50 Ti
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fixed-angle rotor (k factor = 280) and 30-mL polycarbonate tubes. This equipment was
purchased from Beckman Coulter Instruments (Brea, CA, USA).

Unless otherwise noted, all reagents were purchased from Merck Life Science
(Darmstadt, Germany) and used without further purification.

3.2.1. Biophysical procedure for the isolation of goat milk exosomes

60 mL of commercial goat milk were divided into two 30-mL centrifuge tubes and
centrifuged for 10 min at 5,000 x g in order to remove milk fat and fat-containing
vesicles, which are macrostructures commonly present in this biological fluid. Defatted
supernatants were tempered and treated for 20 min at 37 °C with 150 uL of microbial
rennet per centrifuged tube (Postres Ultzama, Navarra, Spain). Milk samples were
centrifuged for 10 min at 5,000 x g after the coagulation step. Resultant supernatants
were successively centrifuged first 35 min at 13,000 x g and then 15 min at 35,000 x g
for ensuring the removal of mammary gland-derived cell debris, somatic cells and large
extracellular vesicles (e.g. microvesicles). Exosomes were precipitated by
ultracentrifugation at 100,000 x g for 65 min. The whitish pellets were washed twice
with 5 mL of phosphate-buffered saline (1X PBS) and ultracentrifuged at 100,000 x g
for 95 min. Resultant pellets were pooled, filled up to 2.5 mL of 1X PBS and purified
by size exclusion chromatography (SEC) using PD-10 columns (GE Healthcare Bio-
Sciences AB, Chicago, IL, USA). Briefly, exosomes were collected in 7 fractions of
500 uL of 1X PBS and analyzed by Transmission Electron Microscopy (TEM).
Exosome enriched fractions were mixed, raised up to 5 mL with 1X PBS and
ultracentrifuged at 100,000 x g for 95 min. The resultant exosome pellet was dispersed
in 100 - 200 uL of 1X PBS.

3.2.2. Physicochemical characterization

The isolated vesicles were fully characterized by physicochemical assays, following the
Minimal Information for Studies of Extracellular Vesicles (MISEV) 2018
recommendations [14]. Triplicates of the samples per technique were employed.

3.2.2.1. Protein content determination

Total protein amount in isolated samples was quantified by Bradford-Coomassie
colorimetric assay. Aliquots of 10 pL, previously diluted by 5-fold in 1X PBS, were
loaded in a flat-bottom 96-well plate (Thermo Fischer Scientific, USA) and quantified
against a Bovine Serum Albumin (BSA) standard curve. All samples were incubated for
10 min with 200 pL of ready-to-use Coomassie staining reagent. Absorbance per
sample was measured at 540 nm using a 680 XR Microplate Reader (BIO-RAD
Laboratories, Hercules, CA, USA).

3.2.2.2. Transmission Electron Microscopy

Shape, size and homogeneity of vesicle samples were assessed by Transmission
Electron Microscopy (TEM) at ICTS Centro Nacional de Microscopia Electronica
(Universidad Complutense de Madrid, Madrid, Spain). This technique also enabled the
detection of impurities and aggregates. Aliquots of 30 pg of isolated vesicles were
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placed over formvar carbon coated copper grinds and negatively stained at room
temperature with uranyl acetate. Samples were imaged using a JEOL JEM-1010
microscope, operating at 100 kV.

3.2.2.3. Dynamic Light Scattering

Dynamic Light Scattering (DLS) was selected for the analysis of the hydrodynamic size
distribution of the isolated vesicles. Aliquots of 5 uL. were 200-fold diluted in 1X PBS
and placed in DTS0012 disposable cuvettes for their measurement in a Zetasizer Nano
7590 (Malvern Panalytical, Malvern, UK). Three replicates were recorded under the
following parameters: 25 °C, 9 runs and 10 seconds/run.

3.2.2.4. Nanoparticle Tracking Analysis

Real-time concentration (particle/mL) as well as the core size of isolated vesicles were
determined using a NanoSight NS300 instrument (Malvern Panalytical, Malvern, UK),
equipped with a high sensitivity metal-oxide semiconductor (sCMOS) camera, a 532
nm laser and the NTA 3.4 Build software. Aliquots of 5 pLL were 200-fold diluted with
1X PBS and filtered by 0.45 um PES membrane filters for technical requirement. Then,
samples were charged into the NanoSight chamber with a syringe pump module,
stablishing an infusion speed of 40. Three dynamic videos of 60 seconds were recorded
per sample, setting the camera level to 12, the detection threshold to 5 and temperature
to 25 °C. Replicated histograms were averaged to determine the modal size and particle
concentration.

3.2.2.5. Zeta Potential

Superficial charge of isolated vesicles was evaluated by the measurement of the zeta
potential (Z-Potential) in a Zetasizer Nano ZS90 (Malvern Panalytical, Malvern, UK).
Same samples used for DLS were placed in DTS1070 cuvettes and measurements were
run at 25 °C, recording three replicates per sample.

3.2.3. Western Blot analysis

The detection of the exosome protein markers TSG101 and CDS81 in the samples
obtained by the Biophysical procedure was carried out by Western Blot assay. Isolated
suspensions were homogenized 1:1 in RIPA buffer (PBS with 1 % Nonidet P-40, 0.5 %
sodium deoxycholate, 0.1 % SDS), and protease inhibitor cocktail (Roche, Basel,
Switzerland). The homogenates were centrifuged at 10,000 x g and 4 °C for 10 minutes,
and supernatants were transferred to different tubes. The amount of soluble protein was
quantified with a Bicinchoninic Acid kit for protein determination, following
manufacturer’s instructions (ThermoFisher Scientific, Rockford, IL, USA). Proteins
were resuspended in reducing Sodium Dodecyl Sulfate (SDS) loading buffer and heated
at 95 °C for 5 min. 15 pg of nanovesicle proteins were run on a 10 % polyacrylamide
gel under reducing conditions and transferred to a polyvinylidene fluoride membrane
(Immobilon-P, Merck, Darmstadt, Germany). Circulating extracellular vesicles isolated
from human WM64 melanoma cells as previously described [22] were run in parallel as
positive control. Membranes were blocked with 3 % BSA, then incubated with a rabbit
polyclonal anti-TSG101 antibody or a mouse monoclonal anti-CD81 antibody
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(ThermoFisher Scientific, Waltham, MA, USA), both at a concentration of 1:1000 in
blocking buffer, and finally incubated with the corresponding horseradish peroxidase-
conjugated secondary antibodies (Agilent Dako, Santa Clara, CA, USA). Direct digital
images were acquired with the Image Quant LAS 4000 mini (GE Healthcare, Chicago,
IL, USA).

3.2.4. Proteomic evaluation

The protein content of goat’s milk exosomes was solubilized using 8 m urea in 100 mM
Tris-HCI (pH 8.0). Samples (20 pg) were digested using the standard FASP protocol.
Briefly, proteins were simultaneously reduced (15 mm TCEP) and alkylated (30 mm
CAA) for 30 min in the dark at room temperature, and sequentially digested with Lys-C
(protein:enzyme ratio 1:50, overnight at room temperature; Wako) and with trypsin
(protein:enzyme ratio 1:100, 6 h at 37 °C; Promega, WI, USA). Resulting peptides were
desalted using C18 stage-tips.

3.2.4.1. Mass spectrometry

For the proteomic analysis of goat milk-derived exosomes we used liquid
chromatography with tandem mass spectrometry (LC-MS/MS) by coupling an Ultimate
3000 RSLCnano System (Dionex) with a Q-Exactive Plus mass spectrometer (Thermo
Fisher Scientific, CA, USA). Peptides were loaded into a trap column (Acclaim
PepMapTM 100, 100 um x 2 cm, Thermo Fisher Scientific, CA, USA) over 3 min at a
flow rate of 10 pL/min in 0.1 % FA. Then peptides were transferred to an analytical
column (PepMapTM RSLC C18, 2 um, 75 pum x 50 cm, Thermo Fisher Scientific, CA,
USA) and separated using a 90 min effective linear gradient (buffer A: 0.1 % FA; buffer
B: 100 % ACN, 0.1 % FA) at a flow rate of 250 nL/min. The gradient used was: 0-5
min 4 % B, 5-7 min 6 % B 7-60 min 17.5 % B, 60-72.5 min 21.5 % B, 72.5-80 min 25
% B, 80-94 min 42.5 % B, 94-100 min 98 % B, 100-110 min 4 % B. The peptides
were electrosprayed (2.1 kV) into the mass spectrometer through a heated capillary at
320 °C and a S-Lens RF level of 50 %. The mass spectrometer was operated in a data-
dependent mode, with an automatic switch between the MS and MS/MS scans using a
top 15 method (minimum AGC target 3E3) and a dynamic exclusion time of 26 s. MS
(350-1500 m/z) and MS/MS spectra were acquired with a resolution of 70000 and
17500 FWHM (200 m/z), respectively. Peptides were isolated using a 2 Th window and
fragmented using higher-energy collisional dissociation (HCD) at 27 % normalized
collision energy. The ion target values were 3E6 for MS (25 ms maximum injection
time) and 1ES5 for MS/MS (45 ms maximum injection time). Samples were analyzed
twice.

3.2.4.2. Proteomic data analysis

Raw files were processed with MaxQuant (v 1.6.1.0) using the standard settings against
a Bovidae protein database (UniProtKB/Swiss-Prot/TrEMBL October 2018, 92, 108
sequences) supplemented with contaminants. Label-free quantification was done with
match between runs (match window of 0.7 min and alignment window of 20 min).
Carbamidomethylation of cysteines was set as a fixed modification whereas methionine
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oxidation and N-term acetylation were variable protein modifications. The minimal
peptide length was set to 7 amino acids and a maximum of two tryptic missed-cleavages
were enabled. The results were filtered at 0.01 FDR (peptide and protein level) and
subsequently the “proteinGroup.txt” file was loaded in Perseus (v1.6.0.7) for further
analysis. Statistical overrepresentation of GO Terms, Reactome and Panther pathways
were performed using Panther v15.0. The Bos taurus database was considered as the
reference list and a Fisher’s Exact test with FDR correction (5 %) was applied. The MS
proteomic data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD025026. For peer reviewing
purposes, the data set can be accessible under the username
reviewer pxd025026(@ebi.ac.uk and password: W8uDOthG.

3.2.5. Biochemical Assessment of Milk Exosomes in Plasma of Healthy Mice

Possible toxic effects of goat milk exosomes were evaluated in vivo on CD1 mice (13
weeks old; Charles River Laboratories International Inc., MA, USA) employing the
same concentrations as in the in vivo imaging studies. Animals were randomized into
two groups, control (n = 7) and treated (n = 8), which were intravenously injected
through the lateral tail vein with either PBS (100 pL) or goat milk exosomes (20 pg,
100 pL in PBS), respectively. Blood samples were collected 24 h post-injection by
cardiac puncture and plasma was separated from whole blood by centrifuging 5 min at
84 000 rpm. Complete biochemical analysis of blood plasma was carried out by
Comparative Medicine Department of Centro Nacional de Investigaciones
Cardiovasculares (CNIC) Carlos III (Spain), including basic, hepatic and inflammatory
profiles.

3.3. Results

3.3.1. Qualitative evaluation of isolated goat milk exosomes

Biophysical procedure optimized for the isolation of goat milk exosomes (Figure 3.1A)
combine the removal of fat milk, cell debris and large vesicles through the physical
method of differential ultracentrifugation with the biological precipitation of casein and
residual proteins by the enzymatic activity of microbial rennet.

Milk fat and fat-containing vesicles were mainly separated from the milk whey in the
first centrifugation step, applying low speed (Figure 3.1B). Then, coagulation of milk
by microbial rennet enabled precipitating a large quantity of casein along with other
residual proteins (Figure 3.1C). The resultant supernatants were transparent and without
turbidity (Figure 3.1D). Cell debris and large EVs were collected after centrifuging at
higher speeds (Figure 3.1E) and milk exosomes were finally precipitated at 100,000 x g.
The washing steps enabled the elimination of co-isolated milk residues, clarifying the
exosomes pellet, which presented a whitish aspect (Figure 3.1F).
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A.
Pasteurized semi-skimmed goat milk
milk fat and fat-containing ‘/l 5,000 x g, 10 min
vesicles
Defatted supernatant
l microbial rennet, 37 °C, 20 min
Coagulated milk whey
precipitated casein and A/l 5,000 x g, 10 min
residual proteins
Supernatant
cell debris ‘/l 13,000 x g, 35 min
Supernatant
large extracellular ‘/l 35,000 x g, 15 min
vesicles
Supernatant
supernatant ‘/l 100,000 x g, 65 min
Exosomes
supematant A/l 3x washing steps; 100,000 x g, 95 min
Exosomes
milk A/l SEC purification
contaminants
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supernatant ‘/l 100,000 x g, 95 min
Exosomes
B C.

Figure 3.1 Qualitative results from Biophysical procedure.

(A) Scheme of goat milk exosomes Biophysical isolation protocol. (B) Milk fat stuck to the walls of the
centrifuge tube after first centrifuge step. (C) Coagulated casein by microbial rennet. (D) Appearance of
supernatants prior to the precipitation of goat milk exosomes. (E) Cell debris and large extracellular
vesicles pellet. (F) Exosomes pellet (red arrow).
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To assess the effect of incorporating size exclusion chromatography in the exosomes
isolation protocol, eluted fractions were analyzed by TEM (Figure 3.2). Large
extracellular vesicles were detected in the first elution fraction (500 pL), without
presence of exosome-like particles (Figure 3.2A). Intermediate elution fractions (2.5
mL) were clearly enriched in exosome-like nanovesicles (Figure 3.2B), and the last
elution fraction (500 uL) mainly presented residual proteins (Figure 3.2C). Once the
first and last fractions were discarded, exosomes were precipitated again, forming a
gelatinous pellet that was less whitish than before passing through the size exclusion
column (Figure 3.1F).
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Figure 3.2 Transmission Electron Microscopy (TEM) images of size exclusion chromatography fractions.

(A) First elution fraction with large extracellular vesicles content. (B) Intermediate elution fractions
containing exosome-type vesicles. (C) Last elution fraction with residual proteins content.

3.3.2. Physicochemical characterization

Following the optimized Biophysical procedure, a 3.77 + 0.81 mg/mL total protein
concentration was quantified by colorimetric assay.

TEM images confirmed morphological and size features of the isolated exosomes as
well as their homogeneity or lack thereof. Nanovesicles isolated by the Biophysical
procedure presented exosome-like characteristics, such as spherical shape with lipid
bilayer and ‘cup-shape’ appearance (Figure 3.3A). This protocol provided a highly
concentrated and homogeneous suspension, without aggregates or protein cluster
(Figure 3.2B), although a small amount of milk lipoproteins (low density, < 60 nm
[18,23]) were detected. However, most of the vesicle population presented a size in the
range cataloged for exosomes (Figure 3.3B).
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Figure 3.3 Transmission Electron Microscopy (TEM) of isolated vesicles.
(A) Magnified image of a single goat milk exosome. (B) Size measurements of isolated exosomes.

Size profile of the isolated nanovesicles was determined by DLS and NTA. First, the
measurement of the hydrodynamic size of the unfiltered samples by DLS revealed that
those nanovesicles were in the size range of exosomes (128.14 £ 4.13 nm) (Figure
3.4A). Moreover, the polydispersity index (Pdl) confirmed the homogeneity of the
sample (PdI: 0.08 £ 0.02). Once nanovesicles were passed through 0.45 pm syringe
filters for their analysis by NTA, size changes were not observed (125.30 £ 5.60 nm)
(Figure 3.4A), supporting results achieved by TEM in relation to the homogeneity and
low aggregation status of the suspension.
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Figure 3.4 Size and concentration evaluation of isolated nanovesicles.

(A) Comparison of size measurements registered by Dynamic Light Scattering (DLS; purple) and
Nanoparticle Tracking Analysis (NTA; orange). (B) Size distribution profile measured by Nanoparticle
Tracking Analysis (NTA).

NTA also confirmed the higher content of goat milk exosomes in the sample isolated by
the Biophysical procedure (6.56-10'" + 2.25-10'! particles/mL) (Figure 3.4B). Finally,
the colloidal stability of the sample was assessed by measuring the Z-potential.
Exosomes suspension presented negative charge, showing values of -23.93 £ 2.10 mV.
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3.3.3. Analysis of exosomal nature of isolated nanovesicles

Western Blot confirmed the presence of TSG-101 (44 kDa) and CD81 (26 kDa)
exosomal biomarkers in samples isolated following the Biophysical procedure proposed
on this work (Figure 3.5).
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Figure 3.5 Identification of exosome protein biomarkers by Western Blot analysis.

Detection of biomarkers TSG-101 and CD81 in milk nanovesicles was compared to small extracellular
vesicles derived from melanoma cells, as positive control.

To determine the composition of milk exosomes, extensive LC-MS/MS proteomic
analyses were performed. A total of ~900 proteins (derived from ~4500 peptides) were
identified in all three independent isolations of goat milk exosomes. GO analyses using
the top 100 most abundant proteins revealed enrichment in terms such as extracellular
exosome, extracellular region part, vesicle, and membrane-bounded vesicle, confirming
the identity of the samples as extracellular vesicles. In addition, PANTHER
overrepresentation analyses showed that the identified proteins were involved in
processes such as neutrophil degranulation, the innate immune system, the immune
system, hemostasis, and platelet activation.

A 15-fold or greater enrichment was observed for the ECRT (endosomal sorting
complex required for transport), endosomal/vacuole pathway, and regulation of the
complement cascade, among others. Similarly, proteins were involved in several
molecular functions including membrane transport and binding activity, protein
transport, vesicle-mediated transport, adhesion, or metabolic processes, related to
general cell function and growth or to the endocytic pathway of the vesicles themselves.
Other processes such as endosomal transport via the multivesicular body sorting
pathway, that pathway itself, late endosome-to-vacuole transport, and response to
reactive oxygen species were enriched more than tenfold.

Cellular compartment results showed an over-representation of “endosome”; this fact is
of great importance, as exosomes differ from EVs in their cellular origin, which is the
endocytic pathway [24].

Among the identified proteins, butyrophilin, B-lactoglobulin, CD36, a-lactalbumin,
albumin, and xanthine oxidoreductase were highly abundant, as they are in milk
exosomes from cow, horse, and human [18]. To further confirm the exosomal nature of
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the nanoparticles, we compared our proteomic data with Exo-Carta and found many of
the main exosome markers. These include tetraspanins such as CD9, CD63, and CD&81,
and other classical markers like TSG101, HSP90AA1, HSP90ABI1, and annexins.

3.3.4. Plasma analysis of healthy mice treated with goat milk exosomes

Biochemical analysis of plasma did not show alterations in basic, hepatic, or
inflammatory markers compared with those of control mice (Figure 3.6).
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Figure 3.6 Biochemical profile of plasma samples from control (PBS) and treated (exosomes) mice.

Samples were collected 24 h after dose administration. Asterisks (*) indicate statistically significant
differences (p < 0.05), observed only for triglycerides.

Although previous publications confirmed the high accumulation of milk exosomes in
liver after intravenous administration [10,25], markers of hepatic damage, such as
alanine aminotransferase and aspartate aminotransferase, did not differ between treated
mice and controls (Figure 3.6) [26].

The evaluation of blood markers related to the immune system and inflammatory
activity, such as C-reactive protein, high and low-density lipoprotein (HDL and LDL),
albumin, and cholesterol, also suggested that goat milk exosomes did not significantly
alter the inflammatory and immune profile of treated mice after 24 h (Figure 3.6). Only
triglyceride values were reduced in treated mice compared with untreated mice (144.13
+ 52.43 mg/dL in treated mice and 228.14 + 86.85 mg/dL in controls). This effect was
previously described for bovine milk exosomes orally administered to rats [8].

3.4. Discussion

The potential use of goat milk exosomes for biomedical purposes is supported by their
inherent characteristics, namely non-toxicity, robustness, lipid bilayer structure and
intrinsic biological functionality related to inflammatory response. Translation of these
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nanovesicles into clinic requires a cost-efficient and scalable isolation protocol, which
ensures adequate purity and high extraction yields.

In this work, we present an optimized methodology for the isolation of exosomes
extracted from commercial goat milk by combining traditional physical techniques with
an innovative biological approach to obtain highly pure and enriched exosomes
suspensions. Thus, isolation of goat milk exosomes was achieved by combining the
gold standard physical isolations by differential ultracentrifugation and SEC with a
biological treatment of milk using microbial rennet.

There are several differential ultracentrifugation protocols already established, which
vary in the time and speed values applied at each sequential centrifugation step, with the
only common grounds that the centrifugation temperature should be maintained at 4 °C
and that sEVs precipitate at 100,000 x g and above [8,27,28]. As there is no
standardized protocol for the collection of exosomes from milk, and considering the
characteristics of goat milk in terms of high fat and casein content [29], our protocol has
been designed to include enough centrifugation steps for removing as many milk
“contaminants” as possible before the nanovesicles precipitation. These centrifugation
steps follow a pattern similar to that previously described in the literature, regarding
centrifugation speeds [27,28].

On the other hand, this is the first time that milk samples for exosome isolation have
been treated with microbial rennet. This biological agent triggers the coagulation of
casein at the natural pH of milk. First, enzymatic activity of rennet hydrolyses casein,
which is restructured into insoluble micelles. Ca®" ions present in rennet formulation
cause the aggregation of the micelles, forming a gel-like structure which can be
precipitated by centrifugation [30,31].

Following this proposed strategy, fat-containing vesicles, cell debris and large EVs were
precipitated by serial centrifugations and casein was mainly removed along with other
milk proteins through the coagulation step. The biological treatment with rennet seems
essential in the case of goat milk, due to its high casein content [29] and the similarity
of the colloidal characteristics of casein micelles with extracellular vesicles [32].
Precipitated exosomes were additionally purified by SEC in order to separate co-
isolated non-exosomal residues from the final nanovesicle suspension. The need to
carry out this complementary purification step was demonstrated by the analysis of the
elution fractions using TEM.

After the complete physicochemical characterization of the isolated nanovesicles, we
conclude that particles with exosome-like features can be successfully collected
following our optimized approach. TEM images showed vesicles with appropriated size
and ‘cup-shaped’ morphology. This appearance can be typically detected when
negatively stained exosomes are analyzed under TEM microscopes, while large EVs
usually present irregular round shape and electron-dense appearance [33]. Nanovesicles
visualized were non-aggregated and the presence of protein residues or clusters was
ruled out. The size range of the nanovesicles was established by DLS and NTA, which
also confirmed the homogeneity of the population and the non-aggregated status,
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because no size differences were found before (DLS) and after (NTA) filtering the
samples.

Protein quantification proved the protein enrichment of the suspension as well as the
reproducibility of the optimized methodology. These two facts were also demonstrated
by NTA through the detection of high amounts of vesicles in all measurements. This
high isolation yield emphasizes the use of goat milk as economic and scalable source of
exosomes, compare to other biological fluids and cell culture media [34].

Western Blot analysis revealed the exosomal nature of the fraction isolated by
demonstrating the presence of common biomarkers which define a unique composition
that differs from other non-vesicular milk components [4]. This results were also
supported by the proteomic analysis of the samples, which also confirmed the
endosomal origin of the nanovesicles. Moreover, this assessment identified proteins
related to the immune system as has been previously described for milk-derived
exosomes [12]. Finally, the biochemical analysis confirmed the in vivo biocompatibility
and non-toxicity of isolated exosomes. Nevertheless, this evidence is still insufficient to
rule out the existence of mild or late immunogenic effects. Further research in this
direction is warranted.

Thus, we have proposed a novel protocol for the isolation of exosomes from goat milk,
through the combination of physical (differential ultracentrifugation and SEC) and
biological (microbial rennet) approaches. Its efficiency is corroborated by the results
presented on this work, which demonstrate the high purity, stability and homogeneity of
the exosomes isolated following this procedure. Moreover, biochemical results achieved
support the absence of toxic and inflammatory effects, as expected for goat milk
exosomes.
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CHAPTER 4 . RADIOACTIVE LABELING OF MILK-DERIVED
EXOSOMES WITH **"Tc¢ AND IN VIVO TRACKING BY SPECT
IMAGING

The content of this chapter has been published as follows: Gonzalez, M.I., Martin-

Duque, P., Desco, M., Salinas, B. Radioactive Labeling of Milk-Derived Exosomes with
PmTe and In Vivo Tracking by SPECT Imaging. Nanomaterials 2020, 10, 1062.

4.1. Introduction

The emerging field of nanomedicine holds great promise in the development of drug
delivery systems (DDS) with targeted treatment based on controlled release, especially
in the field of oncology [1-3]. One of the most favored nanosystems is liposomes, which
are spherical vesicles consisting of one or more lipid bilayer membrane(s) encapsulating
an aqueous medium. While there is extensive literature on the use of liposomes as DDS
in the preclinical field, translation to clinical practice is limited, mainly owing to their
inability to evade the host immune system, instability, and toxicity [4]. Natural
exosomes and exosome-like systems, on the other hand, are emerging as promising new
structures based on the fact that they are similar to liposomes in terms of morphology
and size. In addition, they are involved in cell-cell communication, immune response,
and tumor progression [5-7]. These nanostructures are the smallest cellular vesicles
reported to date. They range in size from 50 to 150 nm and are cup-shaped [8]. The lipid
bilayer structure present in exosomes enables self-assembly of both hydrophilic and
lipophilic substances such as doxorubicin, paclitaxel, antifungal drugs, and analgesics
[9-13]. Moreover, depending on their characteristics and origin, their specific tropism
can be exploited to steer them towards diseased tissues or organs [14,15]. These
biological and physicochemical properties enable exosomes to act as “Trojan horses”
for therapeutic agents, thus enhancing their transport to target tissue and increasing their
effectiveness. In addition, the biocompatibility and minimal-to-no inherent toxicity of
exosomes overcome the limitations observed with most synthetic DDS, thus making
them an ideal nanoplatform in the development of new DDS [16].

Use of natural exosomes of non-human origin (such as milk) as nanocarriers has been
widely tested in preclinical studies owing to their suitability, scalability, lack of toxicity,
and low cost [17-19]. However, several limitations still need to be addressed before
their translation to clinical practice. These include their largely unexplored natural
behavior after exogenous administration and the lack of knowledge about their
pharmacokinetic properties as DDS. Such properties are crucial for optimization of
dosimetry, where the administration route plays a fundamental role, especially in tissue
selectivity and biodistribution [14,20].

Molecular imaging is a well-known, non-invasive technique that enables in vivo
assessment of cells, biomolecules, and new therapeutic approaches [21,22] and obviates
the removal of tissue samples or organs from their natural environment, thus reducing
animal sacrifice and tedious histological assays [23].
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Consequently, this technique is extremely useful for the in vivo tracking of exosomes,
which is oriented towards the evaluation of pharmacokinetic properties and
optimization of dosimetry. Previous studies have assessed in vivo administration routes
based on optical imaging after labeling exosomes using fluorescent dyes or genetic
engineering techniques [20,24]. Nevertheless, this approach is limited by the inherent
background generated by natural biomolecules, such as hemoglobin [25-27], or the
instability of the probe which leads to incorrect data resulting from the non-specific
signal of the free dyes [23]. Furthermore, translation of optical imaging to humans is
largely hampered by the limited penetration of light [28]. Nuclear imaging techniques
(positron emission tomography (PET) and single photon emission computed
tomography (SPECT) may overcome some of these difficulties and seem to be
promising approaches owing to their high sensitivity, easy quantification, and wide
availability of different radionuclides [23].

This study was the first to evaluate in vivo tracking of natural milk exosomes by nuclear
imaging (SPECT) based on labeling with radioactive technetium (°**™Tc (IV)). The
methodology applied enabled us to carry out a complete pharmacokinetic assessment of
the radioactive tracer, [*™Tc]-Exo, in healthy mice in order to optimize its dosimetry as
a DDS. We also studied differences in the natural behavior of the exosomes as a
function of the more usual administration routes in the preclinical field (intravenous and
intraperitoneal injection and intranasal instillation).

4.2. Materials and Methods
4.2.1. Isolation of Milk-Derived Exosomes

Exosomes were isolated from commercial fresh pasteurized semi-skimmed goat milk
(El Cantero de Letur, Albacete, Spain) by successive centrifugations at 4 °C in 30 mL
polycarbonate centrifuge tubes, using a Ja 30,50 Ti rotor (Beckman Coulter
Instruments, Brea, CA, USA). Briefly, milk was centrifuged for 10 min at 5,000 x g, 35
min at 13,000 x g, and 15 min at 35,000 x g in order to remove contaminants such as fat
globules (MFGs) and cell debris. Additionally, microbial rennet was used to precipitate
milk casein. The supernatant was ultracentrifuged at 100,000 x g and 4 °C for 70 min to
precipitate the exosomes (50—150 nm). The resultant pellet was washed three times with
phosphate-buffered saline (1X PBS) and then purified by size exclusion
chromatography (SEC) using PD-10 columns (GE Healthcare Bio-Sciences AB,
Chicago, IL, USA). Pure exosomes were ultracentrifuged again at 100,000 x g for 90
min, and the exosome pellet was dispersed in 100 pL of 1X PBS. The protein content of
the final sample was quantified using the Coomassie—Bradford assay and stored in
aliquots at —20 °C until use.

4.2.2. Protein Content

Protein content was quantified using the Bradford—Coomassie colorimetric assay. A
standard calibration curve was obtained using known concentrations of bovine serum
albumin (from 2000 pg/mL to 8 pg/mL) and fitting a third-order polynomial equation
(R% > 0.99), employing MATLAB software (MathWorks Inc., Natick, MA, USA). This
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standard calibration curve was used to determine the protein content of the exosome
samples with 10 pL of exosome solution. Absorbance at 595 nm was measured using a
Synergy™ HT Multi-Mode Microplate Reader (Biotek Instruments Inc., Winooski, VT,
USA).

4.2.3. Radiolabeling of Goat Milk Exosomes with Reduced Technetium (**™Tc (IV))

Unless otherwise stated, all reagents were purchased from Sigma—Aldrich (St. Louis,
MO, USA) and used without further purification. Commercial sodium pertechnetate,
[**™Tc] NaTcO4, was obtained from a TEKCIS™ Technetium **™Tc Generator (Curium
Pharma, Madrid, Spain). For radiolabeling of exosomes, [**™Tc] NaTcO4 (30 pL, 5
mCi) was initially reduced in the presence of 20 pL SnCl> in HAc (10 %). To determine
the optimal reaction conditions, several concentrations of SnCl, were tested (0.0004 M,
0.002 M, 0.004 M, 0.006 M, 0.008 M, and 0.01 M). The reduction reaction was carried
out for 5 min at 37 °C under an N, atmosphere and further neutralized with NaOH (10
puL, 2.8 N).

Exosomes isolated at different concentrations (10 pg, 30 pg, and 75 pg; 50 pL) were
finally radiolabeled with a solution of **™Tc¢ (IV) in a thermomixer at 37 °C with
shaking for 30 min. The resulting products were purified using exosome spin columns
(Invitrogen, Carlsbad, CA, USA). The radiochemical yield of the reaction was evaluated
by iTLC analysis (silica-gel; mobile phase = 90:10 MeOH:H>O; Merck, Germany). The
radiopurity of the nanotracer was measured using high-performance liquid
chromatography (HPLC, Agilent 1200 series; 0.2 mL/min; 254 nm; mobile phase = 1X
PBS; Agilent Technologies, Santa Clara, CA, USA).

Reaction yields were calculated by measuring the activity of purified radiolabeled
exosomes using a Genesys LTI gamma counter (Laboratory Technologies Inc., Elburn,
IL, USA).

4.2.4. Radiolabeling of Milk Exosomes with Commercial Pertechnetate (*™Tc (VII))

The possibility of active labeling based on the iodide symporter (NIS) was assessed by
radiolabeling milk exosomes with commercial pertechnetate (*Tc (VII)). Thirty
microliters of sodium pertechnetate (5 mCi; Curium Pharma, Madrid, Spain) was mixed
with 20 pL of HAc (10 %) for 5 min at 37 °C and shaken under an N> atmosphere.
Then, the solution was neutralized with NaOH (10 pL of 2.8 N), and over 30 pug of goat
milk exosomes (50 pL) was added. The reaction was maintained at 37 °C with shaking
for 30 min. The final product was purified by exosome spin columns (Invitrogen,
Carlsbad, CA, USA). The radiochemical yield of the reaction was evaluated by iTLC
analysis (silica-gel; mobile phase = 90:10 MeOH:H2O; Merck, Germany).

The reaction yield was calculated by measuring the activity of the purified product
using a Genesys LTI gamma counter (Laboratory Technologies Inc., Elburn, IL, USA).

4.2.5. High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) was performed using an Agilent
1200 series HPLC system. Radio-HPLC was performed using an identical Agilent
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system which was also equipped with a Gina Scan-RAM Radio-TLC/HPLC detector
(Microbeam, Spain). Analytic runs were performed on a Yarra SEC-3000 column (300
x 7.8 mm; Phenomenex Inc., Torrance, CA, USA). The solvent system was 1X PBS for
the quality control of the radiotracers with a gradient of 100 % between 0 and 80 min
and a flow of 0.2 mL/min. Data were processed using Gina Star (Microbeam S.A.,
Madrid, Spain).

4.2.6. Transmission Electron Microscopy (TEM)

Nanovesicles suspensions of both non-radioactive and radiolabeled exosomes were
deposited onto a formvar carbon-coated copper grid and stained with uranyl acetate at
room temperature. A JEOL JEM-1010 transmission electron microscope (JEOL USA
Inc., Peabody, MA, USA) from ICTS Centro Nacional de Microscopia Electronica
(Universidad Complutense de Madrid, Spain) was employed to observe the samples.

4.2.7. Dynamic Light Scattering (DLS) Analysis

Aliquots of the corresponding exosomes were passed through a 0.44 um filter, and the
size distribution was analyzed using a Zetasizer Nano device (Malvern Panalytical,
Malvern, UK). The parameters selected were protein as the sample material, 25 °C, 120
seconds of equilibration time, and water as dispersant. Disposable cuvettes DTS0012
(Brand, Germany) were used as measurement cells.

4.2.8. In Vitro Stability Studies

The in vitro stability of radiolabeled exosomes was assessed by incubating 150 pCi of
[**™Tc]-Exo in 1X PBS from 1 h to 48 h at 37 °C. Aliquots of 3 pl of solution were
analyzed at each time point by iTLC on a silica-gel plate (Merck, Germany) and in a
mobile phase of 90:10 MeOH:H-O.

A Genesys gamma counter (Laboratory Technologies Inc., Elburn, IL, USA) was used
to measure the activity of the iTLC regions.

4.2.9. Ethics Statement

The animal experiments complied with the ARRIVE guidelines and were in accordance
with the EU Directive (2010/63/EU) for animal experiments. The Hospital General
Universitario Gregorio Maraién Animal Care and Use Committee approved all the
procedures (PROEX 097/16).

4.2.10. Blood Half-Life

Blood half-life was determined by measuring activity in serial blood samples.
Specifically, [**™Tc]-Exo tracer was administered to healthy female Balb/C mice (14—
18 weeks old, 20-25 g in weight, n = 3) via intranasal instillation (30 pL in PBS, 110—
190 pCi, 9 = 2 pg), intraperitoneal injection (300 pL, 350-490 puCi, 24 + 5 pg), or
intravenous tail injection (300 pL, 100-170 pCi, 19 + 8 ng). Except for the intranasal
route, tracer was administered under 2 % sevoflurane anesthesia (0> 100 %; 200—400
cc/min; Zoetis, Belgium). Blood samples were extracted from the saphenous vein in
awake mice at several time points post-injection. This blood was weighed, and
radioactivity was measured on a Wallac Wizard 1480-011 Automatic Gamma Counter
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(Perkin Elmer, Waltham, MA, USA). Measurements in counts per minute were
normalized to the mean % ID/g of tissue. Data were modeled as a two-compartmental
kinetic model and analyzed by two-phase decay nonlinear regression with Prism 6.0c
(GraphPad Software, La Jolla, CA, USA).

4.2.11. In Vivo SPECT/CT Imaging

The SPECT (single photon emission computed tomography) and CT (computed
tomography) scans were acquired from healthy female Balb/C mice (14—18 weeks old,
20-25 g in weight, n = 6 per administration route) after administration of the [*™Tc]-
Exo tracer by intranasal instillation (30 uL in PBS, 140-170 uCi, 12 + 4 pg),
intraperitoneal injection (300 pL, 190-340 uCi, 19 + 5 pg), or intravenous tail injection
(300 pL, 310-350 pCi, 18 £ 9 pg). Images were acquired with the animals under 2 %
sevoflurane anesthesia (O2 100 %; 200400 cc/min; Zoetis, Belgium).

Longitudinal in vivo tracking of the radiolabeled exosomes was carried out using
SPECT (MiLabs USPECT II, Utrecht, The Netherlands) and CT (PET/CT SuperArgus,
SEDECAL Molecular Imaging, Madrid, Spain) small animal imaging scanners. The
animals were placed in the prone position and the field of view was adjusted to the area
of interest. Once the radiotracer was administered, 18 frames of 5 min per animal were
acquired and another 60 min scan was performed 24 h post-injection. A multi-pinhole
1.0 collimator was used for acquisition of the SPECT images, and, for the radionuclide
9MTc, an energy window ranging from 126 to 154 KeV was chosen. The number of
counts acquired ranged between 1.5 M and 350 K in the worst cases (24 h studies). The
OS-EM reconstruction was performed with a 0.75 mm? voxel size, 16 subsets, and 2
iterations using proprietary software (MiLabs, Utrecht, The Netherlands). For correcting
disperse events, 2 windows of 20 % were applied to the left and right of the radioactive
technetium peak, and reconstruction was completed under a Gaussian blurring postfilter
with a FWHM of between 0.85 and 1 mm. For acquisition of anatomical images, the CT
parameters selected were 40 KeV, 340 pA, 360 projections, and 2 x 2 binning. In
addition, images (0.12 mm?) were reconstructed using the software from the PET/CT
system (SEDECAL Molecular Imaging, Madrid, Spain). No scatter or attenuation
corrections were applied.

Both SPECT and CT images were co-registered with the MMWKS software package
(SEDECAL Molecular Imaging, Madrid, Spain) [29] using 3 fiducial markers
previously charged with contrast and radioactive agents.

4.2.12. Ex Vivo Biodistribution Studies

Biodistribution experiments were conducted on healthy female Balb/C mice (14-18
weeks old, 20-25 g in weight, n = 3 per administration route). The radioactive exosome
[*™Tc]-Exo preparation (250-300 uCi in 300 uL of a 1X PBS solution for the
injections and 145-160 pCi in 30 ul of PBS for the intranasal instillation) was
administered via the lateral tail vein, intraperitoneally, or intranasally, and the
nanotracer was allowed to circulate for 24 h in the 3 groups. After this time, mice were
sacrificed and their organs harvested (e.g., brain, trachea/thyroid, lungs, heart, stomach,

38



CHAPTER 4 . RADIOACTIVE LABELING OF MILK-DERIVED EXOSOMES WITH #"Tc

liver, spleen, kidneys, intestines, muscle, and skin, as well as feces). The activity
(exosome content) in the tissue of interest was measured on a Wallac Wizard 1480-011
Automatic Gamma Counter (Perkin Elmer, Waltham, MA, USA) and expressed as
mean % ID/g of tissue.

4.2.13. Autoradiography

Healthy female Balb/C mice (14-18 weeks old, 20-25 g in weight, n = 3 per
administration route) received 16 = 2 ng/100-210 uCi in 300 uL (1X PBS) of [*™Tc]-
Exo via intraperitoneal or intravenous injection, and 10 + 4 pg/160-200 pCi in 30 puL of
PBS via intranasal instillation. The mice were sacrificed after 24 h of circulation (90
min in the case of intranasal administration). Liver and brain tissue were excised, and
series of 100200 pum sections were sliced and mounted on plastic slides. Digital
autoradiography was performed to determine radiotracer distribution by placing samples
on the plate (BAS-MP 2025, Fujifilm, Tokyo, Japan) for 18 h at room temperature.
Phosphor imaging plates were read at a pixel resolution of 200 p with a Bio-Imaging
Analyzer BAS-500 plate reader (Fujifilm, Tokyo, Japan). Tissue intensity was
quantified using Fiji ImageJ Software (U.S. National Institutes of Health, Bethesda,
MD, USA).

4.2.14. Data Analysis
Data were processed using Prism 6.0c (GraphPad Software, La Jolla, CA, USA).

4.3. Results

4.3.1. Protein Content

The most common method for estimating the number of exosomes per aliquot is
currently quantification of protein content in the exosomal dispersion [30]. The
Bradford—Coomassie colorimetric assay yielded 197 + 64 pg of exosomes per 60 mL of
goat milk.

4.3.2. Synthesis of Radioactive Exosomes ([**™Tc]-Exo) and Optimization

Reducing conditions were optimized using a standard range of 4 x 107 M x 102 M of
SnCl, as recommended in the literature [31]. We also tested several concentrations to
achieve robust parameters for radiolabeling, reaching optimal conditions that generated
the lowest degradation and aggregation effects in the sample (Figure 4.1A). Lower
SnCl, concentrations were not sufficient to reduce the radioisotope and achieved low
radiochemical yields (8.95 %). Conversely, higher concentrations led to degradation of
the exosomes which was confirmed by the TEM image and resulted in a radiolabeling
yield of 0.10 %. The SnCl> concentrations around 0.002 mM showed the highest
radiochemical yield values (25.85 %) and the TEM image demonstrated that the initial
exosome morphology remained unaltered. Moreover, we realized that the reaction
yields also depended on the number of exosomes. The highest yields of radiolabeling
(37.00 £+ 9.00 %) were obtained for 75 pg of exosomes (Figure 4.1C, 1D).
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Finally, we evaluated the effect of oxidation state using commercial **™Tc (VII)
(pertechnetate) and reduced **™Tc (IV). Significant differences were observed (Figure
4.1B): the radio efficiency achieved using the reduced form of technetium was 99.5 %,
as measured using iTLC analysis. However, exosomes did not incorporate **™Tc (VII)
(radio efficiency of 0.4 %).
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Figure 4.1 Chemical optimization of goat milk exosome radiolabeling conditions.

(A) Schematic representation of the reaction. (B) Radioefficiency of exosomes labeled with *™Tc (VII)
vs. PmTc (IV). (C) Effect of the exosome protein concentration in the radiochemical yield. (D)
Determination of optimum concentration of SnCl; as a reducing agent.

4.3.3. Physicochemical Characterization
4.3.3.1. Size and Morphology

Assessment of exosome morphology using TEM showed a monodisperse population of
the goat milk nanovesicles, with a common morphology consisting of a “cup-shaped”
structure that was similar in both radiolabeled and control samples. These nanoparticles
presented a core size of approximately 100 nm before and after labeling. Consistently,
DLS analysis confirmed a hydrodynamic size of 122.00 + 1.00 nm for non-labeled
exosomes and 114.00 + 8.00 nm for radiolabeled exosomes (Figure 4.2A, 2B).

4.3.3.2. Radiopurity of [*™Tc]-Exo Tracer

The purity of the [*™Tc]-Exo was determined by HPLC (Figure 4.2C), which
confirmed a radiopurity > 95 %. The main peak in the radioactive chromatogram of
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[**™Tc]-Exo was observed at 24.9 min, matching the retention time of pure non-labeled
exosomes in the UV chromatogram (254 nm) (Figure 4.2C).

4. 3.3.3. In Vitro Stability Studies

The high stability of the new radiotracer—95 % even after 48 h—was confirmed in
vitro (Figure 4.2D).
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Figure 4.2 Physicochemical characterization of [**™Tc]-Exo.

(A) Transmission electron microscopy images of non-labeled goat milk exosomes (left) and radiolabeled
exosomes (right). (B) Hydrodynamic size measured using dynamic light scattering (non-labeled
exosomes in blue and radiolabeled exosomes in grey). (C) Radioactive HPLC chromatogram of [*™Tc]-
Exo (light blue), free ®™Tc (grey), and UV HPLC chromatogram of non-labeled goat milk exosomes
(dark blue). (D) Longitudinal in vitro.

4.3.4. Pharmacokinetic Study and In Vivo Tracking
4.3.4.1. Intravenous Administration

Small animal SPECT/CT studies were carried out after administering radioactively
labeled [*™Tc]-Exo to healthy mice. Longitudinal tracking revealed fast blood
clearance of these nanotracers. SPECT images at 5 min post-injection still showed
circulation of the radioexosomes in the aorta and lungs, and images at 10 min indicated
the beginning of accumulation in the liver. The high activity accumulation observed in
bladder at 30 min and 60 min confirms a fast-urinary excretion. Spleen and liver uptake
were confirmed after 1 h, and no significant changes in the exosome distribution were
observed in further acquisitions at 3 h, 5 h, and 24 h (Figure 4.3A). The in vivo blood
half-life study matched the results of SPECT imaging, showing quick blood clearance
(Figure 4.3B) (Table 4.1). Ex vivo analysis of the biodistribution of [*™Tc]-Exo 24 h
after its administration also confirmed the data observed in vivo by SPECT (Figure
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4.3C) (Table 4.1). These data are consistent with ex vivo autoradiography findings
(Figure 4.3D). Histological sections of liver showed a clear delineation of hepatic tissue
with [**™Tc]-Exo which was not the case for brain tissue with a radioexosome signal in
liver tissue that was 10X higher than in brain tissue (Figure 4.3D).
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Figure 4.3 Assessment of intravenous administration.

(A) In vivo single photon emission computed tomography (SPECT) and computed tomography (CT)
imaging of [*™Tc]-Exo 5 min, 30 min, 60 min, and 24 h post-injection. (B) In vivo blood half-life. (C) Ex
vivo biodistribution study 24 h after injection. (D) Histological evaluation by digital autoradiography
(AR) and digital picture (section) of brain and liver.

4.3.4.2. Intraperitoneal Administration

The SPECT imaging acquired at 5 min post-injection of [*™Tc]-Exo in healthy mice
showed the main localization of the nanotracer in the abdominal cavity. Differences in
the biodistribution of the radioactive exosomes were observed over time, with high
accumulation in the spleen at 30 min post-injection and in the thyroid region at 3 h post-
injection (Figure 4.4A). In vivo measurement of the blood circulation time of the
radiotracer showed values 4 fold higher than those observed with intravenous
administration (Figure 4.4B) (Table 4.1). Ex vivo biodistribution studies confirmed the
accumulation of exosomes observed with SPECT imaging (Figure 4.4C) (Table 4.1),
and autoradiography showed [*™Tc]-Exo uptake in liver histological sections with no
accumulation in brain. The activity of [**™Tc]-Exo in liver was 2 fold higher than in
brain tissue (Figure 4.4D).
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Figure 4.4 Intraperitoneal administration.

(A) In vivo SPECT/CT imaging of [*™T¢]-Exo 5 min, 30 min, 60 min, and 24 h post-injection. (B) In
vivo blood half-life. (C) Ex vivo biodistribution study 24 h after injection. (D) Histological evaluation by
digital autoradiography (AR) and digital picture (section) of brain and liver.

4.3.4.3. Intranasal Instillation

The SPECT/CT and ex vivo studies were carried out 10 min, 90 min, and 24 h after
administration of exosomes. The in vivo SPECT/CT image at 10 min post-injection
showed the presence of activity in the nasal cavity and trachea, as well as in the lungs,
with no significant changes at 24 h (Figure 4.5A). Measurements in blood samples
confirmed a very short blood circulation half-life (Figure 4.5B) (Table 4.1), and ex vivo
biodistribution supported the data observed in nuclear images, suggesting the
elimination of the nanotracer through the digestive system (Figure 4.5C) (Table 4.1).

Although SPECT did not reveal brain uptake in vivo at any time point during the study,
the higher sensitivity achieved with autoradiography enabled us to detect the presence
of radioactive exosomes in the brain, specifically in the cerebellum. In this case, the
signal intensity of [**™Tc]-Exo in brain tissue was two-fold higher than in liver tissue
(Figure 4.5D).
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Figure 4.5 Intranasal administration.

(A) In vivo SPECT/CT imaging of [*™Tc]-Exo 10 min, 90 min, and 24 h post-injection; (B) In vivo
blood half-life; (C) Ex vivo biodistribution study 24 h after injection; (D) Histological evaluation by
digital autoradiography (AR) and digital picture (section) of brain and liver.

Administration route T2 Ex vivo biodistribution
(min) (main organs;% ID/g)
Intravenous injection 3.84 Liver (36'683([);:0)1;1 S(Izﬂfeil 5.391)'1 £11.6);
Intraperitoneal injection ~ 15.97 Thyroid (22.%§/e7r.2()1; ls.i:oingl.col; (18.1£9.3);
Intranasal instillation 0.77 Stomach (0'13:etcj;s0t(l).l3) ’1 Iie('i (; 9(())'31 £0.15);

Table 4.1 Summary of pharmacokinetic properties of [**™Tc]-Exo for the different administration routes.

4.4. Discussion

Over the last decade, extracellular vesicles, particularly exosomes, have emerged as
new nanometric DDSs [10-12,15]. These are remarkably interesting because of their
natural origin, which gives them an inherent cell/tissue targeting mechanism, as well as
their lack of toxicity and suitable biocompatibility for possible translation to clinical
practice. Although this promising application has been extensively verified, with some
exosome-based therapy systems already being assessed in clinical trials [32,33],
knowledge of the pharmacokinetic properties of the nanosystems remains incomplete.
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In this context, molecular imaging is an ideal tool owing to its non-invasive character as
well as its high sensitivity and specificity.

To our knowledge, ours is the first study to assess direct labeling of natural exosomes
with the radioisotope **™Tc (IV) in an ionic salt form (*’™TcCls) using a novel and
straightforward methodology. The radiolabeling procedure was optimized using goat
milk exosomes because of their scalability and robustness. Previous studies [34,35]
achieved radioactive labeling of exosome-like nanovesicles with radioactive technetium
using the complex **"Tc-HMPAO or **™Tc-tricarbonyl. These approaches required
commercial kits with more expensive and complex radioactive precursors that imply
longer reaction times and more complex chemistry for the incorporation of the
radionuclide. In contrast, our approach obviates the need for chelators and reduces the
impact of the chemical reaction on the exosome structure while providing a suitable
reaction yield, high purity, and long-term stability. In addition, the use of milk
exosomes enabled us to obtain higher amounts of exosomes than with exosome-like
vesicles. Furthermore, our reaction was carried out under mild conditions (pH 7, 37 °C)
so as to avoid non-biological conditions that could alter the properties of the exosomes.

The complete characterization of the radioactive exosomes obtained proved that our
radiochemical approach did not change the physicochemical properties of the original
exosomes such as size and morphology; this is essential for their further use as DDSs.
With respect to the mechanism for incorporating the radioisotope into the exosomes, the
absence of radiolabeling with *™Tc (VII) pertechnetate enabled us to rule out biological
active transport based on a sodium-dependent iodide transporter, NIS [36]. In fact, the
high reaction yields achieved using the ionic form of technetium, *™Tc (IV), point to
passive surface labeling, as reported in previous studies on synthetic liposomes [37-39],
where the radionuclide remained in the hydrophobic site by chelation with the
phosphonate groups of the membrane [40,41]. Based on these data we interpret that the
incorporation and retention of the *"Tc¢ (IV) into the exosomal membrane is based on
the coordination with the phosphonate groups that form the lipids present in the
membrane. The high stability of this passive incorporation was confirmed by in vitro
studies (in 1X PBS) of the degradation of radioactive exosomes, even after days. Due to
the comparable molecular weight of plasma proteins and exosomes we did not attempt
similar studies employing mouse plasma. This approach significantly outperformed
previous exosome-labeling studies [20], where the instability of the modified exosome
led to the release of the probe signaling component, in this case a dye, and produced
high levels of unspecific signal in their in vivo application.

Although previous works have widely employed nuclear imaging for the evaluation of
in vivo distribution of extracellular vesicles [42,43], this is the first time that this
approach is employed in the evaluation of the effect of the administration route in the
pharmacokinetic of the exosomes by means of SPECT/CT. The results obtained
comparing three different administration routes (intravenous, intraperitoneal, and
intranasal) showed noticeable differences, in agreement with previous ex vivo studies
using similar exosomes with optical labeling [10].
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Intravenous administration confirmed fast blood clearance (< 4 min) and predominantly
hepatic uptake, probably due to active uptake by hepatocytes or Kupffer cells. This
natural uptake of exosomes in liver and spleen observed in vivo by SPECT/CT imaging,
as well as in ex vivo studies with autoradiography and a gamma counter, has been
thoroughly reported in other ex vivo studies using exosomes of different origins
[10,20,44], as well as with synthetic nanoparticles that are similar to liposomes in
morphology and size [45].

In contrast, intraperitoneal administration led to circulation times three- to four-fold
longer than those observed with the intravenous route, probably because of their slower
incorporation into the bloodstream. In this case, our in vivo imaging and ex vivo
biodistribution studies confirmed the existence of abdominal activity for at least 1 h,
with lower liver uptake. This route also presented higher uptakes values of [*™Tc]-Exo
in lung tissue than the intravenous route, probably owing to aggregation of
nanovesicles, as occurs with other synthetic nanoparticles [46]. A significant difference
between these routes is the presence of thyroid uptake, which suggests the presence of
free Tc, similar to previous studies that showed the natural uptake of other ionic
technetium complexes (pertechnetate) in thyroid tissue due to NIS [47,48]. As the
stability of [*™Tc]-Exo was verified both in vitro and in vivo, the results point to
possible exosome degradation related to their peritoneal absorption, which should be
carefully considered before using this route for drug delivery, as the cargo could be
released prematurely, e.g., before reaching the target.

Finally, intranasal instillation showed probe accumulation in the mouse head (nose),
probably due to the retention of the radioactive [**™Tc]-Exo during the breeding of the
animal. In vivo SPECT imaging failed to detect radioactive exosomes in brain tissue.
Nevertheless, the higher sensitivity of autoradiography enabled us to confirm the
existence of uptake in brain tissue, similar to results previously reported with optical
imaging [49].

Our study was subject to a series of limitations stemming from the use of goat milk
exosomes. From a chemical standpoint, the synthesis conditions were optimized for the
radiolabeling of these exosomes, although the methodology may need to be re-adjusted
for other cell-derived exosomes in order to maintain or improve the radiochemical yield,
purity, and stability achieved with milk-derived exosomes. From a biological
standpoint, pharmacokinetic results can only be applicable to milk-derived exosomes,
since it is well known that the exosomal origin induces molecular differences in
membrane composition, which modulates their specific tissue tropism [38].

The complete assessment presented in our study confirms the success of our novel
radioactive labeling method, which does not alter the original physicochemical
properties of milk-derived exosomes and enables the in vivo study of their
pharmacokinetic behavior by the non-invasive technique SPECT/CT. Our results also
demonstrate the crucial role of the administration route in the biodistribution of the
exosomes. In addition, our approach enabled us to confirm pharmacokinetic similarities
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between goat milk exosomes and synthetic liposomes [16], thus supporting the use of
milk-derived exosomes as a natural substitute for synthetic nanoparticles.
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CHAPTER S. COVALENTLY LABELED FLUORESCENT
EXOSOMES FOR IN VITRO AND IN VIVO APPLICATIONS

The content of this chapter has been published as follows: Gonzdlez, M.I., Gonzalez-
Arjona, M., Santos-Coquillat, A., Vaquero, J., Vazquez-Ogando, E., de Molina, A.,
Peinado, H., Desco, M., Salinas, B. Covalently Labeled Fluorescent Exosomes for In
Vitro and In Vivo Applications. Biomedicines 2021, 9(1), 81.

5.1. Introduction

Exosomes are considered the smallest extracellular vesicles (50—150 nm) of endosomal
origin [1]; their structures consist of a lipid bilayer membrane derived from the parent
cell membrane [2]. Based on their physicochemical and structural properties, exosomes
constitute a natural alternative to synthetic nanoparticles for developing novel drug
delivery systems (DDS). In particular, they are especially suited to substituting for
liposomes, due to their similar size and morphology [3.4]. In addition, the roles of
exosomes in neural communication and pathological states, such as inflammation,
tumorigenesis, and pre-metastatic niche formation [5,6], suggest that they could serve as
a natural bio-targeting agent, with better accumulation properties, compared to synthetic
nanoparticles [7]. Among the different types of exosomes extracted from natural
sources, those derived from plants or food (including milk exosomes) have been widely
tested as natural nanoplatforms in therapy and diagnostics due to their low toxicity and
lack of immunogenicity [8,9]. Milk exosomes are particularly interesting because their
production is suitable, scalable, and economic, and their strength and stability are
superior to those of other exosomes [10-12]. These properties support the further
development of exosomes as a DDS for translation into the clinical field.

Although exosomes have shown promise as a DDS in preclinical research [11,13], the
transfer of these nanovesicles into the clinical field for therapeutic applications requires
a better understanding of their in vivo behavior, particularly their biodistribution and
organ/tissue targeting capabilities. Non-invasive imaging techniques can provide
accurate in vivo information about their pharmacokinetics and biodistribution. Among
the different techniques applied in biomedical research, fluorescence confocal imaging
is currently highly popular because it provides detailed microscopic images easily, cost-
effectively, and rapidly. Optical imaging also offers a highly versatile platform for non-
invasive in vivo imaging due to its high sensitivity and the possibility of using a wide
variety of probes, based on proteins, enzymes, or antibodies. In addition, optical
imaging does not require ionizing radiation, unlike other techniques, such as nuclear
(e.g., single photon emission computed tomography or positron emission tomography)
or X-ray imaging.

During the last few years, different approaches have been developed for the application
of optical imaging to in vitro and in vivo evaluations of extracellular vesicles. These
approaches vary from genetic engineering methods for incorporating bioluminescent
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proteins [14] or green fluorescent protein (GFP) [15] into the exosome structure, to
directly labeling exosomes with fluorescent lipophilic dyes [16]. Due to the complexity
of the genetic engineering approach, the use of fluorescent dyes has become the gold
standard for visualizing exosomes. Currently, the integration of lipophilic fluorophores,
such as dialkylcarbocyanine or PKH dyes, into the exosomal membrane represents the
most widely used labeling methodology, due to its simplicity and low cost [17].
Nevertheless, some drawbacks limit the use of labeled exosomes, such as excessive
exosome aggregation, the weak bond between the exosome and the fluorophore, which
can cause the release of the dye from the exosome to non-targeted cells/tissues, and the
instability of the resulting probes, which can result in false signals in optical imaging
[17-19].

Here, we describe a direct, straightforward, covalent method for labeling exosomes with
commercial fluorescent dyes, which enables in vitro and in vivo assessments with
optical imaging techniques.

5.2. Materials and Methods
5.2.1. Isolation of Milk Exosomes

Exosomes were isolated from commercial, fresh pasteurized, semi-skimmed goat
milk (El Cantero de Letur, Albacete, Spain). Samples were centrifuged at 4 °C in 30-mL
polycarbonate tubes, in an AVANTI J-301 centrifuge equipped with a Ja 30,50 Ti fixed-
angle rotor (Beckman Coulter Instruments, Brea, CA, USA). Briefly, milk was
centrifuged 10 min at 5,000 x g and treated with microbial rennet to remove fat globules
and milk casein. The resultant supernatant was successively centrifuged for 10 min at
5,000 x g, 35 min at 13,000 x g, and 15 min at 35,000 x g to exclude contaminants, such
as cell debris and large vesicles. Then, the milk whey was ultracentrifuged at 100,000 x
g for 70 min to precipitate the exosomes. The resultant pellet was washed three times
with phosphate-buffered saline (1X PBS) and additionally purified in PD-10 size-
exclusion columns (GE Healthcare Bio-Sciences, Uppsala, Sweden). The exosomes
were concentrated to achieve the required volume by ultracentrifugation at 100,000 x g
for 90 min. The nanovesicles pellet was dispersed in 100 pL 1X PBS and stored at -20
°C until characterization and subsequent labeling. G values described on the isolation
protocol refer to the average relative centrifugal force reached during the centrifugation
step, after 5 min acceleration.

5.2.2. Cancer Cell Culture

Glioblastoma (U87) and mouse melanoma (B16F10) cell lines were kindly provided by
the Cell Culture Unit of the Experimental Medicine and Surgery Unit at Hospital
Universitario Gregorio Marafion (Madrid, Spain) and Centro Nacional de
Investigaciones Oncologicas (CNIO) Carlos III (Madrid, Spain), respectively. These
cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10 % fetal bovine
serum (FBS; exosome-free, Gibco, ThermoFisher Scientific, Waltham, MA, USA) and
1 % L-glutamine, at 37 °C, 5 % CO2, and controlled humidity in 95 % air.
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In order to remove extracellular vesicles present in serum, FBS was ultracentrifuged at
100,000 G and 4 °C for 18 h.

5.2.3. Isolation of Cancer Cell Line-Derived Exosomes

Exosomes were isolated from cancer cell lines U87 and B16F10 according to previous
protocols [20]. Briefly, once cells reached approximately 80 % confluence, the cell
culture was placed in polycarbonate tubes, and exosomes were harvested in four
successive centrifugations at 4 °C, with an AVANTI J-301 centrifuge equipped with a Ja
30,50 Ti fixed angle rotor (Beckman Coulter Instruments, Brea, CA, USA). The
centrifugation steps were: first 10 min at 300 G, then 10 min at 2000 G, then 30 min at
10,000 G, and finally 70 min at 100,000 G. The nanovesicles pellet obtained was
washed with 1X PBS and re-isolated at 100,000 G for 70 min. The final pellet of
exosomes was dispersed in 200 pL of 1X PBS and stored at —20 °C until
characterization and subsequent labeling. G values described on the isolation protocol
refer to the average relative centrifugal force reached during the centrifugation step,
after 5 min acceleration.

5.2.4. Protein Content Determination

The protein contents of unlabeled exosomes suspensions were quantified with the
Bradford—Coomassie colorimetric assay. This assay employed a ready-to-use
Coomassie staining reagent (Sigma-Aldrich, St. Louis, MO, USA), and the assay was
performed according to the manufacturer’s instructions. Absorbance was measured with
a Synergy™ HT Multi-Mode Microplate Reader (Biotek Instruments Inc., Winooski,
VT, USA).

5.2.5. Fluorescent Labeling of Exosomes

Unless otherwise noted, all reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification. Commercial SCy 7.5 and BDP-FL
succinimidyl ester fluorophores were acquired from Lumiprobe (Hannover, Germany).

Synthesis of SCy-Exo: a solution of 75 pg exosomes (from goat milk, B16F10, or U87)
in 100 pL 1X PBS was mixed with 10 pL SCy 7.5 (17 mM) at pH = 8.5 (with NaHCO3
0.1 M) and vortexed for 2 h at 4 °C. The product was purified with Exosome Spin
Columns (Invitrogen, Carlsbad, CA, USA).

Synthesis of BDP-Exo: a solution of 75 pg exosomes (from goat milk) in 100 pL 1X
PBS was mixed with 10 pL. BDP-FL (25 mM) at pH= 8.5 (with NaHCO3 0.1 M), and
vortexed for 2 h at 4 °C. The product was purified with Exosome Spin Columns
(Invitrogen, Carlsbad, CA, USA).

5.2.6. Physicochemical Characterization

The morphology and size of exosomes were evaluated at ICTS Centro Nacional de
Microscopia Electronica (Universidad Complutense de Madrid, Spain). They employed
TEM (JEOL JEM-1010, JEOL USA Inc., Peabody, MA, USA), which operated at 100
kV. Exosomes were negatively stained with uranyl acetate on formvar carbon-coated
copper grids at room temperature. The hydrodynamic sizes of control and labeled
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exosomes samples were measured with a Zetasizer Nano system (Malvern Panalytical,
Malvern, UK). Concentrations (particles/mL) of exosomes in suspension as well as
nanoparticles size were measured with a NanoSight NS500 (Malvern Panalytical,
Malvern, UK), from Centro Nacional de Investigaciones Oncoldgicas (CNIO, Madrid,
Spain), equipped with a high sensitivity sSCMOS camera. Camera level and threshold
were established in 11 and 10, respectively. Videos were recorded in static conditions
and analyzed with NTA 3.1 Build software, and three replicate histograms were
obtained for each sample.

5.2.7. Flow Cytometry Analysis

Unlabeled and fluorescently labeled exosomes were evaluated with a Gallios™ 10 color
Flow Cytometer (Beckman Coulter Instruments, Brea, CA, USA). A blue-light laser
(488 nm; BODIPY 550 SP filter) was employed for analyzing exosomes labeled with
BDP-FL. A red-light laser (635 nm; 725/20 filter) was employed for analyzing
exosomes labeled with SCy 7.5. The maximum number of events was not restricted
during the measurement. For discriminating exosomes from other non-specific events
and background, a delimited region was placed in the flow cytometry dot-plot; this gate
was adjusted to the expected size range of exosomes.

Flow cytometry data were analyzed with Kaluza™ Acquisition Software (version 1.5;
Beckman Coulter, Brea, CA, USA).

5.2.8. In Vitro Stability of Fluorescent Exosomes

In vitro stability was assessed by incubating 75 pg milk exosomes labeled with BDPFL
(BDP-MiExo0) in 1X PBS for 72 h at 37 °C. At baseline (0 min), 12 h, 48 h and 72 h, the
samples were collected and measured with a HPLC system (Agilent 1200 series;
Agilent Technologies, Santa Clara, CA, USA), equipped with a UV absorbance detector
and a Yarra SEC-3000 column (300 x 7.8 mm; Phenomenex Inc., Torrance, CA, USA).
An isocratic gradient of 1X PBS with a flow rate of 0.2 mL/min was employed with a
UV measurement at 503 nm. In addition, HPLC chromatogram of non-labeled milk
exosomes was performed to confirm purity of the sample using same gradient and
column but with a UV measurement at 254 nm.

5.2.9. Isolation of Primary Mouse Hepatocytes

Animal experiments conducted this project complied with the ARRIVE guidelines and
were in accordance with the EU Directive (2010/63/EU) for animal experiments. The
HGUGM Animal Care and Use Committee approved all procedures.

Hepatocytes were isolated from adult C57BL/6 mice (12—-16 weeks old). These mice
were genetically engineered to expressed enhanced green fluorescent protein EGFP on
hepatocyte plasma membranes (mG) and Tomato-dye protein on the plasma membranes
(mT) of other cell-types. Mice were generated with the Cre/LoxP system by crossing
female mice that expressed Cre-recombinase under the control of the albumin promoter
(AIbCre mice, B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J, stock# 3574, Jackson Lab,
Farmington, CT, USA) and male mice that expressed the double-fluorescent Cre
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reporter (mT/mG mice; B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,
EGFP)Luo/J, stock# 7676, Jackson Lab, Farmington, CT, USA) [21].

Primary mouse hepatocytes were isolated with a two-step protocol for hepatic perfusion
from the inferior cava vein, according to previously published protocols [22], with some
modifications. Briefly, the liver was first perfused with Hank’s Balanced Salt Solution
(without calcium, magnesium, or phenol-red; Gibco, ThermoFisher Scientific,
Waltham, MA, USA), containing 10 mM HEPES (pH 7.4), 0.2 mM EGTA, and 10
U/mL heparin. This was followed by perfusion with Williams E Medium (Gibco,
ThermoFisher Scientific, Waltham, MA, USA), containing 10 mM HEPES (pH 7.4) and
0.4 mg/mL collagenase type IV from Clostridium histolyticum (Sigma-Aldrich, St.
Louis, MO, USA). After filtering the digested liver through a 100 pm-pore cell strainer,
cells were resuspended in attachment media (DMEM:F12 with 10 % FBS supplemented
with 5 mM sodium pyruvate, 2 mM L-glutamine, 0.05 % NaHCO3;, 20 mM HEPES,
0.12 % glucose, 0.02 % BSA, 100 U/mL penicillin, and 100 pg/mL streptomycin).
Next, the mixture was centrifuged at 50 x g, and purified with density gradient
centrifugation in an isotonic solution of Percoll (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). After a wash in attachment media with a 50 x g centrifugation, cell
viability was checked with Trypan blue.

5.2.10. Confocal Studies of in Vitro Uptake

A 24-well cell culture plate (Corning, NY, USA) was pretreated with a 1:1000 solution
of collagen type (I), and one round glass coverslip was added per well. Isolated primary
mouse hepatocytes were seeded at a density of 20,000 cells per well and cultured
overnight in attachment medium under controlled humidity conditions, in 95 % air and
5 % CO», at 37 °C. Next, cells were incubated for 30 min, 60 min, 120 min, 240 min
and 24 h with 5 pg/mL (2.5 pg/well) or 0.5 pg/mL (0.25 pg/well) milk exosomes
labeled with SCy 7.5 (SCy-MiExo). Next, the hepatocytes were washed twice with PBS
and fixed with 4 % paraformaldehyde (PFA) for 5 min. After removing the PFA and
washing with PBS, the glass coverslips were placed on confocal slides and mounted
with DAKO mounting medium (Agilent Technologies, Santa Clara, CA, USA), which
contained DAPI fluorescent dye, for nuclei staining.

NIR fluorescent signals from SCy-MiExo were captured with a Leica-SPE microscope
(Leica Microsystems Inc., Buffalo Grove, IL, USA) equipped with a 635 nm laser.
Images were processed with Fiji Image] Software (U. S. National Institutes of Health,
Bethesda, MD, USA). Exosome uptake was assessed by measuring the fluorescent
signals in regions of interest (ROIs) in the perinuclear region of the cell.

5.2.11. In Vivo Optical Imaging

Fluorescent milk exosomes (SCy-MiExo) were administered to healthy CD1 female
mice (n = 3 animals, weight 20-25 g). Mice were previously shaved in the abdominal
region, and SCy-MiExo solutions were intravenously injected through the lateral tail
vein (25 pg, 150 pL in 1X PBS). The in vivo biodistribution of SCy-MiExo was
evaluated with an in vivo imaging system (IVIS Spectrum System; PerkinElmer Inc.,
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Waltham, MA, USA) at 1 h, 4 h, and 24 h after injection. During image acquisition,
mice were maintained under 1.5-2 % isofluorane. Fluorescent detection was performed
with an indocyanine green filter set (excitation: 710/760 nm, emission: 810/875 nm),
and the exposure time was under 0.5 s. To evaluate the natural behavior of the free SCy
7.5 dye, we conducted a control study with healthy CD1 female mice (n = 2, weight 20—
25 g). Briefly, mice received an intravenous injection of commercial SCy 7.5 (17 mM,
150 pL, in 1X PBS). The imaging conditions were the same as those described above
for SCy-MiExo imaging, except the exposure time was reduced to 0.2 s. All animals
were sacrificed at 24 h post-injection, and the liver, spleen, kidneys, intestines, heart,
lungs, brain, and skin were harvested and imaged with the same device.

Fluorescence images were quantified with Living Image Software provided with the
IVIS Spectrum System (PerkinElmer Inc., Waltham, MA, USA). We measured the
average radiant efficiency of the SCy-MiExo fluorescent signal from ROIs in all the
excised organs. The average radiant efficiency was defined as the number of photons
(p) that left a square centimeter of tissue per second and radiated into a solid angle of
one steradian (sr). The resulting values, expressed in (p/s/cm?/sr)/(uW/cm?), were
normalized to the integration time, binning, f/stop, field of view, illumination intensity,
and the ROI area, to ensure comparability between measurements.

5.2.12. Histological Analysis of Hepatic Tissue

At 24 h after the in vivo imaging, mice inoculated with SCy-MiExo, (intravenous
administration, n = 3) were sacrificed, and livers were collected. Tissues were prepared
for both confocal microscopy and histopathological analysis. Briefly, organs were fixed
in 4 % PFA for 24 h, transferred to 70 % ethanol, and embedded in paraffin for routine
hematoxylin and eosin histochemical staining.

For confocal imaging, liver tissues were fixed in 4 % PFA for 24 h, dehydrated in a
sucrose solution, and embedded in optimal cutting temperature compound (OCT) for
cutting into 10-pum sections. Images were acquired with a Leica SP5 microscope (Leica
Microsystems Inc., Buffalo Grove, IL, USA) equipped with a 633-nm excitation laser,
combined with a 10x dry-objective and a 20x oil-immersion objective. Image
processing was carried out with LAS-AF 2.7.3. build 9723 Software incorporated into
the microscope and with Fiji Image] Software (U. S. National Institutes of Health,
Bethesda, MD, USA).

5.2.13. Data Analysis

Data processing and graph construction were performed with Prism 6.0c software
(GraphPad Software, La Jolla, CA, USA). Data are expressed as the mean + standard
deviation.

Statistical analysis of the in vitro uptake was performed using one-way Analysis of
Variance (ANOVA) and Tukey’s multiple comparison test with Prism 8.4.3 software
(GraphPad Software, La Jolla, CA, USA), after checking for normality. Significant
differences stand for: * (p < 0.05), ** (p < 0.01), *** (p <0.001), **** (p <0.0001).
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5.3. Results

The optimized labeling strategy we developed was successful and robust, based on a
complete physicochemical characterization of fluorescent nanovesicles derived from
milk and cancer cell lines. These novel nanoprobes displayed in vitro and in vivo
stability. The applicability of these probes was evaluated by assessing uptake in primary
hepatocytes and biodistribution in healthy mice, with confocal microscopy and in vivo
optical imaging.

5.3.1. Characterization of Fluorescent Milk Exosomes

Purified milk exosomes (MiExo) labeled with bodipy FL (BDP-FL) and sulfo-cyanine
7.5 (SCy 7.5) showed bright orange and green colors, respectively (Figure 5.1A). To
determine the successful attachment of the dye to the exosomes, we compared unlabeled
exosomes to purified fluorescent exosomes with flow cytometry. For unlabeled milk
exosomes, 0.44 % of events emitted a fluorescent signal at 503 nm and 0.05 % of events
emitted a fluorescent signal at 778 nm. For BDP-MiExo and SCy-MiExo, we observed
fluorescent signals in 99.56 % (at 503 nm) and 99.98 % (at 778 nm) of the events,
respectively (Figure 5.1D).

Transmission electron microscopy (TEM) analyses of fluorescently labeled exosomes
showed ‘cup-shaped’ structures typical of extracellular vesicles. The core size was
similar to that of control unlabeled nanovesicles (Figure 5.1B), with no morphological
alterations. A dynamic light scattering (DLS) analysis showed that the hydrodynamic
sizes were 135.31 = 13.10 nm for BDP-MiExo and 135.33 £+ 9.43 nm for SCy-MiExo
(Figure 5.1C). With both fluorescent labels, the exosomes slightly increased in
hydrodynamic size, compared to the control exosomes (126.12 + 2.94 nm). Size
measurements obtained by Nanoparticle tracking analysis (NTA) for fluorescent labeled
exosomes registered quite similar values for SCy-MiExo (134.30 + 8.50 nm) and BDP-
MiExo (140.40 + 6.30 nm). This technique also reported concentrations of 1.02-10° +
6.20-107 particles/mL for BDP-MiExo and 1.65-10° + 1.18-10® particles/mL for SCy-
MiExo, slightly lower values than those measured for the unlabeled exosome solution
(5.62:10° £ 2.29-108 particles/mL).
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Figure 5.1 Optical labeling and physicochemical characterization of control and fluorescence-labeled
milk exosomes (MiExo).

(A) Chemical strategies for labeling exosomes with Bodipy FL (BDP-FL, orange) and sulfo-cyanine 7.5
(SCy 7.5, green), and the resulting fluorescently labeled exosomes in dilution fluids. (B) Transmission
electron microscope images for morphological evaluations of exosomes. (C) Size distributions of
nanovesicles, evaluated with dynamic light scattering. Data are expressed as the mean =+ standard
deviation; (D) Flow cytometry results show the abundances of control exosomes (grey) and fluorescent
nano-probes (blue). SCy MiExo: SCy 7.5-labeled milk exosomes; BDP-MiExo: BDP-FL-labeled milk
exosomes.

5.3.2. Characterization of Fluorescent Cancer Cell Line-Derived Exosomes

Similar to milk exosomes, U87 and B16F10 exosome solutions exhibited a strong green
color after labeling with SCy 7.5. Flow cytometry measurements in the size range of
exosomes showed fluorescence signal emissions in 99.94 % of events with SCy-labeled
U87 exosomes (SCy-U87Exo0) and 99.67 % of events with SCy-labeled B16 exosomes
(SCyB16Exo, Figure 5.2C). In unlabeled exosomes derived from U87 cells (U87Exo0)
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and BI6F10 cells (B16Exo0), 3.03 % and 4.95 % of events, respectively, exhibited
fluorescent signals at 778 nm.

Physicochemical characterizations of control and labeled exosomes showed that
labeling had minor effects on the morphological properties of these cancer cell line-
derived exosomes. TEM imaging and DLS confirmed that SCy-U87Exo samples
preserved the morphology and size of the non-labeled controls (Figure 5.2A); the
hydrodynamic sizes were 132.00 £ 10.00 nm for control U87Exo0 and 135.32 = 11.17
nm for the SCy-U87Exo (Figure 5.2B). Labeled U87Exo also exhibited a similar core
size of 123.20 + 7.00 nm after NTA analysis. However, the number of nanoparticles
measured with NTA was slightly lower for SCy-U87Exo, after the chemical reaction
(2.25-10° £ 2.05-10® particles/mL), compared to control U87Exo (3.35-10° + 1.42-108
particles/mL).

TEM analyses confirmed that SCy-B16Exo showed typical exosome morphology.
However, DLS showed a slight reduction in the size distribution, compared to controls
(141.77 £ 1.00 for SCy-B16Exo nm vs. 177.00 + 13.00 for control B16Exo; Figure
5.2B). The NTA analysis confirmed the size reduction of the nanovesicles (139.3 + 10.2
nm) and revealed a slightly higher number of particles in the suspension of fluorescent
SCy-B16Exo compared to unlabeled B16Exo (5.91-10% + 4.82-107 particles /mL vs.
9.59-10% £+ 1.40-108 particles /mL).
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Figure 5.2 Physicochemical characterization of control and fluorescence-labeled cancer cell line-derived
exosomes.
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(A) Transmission electron microscope images show the nanovesicle morphology. (B) Size distributions
of exosomes produced with dynamic light scattering. Data are expressed as the mean + standard
deviation. (C) Flow cytometry results show abundances of control exosomes and the fluorescent nano-
probes. SCy: sulfo-cyanine 7.5; U§7Exo0: exosomes derived from U87 glioblastoma cells; B16Exo:
exosomes derived from B16F10 mouse melanoma cells.

5.3.3. In vitro stability of fluorescent exosomes

The temporal stability of exosome labeling was confirmed in a longitudinal in vitro
study with high performance liquid chromatography (HPLC). Fluorescent
chromatograms of BDP-MiExo showed a single peak at 25.2 min (Figure 5.3), which
corresponded to the retention time of pure unlabeled milk exosomes. No peak was
registered at 38.3 min, which was the characteristic retention time for free BDP-FL.

A small peak was detected at a retention time of 3.8 min after 72 h of incubation,
corresponding to events higher than exosomes, probably due to their aggregation at long
time points.

— Non-labeled goat milk exosomes
BDP-MiExot=0
BDP-MiExot=12h
BDP-MiExot=48 h

— BDP-MiExo t=72h

— Free BDP-FL

100

804

604

40+

intensity (a.u.)

201

time (min)

Figure 5.3 In vitro stability of Bodipy FL-labeled milk exosomes (BDP-MiExo) over time, evaluated with
high performance liquid chromatography.

It was not possible to assess the stability of exosomes labeled with SCy 7.5 (at 778 nm),
due to the limitations of the HPLC equipment. The upper limit of the absorbance
detector was 600 nm.

5.3.4. In vitro study of SCy-MiExo

The ability of cells to internalize these natural nanovesicles was assessed with confocal
imaging. Hepatocytes were exposed to both high (5 pg/mL) and low (0.5 pug/mL) doses
of SCy-MiExo, and fluorescent signals were observed in the cytoplasm, even at short
time points (1 h). The exosomes were distributed throughout the cytoplasm, especially
in the perinuclear region (Figure 5.4A, 4B), and uptake was dose-dependent (Figure
5.4C). The time to the peak signal depended on the dose of exosomes added; in the near
infra-red (NIR) channel, the brightest signals were observed after 24 h of incubation at
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the high dose, and after 4 h for the low dose (Figure 5.4C). Values registered at the end
point of the experiment (24 h) were statistically different if both dose. Moreover,
exosome uptake registered at 24 h in case of 5 pg/mL is highly significant compare to
the other time points for the same concentration (Figure 5.4D).
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Figure 5.4 Confocal microscope imaging for assessing the uptake of sulfo-cyanine 7.5-labeled milk
exosomes (SCy-MiExo) by hepatocytes.

(A, B) Near infrared (NIR, top) and fluorescence images (bottom) taken over time as hepatocytes
internalized (A) 5 pg/mL and (B) 0.5 pg/mL of SCy-MiExo. (C) Quantification of the exosome uptake, at
different SCy-MiExo concentrations, analyzed in regions of interest. Values were statistically significant
between both concentration at 24 h; ****(p < 0.0001). Data are expressed as the mean =+ standard
deviation. (D) Statistical analysis for the dose of 5 ug/mL: all values were significant compare to 24 h;
*(p <0.05), *(p < 0.01), ***(p < 0.001), ****(p < 0.0001). (E) Statistical analysis for the dose of 0.5
pg/mL; *(p < 0.05), **(p <0.01), ***(p <0.001), ****(p <0.0001).

5.3.5. In vivo and ex vivo studies with SCy-MiExo

In vivo whole-body optical imaging showed that SCy-MiExo was mainly taken up in
liver tissues (Figure 5.5A). The signal intensity in this organ increased over time, with
maximum values at 24 h (Figure 5.5B). The biodistribution examined ex vivo, in the
organs excised at 24 h, confirmed these results. Among all the organs studied, exosome
uptake was highest in the liver (Table 5.1). We also detected fluorescent signals in the
spleen and kidneys, but no significant uptake was detected in the other harvested organs
(Figure 5.5C).
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In contrast, in vivo imaging of the free dye showed a homogenous distribution
throughout the entire body, and drastic reduction in the fluorescent intensity was
observed after 4 h (Figure 5.5A). All of the excised organs evaluated ex vivo after 24 h
post-injection showed the free fluorescent signal (Table 5.1). The biodistribution profile
of free SCy 7.5 was absolutely different from that of SCy-MiExo (Figure 5.5C).

A histological study of the liver tissue (Figure 5.5D) showed high uptake and a
homogeneous distribution of SCy-MiExo. Hematoxylin and eosin stained liver samples
showed no significant alterations in liver tissue structure. We only detected some minor
alterations related to the exposure to nanometric ‘foreign bodies’, such as large
accumulations of Kupffer cells [23] or some vacuolization in hepatocytes, compared to
the normal compartmentation of glycogen inside these hepatic cells (Figure 5.5E).
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Figure 5. In vivo and ex vivo studies with SCy-MiExo.

(A) In vivo optical imaging of sulfo-cyanine 7.5-labeled milk exosomes (SCy-MiExo, top) and free SCy
7.5 (bottom) in healthy mice. (B) Time course of average radiant efficiency measured in vivo in livers of
mice treated with SCy-MiExo. Data are expressed as the % (graph) and in units of p/s/cm?/sr)/(WW/cm?)
(table), with the mean =+ standard deviation. (C) Ex vivo biodistribution of SCy-MiExo (left) and free SCy
7.5 (right) in excised organs. (D) Confocal images of liver sections from mice treated with SCy-MiExo.
Right down image presents a zoom of left right image. (E) H&E histological images of liver sections
from mice treated with SCy-MiExo.
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Organ SCy-MiExo: ex vivo Free SCy 7.5: ex vivo
average radiant efficiency  average radiant efficiency

Liver 3.36-10% £ 5.84-10° 9.66-10% £ 2.20-107
Kidneys 1.12-108 £ 4.72-10° 9.47-10% + 7.72-107
Small intestine - 8.62-10% £3.50-10®
Skin - 7.56-10% +3.53-10°
Lungs - 5.35-10% £ 3.69-10°
Intestines - 4.87-10% £2.03-108
Heart - 4.45-10% £ 1.13-107
Spleen 9.94-107 + 4.63-10° 3.48-10%8 £ 2.55-107
Brain - 3.29-108 + 1.05-107

Table 5.1 Ex vivo average radiant efficiencies (p/s/cm?/sr)/(wW/cm?) of sulfo-cyanine 7.5-labeled milk
exosomes (SCy-MiExo) and free SCy 7.5 measured in organs excised at 24 h post-injection. Data are
expressed as the mean + standard deviation.

5.4. Discussion

Traditionally, the methodology employed in fluorescent exosome labeling for
histological and cellular assessments has relied on the passive integration of lipophilic
dyes into the exosome membrane [17,24]. However, passive integration implies a weak
bond between the exosome structure and the dye, which could lead to the detachment
and release of the fluorophore; the free fluorophore can produce false positives or
increase the background signal [17]. To resolve these limitations, the present study
described a straightforward methodology that ensured strong dye attachment to the
exosome by creating covalent bonds between the ester groups of commercial
fluorophores and the amine groups present in nanovesicles. This chemical methodology
relied on the disposition of free amine groups from transmembrane proteins in the
exosome membrane, and it was previously exploited in other protocols for exosome
surface engineering with bio-orthogonal functional groups and radioisotopes [25,26]. To
our knowledge, this study was the first to optimize this approach for labeling exosomes
and to facilitate optical characterizations.

To demonstrate the versatility of our approach, we tested two widely different
commercial fluorophores with different hydrophobicities, wavelengths, and chemical
structures: BDP-FL and SCy 7.5. Moreover, we tested the approach in different types of
exosomes, derived from goat milk and U87 and B16F10 cancer cells. The BDP-FL
fluorophore (503 nm excitation) is typically used in preclinical studies of tissues and
cells [27,28]. The SCy 7.5 fluorophore (778 nm excitation) is an ideal tool for in vivo
applications; it can be detected in the NIR range, which provides relatively deep
penetration and avoids the inconvenience of autofluorescence [29]. Moreover, SCy 7.5
is highly soluble in aqueous media, which provides an advantage over the more
commonly used NHS ester dyes. For example, Cyanine 7 requires organic solvents for
the labeling reaction, which might be toxic or otherwise harm these natural
nanovesicles.
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Exosomes isolated from goat milk were successfully labeled with both fluorophores.
Visually, the intense colors emitted by the purified samples clearly showed that the dyes
were incorporated into the exosome structures. Incorporation of the dye was confirmed
and quantified with flow cytometry, which showed that 99 % of the exosome population
was labeled. Although it is well known that these natural nanoparticles are sensitive to
alterations in media conditions, our physicochemical characterization of labeled
exosomes showed that the morphological structure of these nanoparticles was not
significantly altered. We only observed a slight increase in the hydrodynamic size of
fluorescently labeled exosomes compared to controls. This change in size was most
likely due to the presence of the fluorophore on the exosome surface. Nevertheless,
TEM analyses confirmed that the vesicles were round, with an intact lipid bilayer
membrane. The slight reduction in the number of nanovesicles measured with NTA
after the labeling reaction could be attributed to some sample loss during the
purification step.

We also tested our procedure with two different cancer cell line-derived exosomes (U87
and B16F10). We employed SCy 7.5 for further in vivo experiments due to its
convenient physicochemical properties (high solubility and appropriate emission
wavelength). Moreover, BDP-FI fluorophore requires organic media such as dimethyl
sulfoxide (DMSO), which could compromise the integrity of the cancer cell line-
derived exosomes, less robust than milk exosomes in degrading conditions [12,30].

Similar to the milk exosomes, both glioblastoma (SCy-U87Ex0) and melanoma
(SCyB16Exo0) cell-derived exosomes showed an intense green color after dye binding.
Moreover, both samples were efficiently labeled, based on flow cytometry
measurements. Similar to the fluorescent milk exosomes, the physicochemical
characterization of SCy-U87 exosomes showed that both size and morphology were
preserved after the labeling reaction. The slight reduction in the number of nanovesicles
detected with NTA could also be explained by a small loss of nanovesicles during the
purification step. In contrast, although SCyB16Exo samples showed preserved
morphological characteristics, the hydrodynamic size of these fluorescent exosomes
was unexpectedly smaller than the size of unlabeled nanovesicles, unlike our findings
with the milk and U87 exosomes. Previous studies showed that some exosomes tended
to remain in an aggregated state after they are dispersed and stored in a saline solution,
due to their surface composition [31]. NTA and DLS analyses could not distinguish
between one big particle and two small, aggregated nanovesicles. Thus, exosome
surface labeling with fluorophores could reduce their tendency to aggregate, which
might lead to higher particle counts and more accurate size distribution measurements.

Large extracellular vesicles, which typically present electron-dense appearance and
irregular shape in TEM images [32] were not located in any of the samples analyzed,
supporting the exosome nature of the isolated nanovesicles from both milk and cancer
cell lines. In addition, DLS and NTA registered homogeneous populations of
nanovesicles in the size range of exosomes (30—150 nm) [33].
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One of the key points in the development of our chemical approach was the strong
attachment of the dye to the nanoparticle, which prevented detachment and release of
the free fluorophore. The high stability of labeled exosomes over time was
demonstrated with an in vitro longitudinal HPLC study. The absence of a secondary
peak at 38.3 min, associated with the free fluorophore, confirmed the absence of free
BDP-FL in the sample at all time points, even after 3 days. This finding highlighted the
strength of the covalent link established between the fluorophore and the vesicle
structure. A small peak at 3.8 min was only detected after long incubation times (72 h).
That peak suggested that the milk nanovesicles were beginning to aggregate because
our size exclusion columns enabled the larger molecules and nanoparticles to pass
through first, and the smaller particles passed through later.

For in vitro and in vivo assessments of these novel optical nanoprobes, we decided to
employ the SCy-MiExo vesicles because the milk exosomes showed promise as a DDS
[11,34]. We performed in vitro evaluations of SCy-MiExo internalization into primary
hepatocytes with confocal imaging. The reason for choosing this cell line was that it is
well-known that the liver accumulates nanoparticles of 100-200 nm. We merged the
green fluorescent images from the cells with the NIR images of the exosomes and we
observed fluorescent exosome uptake even at short time points (30 min), which
suggested rapid incorporation, as reported in previous studies of exosomes in tumors
and inflammatory cells [35,36]. At all the studied time points, cytoplasmic
accumulation was detected in the perinuclear area, similar to findings previously
reported for synthetic liposomes of similar size [37]. This result indicated that these
nanoparticles showed promise for use as drug delivery platforms. The cellular uptake
time curve showed maximal uptake at different time points depending on the exosome
dose. These time and dose effects were previously described for milk exosomes
incubated with cancer cells [11]. In our case, a low dose (0.5 pg/mL) of SCy-MiExo
showed the highest signal at 4 h, then it declined after 24 h. This pattern might reflect
the fact that the total amount of exosomes was incorporated inside the hepatocytes after
4 h, then the exosomes were digested by the cells, which led to a decline in the
fluorescent signal intensity at the latest time point (24 h). This behavior was previously
observed with other cell-derived exosomes, which pointed to the possibility that
nanovesicles were degraded after being engulfed by macrophages [35]. The high dose
(5 pg/mL) of SCy-MiExo was clearly taken up at initial points (1 and 4 h), but the
brightest signal intensity was recorded at 24 h. This result could be due to the high
availability of exosomes; thus, after 4 h, exosomes remained available in the cell culture
for internalization by hepatocytes at later time points.

The in vivo behavior of fluorescent SCy-MiExo was evaluated with optical imaging.
The SCy dye was selected because it showed high hydrophilicity and high intensity
emission in the NIR range, which is far from the autofluorescence range of natural
biomolecules, such as hemoglobin [38]. We performed longitudinal in vivo imaging of
the fluorescent nanovesicles in healthy mice to evaluate their biodistribution over time.
Liver accumulation was observed at 1 h post-injection, which confirmed that these
nanovesicles were cleared rapidly, primarily through hepatobiliary metabolism. This in
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vivo biodistribution and mainly hepatobiliary metabolism was consistent with the
pharmacokinetic profile observed in previous studies for small nanoparticles of similar
size and shape, like synthetic liposomes or metallic nanoparticles [39]. As a control, we
evaluated the in vivo biodistribution of the free dye. We observed high uptake of free
SCy in the lungs, and a rapid decline in the fluorescent signal; this decline was linked to
rapid renal excretion, evidenced by the high accumulation of free dye in the kidneys at
24 h post-injection. This behavior was typical of free fluorophores [40] and other small
molecules [41]. This clear difference in the biodistribution profiles of free SCy 7.5 and
fluorescent exosomes indicated that the nanovesicle labeling was robust and stable. A
previous study from our group showed that the administration route affected the
biodistribution of goat milk exosomes [42]. In that study, nuclear imaging showed the
same in vivo biodistribution profile as that obtained in the present study with
fluorescent SCy-MiExo, which implied that our approach did not modify the
pharmacokinetic properties of the exosomes. Finally, our ex vivo imaging study of the
organs confirmed that exosomes mainly accumulated in the liver, spleen, and kidneys,
consistent with findings from previous studies that employed exogenous exosomes [17].

In conclusion, we developed a technique for readily determining the natural
biodistribution of fluorescently labeled vesicles over time, without requiring the
sacrifice of animals. We showed that milk exosomes were mainly taken up and retained
in the liver and spleen, due to the phagocytic activity of Kupffer macrophages in these
organs [43]. On the other hand, our histological evaluation confirmed that SCy-MiExo
accumulation did not cause tissue damage or alterations in liver tissue structure. These
observations opened up a novel avenue of approach for deep research on the potential
role of milk exosomes in liver-targeting therapies.

This study presented a straightforward methodology for the covalent labeling of
exosomes with commercial fluorophores. The reproducibility and robustness of the
technique were assessed with two different dyes and several types of exosomes (derived
from milk and two types of cancer cells). In all cases, we demonstrated the success of
this chemical approach and the preservation of the physicochemical properties of the
nanovesicles.

The applicability of this approach was validated with different optical imaging
techniques. On the cellular scale, we demonstrated with confocal imaging that
covalently labeled exosomes were internalized in hepatocytes. The results confirmed
that labeled exosomes rapidly accumulated around the nucleus in a dose-dependent
manner. Fluorescent exosomes were also successfully visualized in vivo, where they
showed behavior similar to that observed for other synthetic nanoparticles, such as
liposomes. These results suggested that our approach could be used for non-invasive in
vivo applications, and that fluorescently labeled natural nanovesicles could serve as a
substitute for synthetic nanoparticles in therapeutic applications.
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6.1. Introduction

Extracellular vesicles (EVs) are signaling particles without replicative capacity, released
by cells to the biological fluids with the aim of controlling intercellular communication
[1,2]. Among these secreted particles, exosomes have been described as one of the
smallest EVs (30-150 nm) and are of endosomal origin [3]. They carry and exchange
proteins, lipids, miRNA, or DNA between diverse cell types [1,4]. These nanometric
EVs have important roles in different biological processes, including tumor metastasis
and tissue regeneration, and have been proposed as prognostic markers for different
diseases [5].

In light of their transport function, exosomes are currently under consideration as novel
agents for diagnosis and therapy, especially as drug delivery systems (DDS).
Traditionally, this application has been covered by various synthetic nanoparticles,
principally liposomes [6,7]. Current barriers to the clinical use of biofunctionalized
nanoparticles include lack of batch to batch reproducibility and toxicity. Naturally
derived nanoparticles such as exosomes are increasingly being proposed as an
alternative to synthetic nanoparticles to overcome some of those limitations, thanks to
their natural origin, (phospho)lipid bilayer structure, and nanometric size [8].

Among the possible sources, milk exosomes are notable for their easy production and
high sample volumes in comparison with culture fluid or blood plasma. With this
approximation, a high yield, harmless, and cost-effective production of non-tumor
exosomes can be obtained for use as a scalable source [9]. In addition, the non-toxic and
non-immunogenic behavior of milk exosomes in healthy models has been demonstrated
[10,11], as has as their application as carriers for chemotherapeutic/ chemopreventive
agents [12]. Although these characteristics have been evaluated in exosomes from
different milk sources such as human, pig, rat, camel, and horse [8], to the authors’
knowledge goat milk exosomes have not yet been investigated.

Aside from the great potential of EVs in cancer therapy [5,6], milk exosomes have been
implicated in the regulation of inflammatory processes through miRNA tracking [13].
Moreover, milk exosomes are rapidly trapped by macrophages [14,15] as part of the
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clearance activity that these cells, along with neutrophils, carry out when foreign agents
are detected [16-18]. This natural targeting and their nanometric size support the use of
milk exosomes in the diagnosis and therapy of inflammation underlying the
pathogenesis of diseases such as atherosclerosis, chronic obstructive pulmonary disease,
asthma, and cancer [19,20].

The main aim of this work was the evaluation of exosomes isolated from goat milk for
use as natural nanoprobes in the detection of inflammatory processes. This evaluation
was performed through their fluorescent labeling and further in vitro and in vivo
assessment by means of optical imaging. The internalization of these fluorescent
exosomes in inflammatory M0, M1, and M2 macrophages in vitro was evaluated by
means of confocal imaging and flow cytometry. Once the capacity of macrophages to
internalize the exosomes was demonstrated in vitro, it was evaluated in vivo in a mouse
peritonitis model in comparison with healthy mice by assessing the biodistribution of
the probe through optical imaging. Finally, exudates from the peritonitis model were
analyzed using flow cytometry and confocal imaging to confirm the in vivo uptake of
the nanoparticles by specific inflammatory cell populations (macrophages and
neutrophils).

6.2. Materials and Methods

6.2.1. Isolation of Milk Exosomes

Exosomes were isolated by differential centrifugation and ultracentrifugation,
complemented with size exclusion chromatography. All steps of the isolation protocol
were carried out at 4 °C in an AVANTI J-30I centrifuge (Beckman Coulter Instruments,
CA, USA), fitted out with a Ja 30,50 Ti fixed-angle rotor (k factor = 280) and 30-mL
polycarbonate tubes, as already described in the literature [21,22]. Commercial
pasteurized semi-skimmed goat’s milk (EI Cantero de Letur, Spain) was centrifuged at
5,000 x g for 10 min to remove fat globules (MFGs). Microbial rennet was then added
to improve the precipitation of casein. Resultant milk whey was centrifuged at 5,000
and 13,000 x g for 10 and 35 min respectively, then 15 min at 35,000 x g and finally 70
min at 100,000 x g. This process enables the precipitating of exosomes excluding large
extracellular vesicles and cell debris. The exosomal pellet was washed thrice with
phosphate-buffered saline (1X PBS) and then purified with PD-10 columns (GE
Healthcare Bio-Sciences AB, IL, USA). Exosomes were re-isolated at 100,000 x g for
90 min and the resultant pellet was dispersed in 100-200 pL of 1X PBS. Exosomes
suspension was stored at —20 °C until used.

6.2.2. Fluorescence Labeling of Exosomes

Goat milk exosomes were labeled with BODIPY-FL NHS ester (BDP) or Sulfo-
Cyanine 5 (SCy-5) (Lumiprobe, Germany), following previously described protocols
[22]. Suspension of 100 pg of milk exosomes in 100 uL of 1X PBS was adjusted to pH
8.5 using a 0.1 M NaHCOs solution. Then, exosomes were mixed with 10 pL of BDP-
FL (12.5 mM) or SCy-5 (17 mM) and vortex for 2 h at 4 °C. Free fluorophore residues
were removed by purification with Exosome Spin Columns (Invitrogen, CA, USA).

71



CHAPTER 6 . GOAT MILK EXOSOMES FOR DETECTING INFLAMMATORY PROCESSES

6.2.3. Fluorescence Labeling Characterization

Flow cytometry: Flow cytometry analysis was performed using a Gallios ten color Flow
Cytometer (Beckman Coulter Instruments, CA, USA). Exo-BDP suspensions were
excited employing a blue light laser (Excitation: 488 nm; detection FL1 Emission:
525/20nm) and a red light laser (Excitation: 633 nm detection FL6 Emission:
660/20nm) was used for the excitation of Exo-SCy5 suspensions. Data were analyzed
using FlowJo (Ashland, OR, USA) software.

Fluorescence emission assessment: The fluorescence spectra of Exo-BDP and Exo-
SCy5 were recorded using a NanoDrop 3300 fluorospectrometer (Thermo Fisher
Scientifc, CA, USA), measuring Exo-BDP with the Blue LED with A excitation = 515
nm and Exo-SCy5 with the White LED with A excitation = 665 nm.

6.2.4. Cell Culture

RAW 264.7 (ATCC TIB-71) murine cell line was used as a model of inflammatory
response mediated by macrophages. For maintenance of the cell line the medium was
changed every other day and cells were cultured in Dulbecco’s MEM (D6429, Sigma
Aldrich, MO, USA) with 10 % Fetal Bovine Serum (FBS, gibco, 10 270) and 1 %
penicillin, streptomycin and amphotericin B (17-745H, Lonza, Switzerland) incubated
at 37 °C with 5 % COaz. Subculturing was performed with a cell scraper (3011, Corning
Costar, NY, USA).

6.2.5. XTT Assay

Metabolic activity of macrophages was measured at 24 and 48 h using CyQUANT TM
XTT assay (Invitrogen, Thermo Fisher Scientifc, CA, USA), a non-toxic technique that
quantitatively measures the cellular redox potential, providing an estimation of viability.
1.5 x 10* cells were seeded on a 48-well plate (Corning Costar, NY, USA) and 5, 0.5,
and 0.05 pg/mL dose of exosomes were added (Mi-Exo, Exo-BDP, Exo-SCy5). Each
well received 140 puL of XTT dye, and the plates were incubated for 180 min at 37 °C.
Absorbance of each well was measured using a plate-reader (680 XR, BIO-RAD
Laboratories, CA, USA) at 450 nm. Each condition was analyzed in triplicate.

6.2.6. LDH Assay

LDH Cytotoxicity assay kit (Pierce, Thermo Fisher Scientifc, CA, USA) is a
colorimetric method that quantifies cellular cytotoxicity based on the plasma membrane
damage. RAW 264.7 were seeded on 96-well plates at a concentration of 1.5 x 10* cells
and evaluated after 48 h of Mi-Exo, Exo-BDP or Exo-SCy5 incubation (5, 0.5, and 0.05
pg/mL). Briefly, 10 puL of sterile ultrapure water or lysis buffer were added to control
conditions, corresponding to spontaneous release or maximum LDH release, and
cultured for 45 min in an incubator at 37 °C with 5 % CO.. After this time, 50 pL of
each condition/sample medium was transferred to a 96-well plate and mixed with 50 pL.
of reaction Mixture. The new plate was incubated at RT for 30 min in darkness and
finally, 50 pL of Stop Solution was added to each sample. Absorbance of each well was
measured using a plate-reader (680 XR, BIO-RAD Laboratories, CA, USA) at 450/655
nm.
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6.2.7. In Vitro Fluorescence Uptake

RAW 264.7 cells were plated on 24-well plates with glass coverslips at 1.5 x 10* cells
per cm? in complete DMEM. 5, 0.5, and 0.05 pg/mL dose of Exo-BDP were added to
evaluate the uptake level after 5 min, 1, 4, and 24 h. Cells growing on the glass
coverslips were fixed with 3.7 % formaldehyde solution for 10 min after the exosomes
uptake. After formaldehyde was removed, cells were washed three times with PBS and
stained with Phalloidin-iFluor 555 Reagent (ab176756, Abcam, UK) for actin and DAPI
staining (D9542, Sigma Aldrich, MO, USA) for nuclei during 20 min at RT (Room
Temperature) and in darkness. Dako Fluorescence Mounting Medium (Agilent, CA,
USA) was used to prepare the coverslips for microscopy and left to cure overnight.
Cells were observed using a confocal microscope (Leica-SPE, Leica Microsystems,
Germany) at 488 nm (Exo-BDP), 555 nm (Phalloidin) and 405 nm (DAPI). ROI (region
of interest) of the fluorescent images was calculated using Imagel software taking an
average 50 cells per condition.

6.2.8. Macrophages Activation

Macrophages were activated with 30 ng/mL IL-4 (Peprotech, UK) for M(IL-4) and 20
ng/mL of IFN-y (Peprotech, UK) and 100 ng/mL LPS (Sigma Aldrich, MO, USA) for
M(FN-y+LPS). M(IL-4) population was identify as M2 and M(IFN-y+LPS) as MI.
RAW 264.7 cells were seeded on 24-well plates with glass coverslips or 12-well plates
at 1.5 x 10* cells per cm? in complete DMEM for confocal microscopy or flow
cytometry, respectively. After 24 h of stimuli, 0.5 pg/mL of Exo-BDP were added to be
evaluated by confocal microscopy and flow cytometry.

6.2.9. In Vitro Flow Cytometry

For flow cytometry RAW 264.7 cells were seeded at a concentration of 2 x 10° cells per
cm? in 12-well plates. Cells were detached with trypsin/EDTA (T3924, Sigma Aldrich,
MO, USA) and washed twice with PBS after each centrifugation. Propidium iodide
(P4864, Sigma Aldrich, MO, USA) was used in order to evaluate the cell viability after
the stimuli and Exo-BDP uptake. A Gallios flow cytometer was used and analyzed with
the Flowjo (Ashland, OR, USA) software.

6.2.10. In Vivo and Ex Vivo Fluorescence Imaging

All animal experiments were carried out in accordance with the EU Directive
(2010/63EU) and Recommendation 2007/526/EC, enacted in Spanish law under Real
Decreto 53/2013. Animal protocols were approved by the local ethics committees and
the Animal Protection Area of the Comunidad Autéonoma de Madrid.

In vivo assessment of the selectivity of the nanoparticle towards inflammatory processes
was assessed using a well-established mouse model of thioglycolate-induced peritonitis
[23,24]. Briefly, 8—13-week-old wild-type C57BL/6 mice (n = 6) were intraperitoneally
injected with 1 mL of thioglycolate (BD211716). Three hours after the thioglycolate
injection, the animals received an intravenous (i.v.) administration of Exo-SCy5 (100
uL in PBS, 20 ng) through the tail vein. As control group for the evaluation of the
natural biodistribution of the nanoparticles, healthy animals (n = 6) were also injected
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with the nanoparticles, employing same imaging protocol. In vivo fluorescence image
acquisition was performed with an IVIS Spectrum 200 In vivo Imaging System (Perkin
Elmer, MA, USA) 6 and 21 h after exosome injection, both in peritonitis and control
mice, using a Cy5.5 filter, Em = Cy5.5, Ex = Cy5.5. During image acquisition mice
were kept anesthetized with 2.5 % isofluorane in 100 % of O via facemask. Analysis
and quantification of the images was performed with Living Image 4.4 Software (Perkin
Elmer).

After the last time point of the image acquisition (24 h post injection of thioglycolate
and 21 h post Exo-SCy5 administration) animals were sacrificed, a peritoneal lavage
was carried out and organs of interest (intestine, liver, spleen, heart, and lungs) were
harvested to perform ex vivo assessment by fluorescence imaging. Fluorescence was
quantified as average radiant efficiency, expressed as mean = SD, in (p/s'cm?¥
st)/(WW/cm?).

6.2.11. Flow Cytometry of Exudates

Exosome uptake by myeloid cells (macrophages and neutrophils) was assessed by flow
cytometry after in vivo imaging acquisition. Exudates were obtained from thioglycolate-
induced peritonitis mice (n = 6), after the latest imaging time-point (21 h). For the
evaluation of autofluorescence of inflammatory cells, we also included a control group
with peritonitis but without nanoparticles administration (n = 6). For exudate collection,
animals were sacrificed and peritoneal lavage performed with 2 mL of saline (NaCl, 0.9
%). Samples were gently centrifuged (200 g, 5 min) and washed with 1X PBS. Cells
were then incubated for 30 min with a rat PE-conjugated anti-mouse Ly6G (Clone:
1A8, 551 461, BD Pharmingen, CA, USA) antibody or a rat PE-Cy7-conjugated anti-
mouse F4/80 antigen pan-macrophage marker (Clone: BMS, 123 114, BioLegend, CA,
USA) antibody. After the incubation, cell nuclei were stained with DAPI (D8417,
Sigma Aldrich, MO, USA). All samples were filtered using 100 um Cell Strainer (352
360, Falcon) before the analysis for exactly 60 s of constant medium flow in a FACS
Canto-3L flow cytometer equipped with DIVA software (BD Biosciences, NJ, USA).
All experiments were conducted at the CNIC-Cellomics Unit.

6.2.12. Exosome Uptake Analyses

Flow cytometry was used to evaluate the uptake of fluorescent exosomes into myeloid
cells isolated from peritoneal exudates. The entire cell sample was labeled with DAPI
and dead cells (positive labeling for DAPI) were excluded from the analysis. Within the
live cell population, macrophage and neutrophil populations were selected using F4/80
and Ly6G markers, respectively. On the identified populations we measured the median
fluorescence intensity (MFI) in the FL6 channel (APC), corresponding to Exo-SCys5. In
addition, the percentage of the population positive for probe incorporation was
determined in both cell lines. All results were analyzed using FlowJo software
(Ashland, OR, USA).
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6.2.13. Cell Sorting and Immunofluorescence

To confirm and visualize the internalization of the Exo-SCy5 probe by confocal
microscopy, the cell populations present in the peritoneal exudates were isolated by
sorting, at the wavelength of the probe (630 nm), using an Aria Cell Sorter at the CNIC-
Cellomics Unit.

Once sorted, cells were gently centrifuged (200 G, 5 min) and fixed in 2 %
paraformaldehyde. After fixation, cells were washed with 1X PBS and placed onto
Superfrost Plus slides (Thermo Fisher Scientifc, CA, USA), until samples were
dehydrated and cells stuck to the slide. Then, cells were blocked in 1X PBS and 3 %
normal goat’s serum, and then incubated overnight at 4 °C with a rat anti-mouse CD68
(Clone: FA-11, MCA1957, BIO-RAD Laboratories, CA, USA) antibody. After that,
cells were incubated for 1 h with an anti-rat Alexa Fluor-488 conjugated-secondary
antibody. After washing thrice with 1X PBS, they were incubated overnight at 4 °C
with a rat PE-conjugated anti-mouse Ly6G antibody, counterstained with DAPI to
visualize the nuclei and covered with Fluoroshield (F6182, Sigma Aldrich, MO, USA).
Images were then acquired with a Leica SP8 Confocal Navigator Microscope available
at CNIC’s Microscopy Unit.

6.2.14. Statistics

All data are represented as mean + standard deviation (SD). Comparisons between PBS
group and Mi-Exo treated group were performed with Student’s t tests. XTT statistical
analysis was performed using two-way Analysis of Variance (ANOVA) and Tuckey’s
multiple comparison test. LDH statistical analysis was performed using one-way
ANOVA and Tuckey’s multiple comparison. Statistical analysis of macrophages uptake
employing different concentrations and time points in confocal imaging was performed
by two-way ANOVA and post-hoc Student-NewmanKeuls multiple comparisons test.
Analysis of the fluorescence intensity of the macrophages populations was performed
using two-way ANOVA and Tuckey’s multiple comparison test. For in vivo and ex
vivo peritonitis data a KS Normality test was used to determine if variables followed a
normal distribution. Comparisons between control and Exo-SCy5 groups were
performed by Student’s t test. All data were analyzed using Prism software 8.4.3 (Graph
pad, Inc.) except confocal macrophages uptake, performed with SPSS. Differences were
considered statistically significant for p values below 0.05.

6.3. Results and Discussion

6.3.1. Fluorescence Labeling and Physicochemical Characterization of Exo-BDP and
Exo-SCy5

In order to assess the behavior of goat milk exosomes in inflammatory processes, we
used a chemical approach previously published by our group to fluorescently label the
nanoparticles, creating two exosome-based optical probes [22]. The specific dyes
employed in the labeling were selected based on the biological application: for in vitro
assessment, the nanoparticles were labeled with the commercial fluorophore
BODIPYFL (Exo-BDP) as in our previous studies [22], while for in vivo experiments,
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Sulfo-Cyanine 5 (Exo-SCy5) was selected for its favorable emission in the far red
spectrum. The labeling success was demonstrated by fluorescence emission
measurements using a fluorospectrometer, which registered over 4000 relative
fluorescent units in both cases. Additionally, the fluorescence of the resulting probes
was evaluated by flow cytometry (Figure 6.1), showing an intense peak between 10° and
10° for both Exo-BDP and Exo-SCy5. The whole analyzed population could be
considered 100 % positive for the labeling, as the control’s autofluorescence of 10'-10?
relative fluorescent units did not overlap with that of the labeled exosomes in either
wavelength.

The absence of morphological modifications after labeling was proven using TEM,
showing that exosomes maintained their typical cup-shape appearance after the labeling
reaction (Figure 6.1). Moreover, NTA eliminated the possibility of any significant
alterations in the sizes of the exosomes, which measured 142.20 + 2.80 nm (Exo-BDP)
and 140.10 £+ 3.80 nm (Exo-SCy5) (Figure 6.1). NTA also confirmed that the samples
were highly enriched with exosomes after optical labeling and purification, showing
values of 2.46-10'" + 3.81-10° particles/mL for Exo-BDP and 2.72-10'! + 4.00-10°
particles/mL for Exo-SCy5. The slight reduction in the number of labeled particles
compared with the control was acceptable, considering the loss of sample during
purification.
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Figure 6.1 Physicochemical characterization of fluorescent milk exosomes.

The assessment includes NTA analysis, TEM images (100,000 X), and flow cytometry for (A) Exo-BDP
and (B) Exo-SCys5.

6.3.2. Cytocompatibility Evaluation

XTT assay results (Figure 6.2) showed that cells maintained their viability in the
presence of different doses of Mi-Exo, Exo-SCy5, and Exo-BDP at 24 h and 48, despite
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the labeling of the nanoparticles. Nevertheless, at 24 h an increase in metabolic activity
was found at the higher dose (5 pg/mL) of each nanoparticle type. This behavior has
also been observed with other extracellular vesicles, for instance as a macrophage
proliferation after 24 h and 48 of exposure [25]. A similar effect was previously found
with other milk exosomes [26-28], with cell metabolic activity increasing after exposure
to the nanoparticles at different time points. This effect could be related to the fact that
the macrophages are phagocytosing at 24 h and therefore, the metabolic activity
increases at 24 h and decreases at 48 h, as most of the exosomes have already been
internalized. An LDH assay was also performed with our novel nanoparticles (data not
shown) to evaluate their cytotoxicity, based on the release of lactate dehydrogenase due
to potential damage to the plasma membrane. These studies showed no significant
differences 48 h after the addition of exosomes at various concentrations (5, 0.5, and
0.05 pg/mL), in accord with the results obtained with XTT.
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Figure 6.2 In vitro metabolic activity evaluation with RAW 264.7 cells.

Metabolic activity levels by XTT assay after 24 and 48 h of dose of (A) Mi-BDP, (B) Exo-BDP, and (C)
Ex0-SCy5 (5 pg/mL, 0.5 pg/mL, and 0.05 pg/mL). Statistical analysis by two-way ANOVA and Tukey’s
multiple comparisons test; P values below 0.05: * p <0.05, ** p <0.01.

6.3.3. In Vitro Uptake Studies Using Confocal Imaging of RAW 264.7 Cells

The evaluation of intracellular uptake of Exo-BDP at different concentrations (5, 0.5,
and 0.05 pg/mL) by RAW 264.7 cells was assessed using confocal microscopy at 5
min, 1, 4, and 24 h (Figure 6.3). Figure 6.3A presents the confocal images 24 h after
exosome addition at the three dosages. The 5 pg/mL dose induced the greatest
incorporation of the exosomes into the cells, with almost all the cytoplasmic area
positive for the Exo-BDP (green). This result can be correlated with the increase in
metabolic activity observed at 24 h as measured with the XTT assay (Figure 6.2C).
Figure 6.3B shows the uptake time course for the different concentrations of Exo-BDP
(5, 0.5 and 0.05 pg/mL). All concentrations showed significant differences over time
and between dosages (p < 0.00001 for both time and dosage).
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Figure 6.3 Assessment of exosome uptake by RAW 264.7 macrophages.

(A) Confocal images of macrophages after 24 h of exposure to different concentrations of exosomes. Blue
(DAPI), red (phalloidin) and green (Exo-BDP). (B) Quantification of fluorescent exosome uptake by
RAW 264.7 cells in confocal imaging. Statistical analysis by ANOVA and post-hoc Student-Newman-
Keuls multiple comparisons test.

6.3.4. In Vitro Assessment of Selective Uptake of Exo-BDP by M1, M2, and M0
Macrophages

Once we confirmed the uptake of the probe in macrophages, we evaluated the
selectivity of the nanoprobe toward specific macrophage populations. Macrophage
phenotypes (non-activated or activated) depend on their function and localization.
Macrophages with these different phenotypes may incorporate the nanoprobe
differently, showing different in vivo uptake. Activated macrophages (M¢) are mainly
classified as M1 (proinflammation) and M2 (anti-inflammation) macrophages [29,30].
M1 macrophages induce a type I immune response, killing microorganisms and tumor
cells. M2 macrophages participate in a type II immune response by removing cellular
debris residues and promoting angiogenesis [31].

Using flow cytometry, we quantified Exo-BDP uptake in the different macrophage
populations. To this purpose, we selected the intermediate concentration (0.5 pg/mL) of
exosomes to better mimic the in vivo scenario. M0, M1, and M2 populations were
evaluated after 1, 4, and 24 h of exposure to the exosomes (Figure 6.4A). The activated
population with the proinflammatory stimuli (M1) presented higher uptake than the
untreated cells (M0) and M2 (two-way ANOVA, p < 0.01). These differences were
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greater at 24 h, when the M1 population presented a fivefold increase in fluorescence
compared with MO and M2 (Figure 6.4B). This result was confirmed by confocal
microscopy at the same time points (Figure 6.4C). At 1 h, Exo-BDP uptake did not
differ among the macrophage populations, but from 4 h and up to 24 h there was a clear
difference in the cytoplasmic disposition of the nanoparticles, with the proinflammatory

phenotype M1 presenting tighter packing in contrast to a more diffuse distribution in the
control MO cells.
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Figure 6.4 In vitro evaluation of Exo-BDP uptake in macrophage populations.

(A) Flow cytometry of M0, M1, and M2 populations after 1, 4, and 24 h of incubation with 0.5 pg/mL
Exo0-BDP. (B) Quantification of fluorescence intensity by flow cytometry. Statistical analysis by two-way
ANOVA and Tukey’s multiple comparisons test; p values below 0.05: * p <0.05, ** p <0.01, ***p <
0.001, **** p <0.0001. (C) Confocal images of Exo-BDP uptake in M0, M(IFN-y+LPS)/M1, and M(IL-
4)/M2 populations. IFN-y, interferon gamma; LPS, lipopolysaccharide; IL-4, interleukin-4.

6.3.5. In Vivo Optical Imaging

Once we confirmed the in vitro capacity of inflammatory cells to incorporate the labeled
exosomes, we carried out an in vivo assessment of our milk exosome-based probe to
verify its ability to detect inflammatory processes. To this end we used a thioglycolate-
induced mouse peritonitis model and chose the far-red exosome-based probe Exo-SCy5
to minimize interference by tissue autofluorescence. Based on previous studies with this
animal model [32-35], we selected 9 and 24 h time points (6 and 21 h after exosome
administration) for image acquisition. In parallel, we carried out a similar imaging
protocol employing healthy mice as a control group to evaluate the natural
biodistribution of the probe.

In vivo optical imaging showed clear differences in the uptake of the nanoprobe
between healthy mice and the thioglycolate-induced peritonitis model mice (Figure
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6.5A). In the inflammation model, intense fluorescence was recorded 6 h post injection
in the abdominal area, with progressive clearance up to 21 h after administration. This
peritoneal accumulation associated with the inflammatory pathology was observed both
in vivo and ex vivo. Control animals showed uptake of the nanoprobe mostly in the
bladder and liver (Figure 6.5A, 5B) but not in the peritoneal area. The renal and
hepatobiliary metabolism of the probe were observed in both the controls and the
peritonitis model mice. Early uptake of intravenously injected exosomes in the liver has
been reported and attributed to physiological phagocytosis of exosomes by
macrophages [21,36]. In addition, an increase in the optical signal in the bladder due to
the renal clearance of exosomes has also been described, with a progressive reduction of
exosome accumulation in the liver as bladder activity increases [37,38].

After the last time point of in vivo imaging, the mice were sacrificed, the skin of the
abdominal area was removed, and the mice were imaged again. Figure 6.5B shows a
higher signal in the liver and intestine of the peritonitis mice compared with the healthy
controls, which mainly accumulated Exo-SCy5 in the bladder. Next, excised organs
were imaged ex vivo (data not shown) and the signal was quantified (Figure 6.5C). In
the peritonitis model we observed higher exosome content in the kidneys and intestines
and lower fluorescence in liver and spleen compared with the controls, but not reaching
statistically significant differences (Student’s t-test) (Figure 6.5C).
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Figure 6.5 Abdominal in vivo uptake in a mouse peritonitis model.

(A) In vivo fluorescence imaging 6 and 21 h after Exo-SCy5 injection in a healthy mouse (control) and
peritonitis model. (B) Ex vivo fluorescence imaging after sacrifice and skin removal. (C) Quantification
of fluorescence signals of excised organs (intestine, kidneys, liver, spleen, heart, and lungs) from animals
sacrificed 21 h after Exo-SCy5 injection.
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6.3.6. Flow Cytometry of Peritonitis Exudates

To quantify the uptake of the Exo-SCy5 probe by the myeloid population (macrophages
and neutrophils), we isolated peritoneal exudates from Exo-SCy5-treated and from
untreated peritonitis model mice, which were used to assess cell autofluorescence.
Figure 6.6A shows fluorescence intensity corresponding to exosomes (APC) for the
neutrophil (Lys6G+) and macrophage (F4/80+) populations of the untreated control
group (top) and the group treated with Exo-SCy5 (bottom). Probe intensity was
quantified in terms of median fluorescence intensity (MFI) (Figure 6.6B). A statistically
significant increase in MFI was observed in both cell populations with respect to the
controls (p = 0.0037 and p = 0.0006 for macrophages and neutrophils, respectively).
Exo0-SCy5 was taken up by 27.8 £ 7.1 % of the total macrophage population (Figure
6.6C) based on the fluorescence signal versus 3.7 £ 2.7 % of the control due to their
autofluorescence. In the case of neutrophils (Figure 6.6C) 18.4 = 6.4 % of the total
population took up the probe, versus 1.8 = 1.2 % of the control population.
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Figure 6.6 Flow cytometry of Exo-SCy5 in exudate neutrophils and macrophages.

(A) Representative dot plots of markers Ly6G in PE and F4/80 in PE-Cy7, respectively, versus exosome
fluorescence (Cy5/APC). Untreated controls with peritonitis (upper) and treated with Exo-SCy5 (lower).
(B) MFI values of Exo-SCy5 uptake by neutrophils (left) and by macrophages (right), represented by
median values from mice with peritonitis without Exo-SCy5 and treated with Exo-SCy5. (C) Percentages
of neutrophils and macrophages that have taken up fluorescent exosomes (Cy5/APC); control values
stand for cell autofluorescence. p values below 0.05 indicate significant differences: * p <0.05, ** p <
0.01, *** p <0.001.

6.3.7. Confocal Imaging of Cells Sorted From Peritoneal Exudates

Finally, to visualize the uptake of our nanoprobe by the targeted cell population, we
sorted positive SCy5 exudate samples. Figure 6.7 presents a representative image of the
final sorted pool. The incorporation of our nanoparticles can be observed in a neutrophil
(stained for Ly6G) at the top of the image and in macrophages (stained for CD68) at the
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bottom of the figure. Similar to the in vitro results previously described (Figure 6.3),
exosome fluorescence was observed in the perinuclear area, especially in neutrophils
where the Exo-SCy5 seemed more localized in rounded packages.

D Exo-SCy5

10 pm 10 ym

Figure 6.7 Confocal imaging of cells obtained from FACS and immunostained with specific antibodies.

(A) The Exo-SCysS signal is white. (B) Neutrophils stained for Ly6G are red. (C) Macrophages stained for
CD68 are green. (D) Four-channel merged image. Cellular nuclei were stained with DAPI (blue).

6.4. Conclusions

In this work we present for first time goat milk exosomes as natural liposome-like
nanoparticles in the development of optical probes for the detection of inflammatory
diseases. XTT and LDH assays confirmed the excellent cytocompatibility of the
exosomes and in vitro studies in RAW 264.7 macrophages showed a time and dose
dependent uptake, and a higher uptake of the M1 proinflammatory activated population
compared to M(0) and M2. In addition, successful in vivo internalization of the
fluorescent nanoparticles by macrophages and/or neutrophils was demonstrated in a
peritonitis mouse model. All these findings suggest that goat milk exosomes are able to
localize inflammatory processes and support its potential use as markers for the in vivo
detection of inflammatory processes by optical imaging.
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CHAPTER 7 . GENERAL DISCUSSION AND CONCLUSIONS

The main goal of this thesis is the development of novel imaging nanoprobes based on
natural milk exosomes and their further in vivo evaluation as imaging agents in animal
models.

To reach this objective, the thesis assesses the physicochemical properties of goat milk
exosomes, isolated by an innovative biophysical protocol, and proposes labeling
strategies based either on the passive incorporation of the isotope Technetium-99 into
the exosome structure or the covalent binding of commercial fluorophores on the
nanovesicle surface . Pharmacokinetics and biodistribution of the resultant nanoprobes
were evaluated by nuclear and optical imaging techniques in healthy mice and the
diagnostic capability of fluorescently labeled goat milk exosomes was assessed on an
inflammatory mouse model, due to the proven involvement of these nanovesicles in
inflammatory response pathways.

More in detail, the first part of this thesis project describes a novel biophysical approach
for the isolation of a pure and homogeneous sample of exosomes from commercial goat
milk and the presentation of this goat milk exosomes as natural nanoparticles. This
source of exosomes was chosen because exosomes contained in goat milk are still quite
unexplored in comparison to human breast or bovine milk, although their protective and
immunomodulatory effects have already been demonstrated [1]. Several methodologies
for the purification of milk exosomes have been published [2,3], but the nature and
composition of the raw material have a considerable influence on the yield and quality
of the isolation. In the case of goat milk, its composition includes high fat and casein
content, which may limit the effectiveness of the isolation protocols currently reported.
Thus, the first part of this thesis optimized an innovative methodology that, for the first
time, combined usual physical techniques for exosome isolation with a biological
approach employing microbial rennet, to successfully remove residual milk components
that could contaminate the exosome sample. This methodology enables the isolation of
a large number of vesicles with characteristics traditionally associated with exosomes,
such as nanometric size and cup-shape morphology, and with a homogeneous and stable
population distribution, confirmed by different physicochemical techniques as
Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS) and
Nanoparticle Tracking Analysis (NTA). The confirmation of the exosomal nature of
these nanovesicles was carried out by Western Blot and proteomic analysis,
demonstrating the presence of exosomal biomarkers in their composition. The latter
assay also linked the isolated exosomes to the activity of the immune system. Finally, a
biochemical analysis, performed as proof of concept in healthy mice, determined that
the administration of goat milk exosomes in these animals showed no signs of toxicity
at the basic biochemical, hepatic or inflammatory levels.

Once isolated, goat milk exosomes were fully characterized, and different labeling
strategies were explored to develop exosome-based nanoprobes. The objective of this
stage involved not only the labeling of the exosomes, but also the development of new
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chemical methodologies to overcome the limitations of current techniques developed
for the same purpose. These include the lack of the probe stability or the sensitive
chemical processes to which these natural nanoparticles are subjected [4-6].

In the case of the Technetium-99 radiolabeling of exosomes, the proposed methodology
was based on the straightforward incorporation and internal chelation of the radiometal
with the phospholipids present in the external exosome membrane. Optimized labeling
conditions involved physiological pH and temperature, without the need for chelators or
exosomal surface modifications. This strategy, in comparison with those described in
previous protocols, led to decreasing the reaction time and the presence of chemical
reagents needed for the radiolabeling, reaching an appropriate labeling yield and high
purity, and maintaining the isotope "trapped" in the exosomal structure over time. The
harmlessness of the reaction conditions is proven by physicochemical characterization,
which confirmed that the original properties of the exosomes are not modified.

For the exosome-based optical probes, the fluorescent labeling methodology evaluated
in the thesis resulted in the development of a highly stable nanoprobe due to the strong
covalent binding stablished between the functional chemical groups available in the
exosome surface and commercial fluorophores. This strategy is the usual one for
connecting N-HydroxySuccinimide (NHS) fluorescent labels with amino biomolecules
and had been previously suggested for the labeling of extracellular vesicles [4].
Nevertheless, to the author knowledge, this is the first time that these specific labeling
conditions are described and the results of the physicochemical characterization of the
probes, as well as their purity and stability, are presented. The major improvement
offered by this procedure is the stability of the fluorescent probe obtained, as opposed to
the limitations of unspecificity and instability presented by previously developed
labeling methodologies [4].

The novel radioactive and optical milk exosome-based probes were assessed both in
vitro and in vivo. Nuclear imaging, supported by the ex vivo assays, revealed that the
route of administration of the exosomes significantly influenced their pharmacokinetics
and biodistribution. The impact of this finding directly affects the use of exosomes in
diagnostics or therapy, especially in hepatic or neurological applications, since the
bioavailability of these vesicles is increased in the liver when injected intravenously or
in the brain if administered via intranasal instillation. In this sense, the significant and
rapid uptake of both radioactive and fluorescent probes in the liver of healthy mice after
being administered via intravenous injection, supported by in vitro uptake assays in
hepatocytes, opens the door to evaluate the potential use of goat milk exosomes in
hepatic disorders, for example in targeted drug delivery.

Finally, this thesis not only provides imaging tools to further the study of cell
internalization, pharmacokinetics and natural in vivo behavior of exosomes but also
evaluates the potential use of these nanovesicles as probes for diagnosis. The ability of
fluorescently labeled goat milk exosomes to detect inflammation foci has been studied
in the last part of in this thesis, based on the literature supporting its natural role in the
immune system activity and inflammatory processes [1,7]. As expected, cellular uptake
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assays performed using fluorescently labeled exosomes revealed internalization of these
nanovesicles by macrophages, one of the main cell populations involved in the immune
response. Among the different macrophage phenotypes, exosome uptake was more
significant in the activated M1 proinflammatory population, highlighting them as
targets of these nanovesicles. The in vivo analysis of the intravenously injected
nanoprobe in a peritonitis mouse model as well as the ex vivo evaluation of the uptake
in inflammation-associated cells confirmed the capacity of fluorescent exosomes to
signal the inflammatory process, internalizing in vivo in both neutrophils and, again,
macrophages.

7.1 Conclusions

I.- An innovative isolation protocol has been proposed for the purification of exosomes
from commercial goat milk, based on the combination of physical and biological
approaches. This reproducible method guarantees the purity and homogeneity of the
nanovesicles and maintains their expected physicochemical properties as well as their
non-toxicity.

II.- Novel chemical strategies for the radioactive and fluorescent labeling of goat milk
exosomes have been developed and optimized, improving the limitations of current
methodologies. Technetium-99 radiolabeling enabled the straightforward incorporation
of the radioisotope in the exosomal structure under physiological conditions, without
using chelators. In the case of the fluorescent labeling, the proposed methodology
resulted in a highly stable nanoprobe by the covalent binding between the fluorophore
and the exosome surface, avoiding false positives in optical imaging assays. Both
radioactive and fluorescent exosome-based probes maintained the original
physicochemical properties of the nanovesicles. [*™Tc]-exosome tracer was validated
by SPECT imaging, gamma-counter biodistribution and autoradiography. Applicability
of fluorescent exosomes was assessed by in vivo optical imaging and confocal
microscopy.

III.- The evaluation of the pharmacokinetic profile of the developed nanoprobes in
healthy mice revealed significant differences in pharmacokinetics and biodistribution of
exosomes depending on the route of administration.

IV.- The in vivo assessment of the fluorescent nanoprobe in a peritonitis mouse model
have demonstrated the ability of goat milk exosomes to target inflammatory processes
underlying pathologies by specific interactions with inflammatory cell populations. The
exosome-based nanoprobes were in vivo taken up by neutrophils and macrophages,
confirmed by flow cytometry assay, and the in vitro evaluation carried out using non-
activated and activated macrophages revealed significant accumulation of the exosomes
in the proinflammatory phenotype.

7.2 Future research lines derived from this thesis project

Different lines of research could be further developed from the results achieved in this
thesis:
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Due to the novelty of the combined physical/biological isolation protocol proposed
of this thesis, it would be interesting to evaluate whether this technique can improve
the isolation of exosomes from other milk sources, reducing the presence of
contaminating milk components that are normally co-isolated.

As the radioactive labeling conditions reported are intended to be "exosome
friendly", their applicability to other types of extracellular vesicles less resistant than
milk exosomes, such as those derived from cell cultures or clinical samples, could be
evaluated, as was evaluated in the case of the fluorescent labeling.

This thesis presents in vitro studies and one in vivo proof of concept related to the
evaluation of the possible toxic effects of goat milk exosomes, carried out in
different cell lines and healthy mice. However, considering their potential translation
to the clinic, it is crucial to further evaluate the immunogenicity, immunoreactivity
and possible adverse effects of these nanovesicles, also ruling out its participation in
the development of certain pathologies.

The results achieved in this thesis confirm the promising application of goat milk
exosomes for the development of novel imaging agents, especially for detecting
pathologies with associated inflammatory response. However, one of the objectives
of future research lines should be to reduce the accumulation of these nanovesicles in
secondary organs not related to the specific biological target. To this aim, the
developed exosome-based platforms can be optimized by bioengineering through the
enrichment of the exosomal surface with specific target-relevant vectors, such as
proteins or antibodies, enhancing their bioaccumulation in the target area.

The physicochemical properties of these nanovesicles not only support their use in
diagnostic imaging but also point to their promising application as drug delivery
systems. The structural characteristics of the exosomes enable them to incorporate
hydrophobic molecules inside, improving their bioavailability and being able to
transport them as "Trojan horses" to a specific biological target. In different assays of
this thesis, goat exosomes have exhibited significant liver targeting in addition to
their selectivity for inflammatory processes, highlighting the importance of
developing drug encapsulation strategies to explore their potential use as drug
transporters for hepatic disorders or inflammatory-related diseases.
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