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Abstract
This thesis focuses on the development of a new drug delivery system for the treatment of
microvascular complications of diabetes, based on artificial exosmoses. Exosomes, which
are one of the types of extracellular vesicles, are small (30 - 100 nm), lipid structures
secreted by cells into the extracellular matrix, transporting enclosed fragments of DNA, RNA
and proteins. Their circulation in body fluids is responsible for a long-distance cell-to-cell
communication, which creates an opportunity to use them as a new drug carrier type.
Unfortunately, the process of encapsulating therapeutic molecules inside them is extremely
difficult, and the methods used so far are characterized by low efficiency.
The main goal of the project, which is the basis of this thesis, was to design a protocol for
the synthesis of artificial exosomes, via the fusion of extracellular vesicles and liposomes.
The FRET (Förster Resonance Energy Transfer) technique was used to monitor this process.
Artificial exosomes were characterized in terms of their: morphology (Cryogenic Electron
Microscopy - CryoEM), zeta potential (Dynamic Light Scattering - DLS), size and
concentration (Nanoparticle Tracking Analysis - NTA), and the presence of typical vesicles’
markers (western blot). In addition, encapsulation efficiency was determined and a protocol
for decorating artificial exosomes with Del-1 protein, responsible for the internalization of
natural exosomes by endothelial cells, was developed. The internalization process was
observed using confocal microscopy.
A series of functional tests, performed on the endothelial model of diabetes, confirmed that
anti-miR-221-3p encapsulated in the synthesized artificial exosomes can block the activity
of miR-221-3p, the overexpression of which correlates with the development of endothelial
cell dysfunction (ECD) during the diabetes. Stimulation with artificial exosomes increases
the expression of TIMP-3 mRNA (Tissue Inhibitor of Metalloproteinases 3) and decreases
the activity of metalloproteinases controlled by TIMP-3 (MMP-2 and MMP-9). Changes
induced by artificial exosomes favorably affect the migration of endothelial cells and wound
healing processes.

This thesis describes a new drug delivery system for the treatment of endothelial cells
dysfunction, which has a beneficial effect on their migration processes. It has been
confirmed that fusion between EVs and liposomes can occur, and the most efficient fusion
protocol has been established. Additionally, physical, and biological properties aEx have
been analyzed. In the functional tests, the values of key cell parameters after stimulation
with miR-221-3p-containing artificial exosomes were similar to the ones obtained for
physiological controls, there was no positive effect of Del-1 on tested parameters. Obtained
results confirmed that this system can be used in the treatment of microvascular
complications of diabetes.

Streszczenie
Niniejsza praca poświęcona jest opracowaniu nowego systemu dostarczania leków do
leczenia mikronaczyniowych powikłań cukrzycy opartego na sztucznych egzosmozach.
Egzosomy, jeden z rodzajów mikropęcherzyków zewnątrzkomórkowych, to niewielkie (30 –
100 nm), lipidowe struktury wydzielane przez komórki do przestrzeni międzykomórkowej,
transportujące wewnętrzu fragmenty DNA, RNA i białek. Ich przemieszczanie się w płynach
ustrojowych odpowiada za długodystansową komunikację międzykomórkową, co czyni je
idealnymi kandydatami na nowe nośniki leków. Niestety, proces zamykania w ich wnętrzu
molekuł terapeutycznych jest wyjątkowo trudny, a dotychczas stosowane metody
charakteryzują się niską wydajnością.
Głównym celem niniejszej pracy było opracowanie protokołu syntezy sztucznych
egzosomów, poprzez fuzję mikropęcherzyków zewnątrzkomórkowych i liposomów. Do
monitorowania procesu fuzji wykorzystano metodę FRET (rezonansowy transfer energii
Förster’a). Sztuczne egzosomy scharakteryzowano poprzez zbadanie: morfologii
(kriogeniczna mikroskopia elektronowa), potencjału zeta (dynamiczne rozpraszanie
światła), wielkości oraz koncentracji (śledzenie trajektorii ruchu nanocząstek), a także
obecności typowych markerów pęcherzykowych (western blot). Ponadto określono
wydajność enkapsulacji oraz opracowano protokół powlekania sztucznych egzosomów
białkiem, które odpowiada za internalizację naturalnych mikropęcherzyków przez komórki
śródbłonka. Proces internalizacji obserwowano z wykorzystaniem mikroskopii konfokalnej.
Szereg testów funkcjonalnych przeprowadzonych na śródbłonkowym modelu cukrzycy
potwierdził, że anty-miR-221-3p zamknięte w sztucznych egzosomach może blokować
aktywność miR-221-3p, którego nadekspresja koreluje z rozwojem dysfunkcji śródbłonka w
przebiegu cukrzycy. Stymulacja sztucznymi egzosomami powoduje wzrost ekspresji mRNA
dla TIMP-3 (tkankowego inhibitora metaloproteinaz 3), a także obniża aktywność
metaloproteinaz (MMP-2 i MMP-9) będących pod jego kontrolą. Zmiany indukowane przez
stymulację sztucznymi egzosomami korzystnie wpływają na migrację komórek śródbłonka
i proces gojenia się ran.

W niniejszej rozprawie opisano nowy, działający system dostarczania leków do komórek
śródbłonka, który wywiera korzystny wpływa na ich migrację. Potwierdzono, że fuzja
pomiędzy mikropęcherzykami a liposomami może zachodzić oraz stworzono efektywny
protokół do

procesu prowadzenia fuzji.

Ponadto

sztuczne

egzosomy zostały

scharakteryzowane pod kątem właściwości fizycznych i biologicznych. W testach
funkcjonalnych wartości badanych parametrów były zbliżone do wyników uzyskanych dla
fizjologicznych kontroli. Badania wykazały, że powlekanie sztucznych egzosomów białkiem
Del-1 nie wpływa na poprawę analizowanych parametrów. Uzyskane wyniki potwierdzają,
że stworzony system może znaleźć zastosowanie w leczeniu mikronaczyniowych powikłań
cukrzycy.
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1. Theoretical background
In 1971 two independent research teams have, for the first time, described extracellular
vesicles (EVs). Their findings have been published in two journals: BBA Biomembranes and
British Journal of Hematology. Since then, the number of studies focusing on EVs,
microvesicles, ectosomes and exosomes has grown exponentially. EVs has been identified
in all body fluids, in very different living organisms. Their engagement in various cellular
processes and their role in the pathogenesis of diseases is still broadly investigated and
debated. Their undoubtful contribution in coagulation processes was investigated in many
studies devoted to cardiovascular biomarkers [1]. However, one of the most interesting
features of EVs is their role in cell-to-cell communication. This opens up a possibility of using
them, in order to deliver carefully chosen cargo to the dedicated cells, meaning that they
could form a new drug delivery system. Unfortunately, despite significant effort of many
research teams, this goal remains very hard to achieve.
This thesis is devoted to the development of drug delivery system inspired by natural EVs.
The system is based on the fusion particles – artificial exosomes – which are the hybrids of
EVs and artificially created liposomes, containing encapsulated cargo. In the thesis the
protocol of the synthesis of artificial exosomes is presented. They are then characterized,
and their biological activity is carefully tested on the endothelial model of diabetes.
Decision to develop a new drug delivery system for the treatment of endothelial cell
dysfunction, caused by high glucose levels, which lead to the microvascular complications
of diabetes, was carefully planned. The use such promising new drug carriers to create a
treatment to one of the most prevalent diseases of XXI century seems particularly
promising. According to the World Health Organization, there are 422 million people
suffering from diabetes worldwide [2]. Moreover, the steady increase in the number of
diabetes cases over the past few past decades has been observed. It is known that the
normalization of blood glucose level is not enough to treat diabetes. Some complications
can develop before the clinical manifestation of diabetes, which means they can remain
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problematic during the diagnosis and the subsequent improvement of the condition of
patients. There is still a great need to design early prognostic tests and new therapies to
restore endothelial cell function and to treat injuries in the smallest vessels – leading to
macroangiopathic complications – and then to neurological malfunction, sight loss, and
renal failure. This treatment is extremely challenging, and it seems that EVs based therapies
could be promising solution.
The Author puts in the hands of the reader this thesis, describing a finalized research
project, however with the hope that this is just a beginning. Drug delivery systems based on
EVs and artificial exosomes could be applied in the future for the treatment of various
diseases, due to the great flexibility of the described carrier. Wider introduction of EVs to
the therapy could open up a new era of pharmacology.
1.1. Endothelial cell dysfunction as a cause of macroangiopathic complications of diabetes
Diabetes mellitus is a group of metabolic diseases associated with hyperglycemia: high
glucose levels in blood. Hyperglycemia can be caused either by a lack of insulin synthesis in
the pancreas (type 1 diabetes mellitus - T1DM) or by the resistance of cells to insulin (type
2 diabetes mellitus - T2DM). Over time, high glucose levels in the bloodstream can trigger
macrovascular and microvascular complications such as loss of sight (retinopathy), endstage renal failure (nephropathy), peripheral neuropathy, diabetic cardiomyopathy, or nonhealing foot ulcers [3]. Moreover, it has been shown that even very good normalization of
glucose levels during diabetes treatment, does not prevent the vascular damage, which is
mainly related to the endothelial cell dysfunction (ECD) [4, 5].
In the physiological conditions, endothelial cells (EC) are responsible for the production of
nitric oxide (NO), balance control between vasodilatation and vasoconstriction, regulation
of platelet aggregation, coagulation, immune function, control of blood volume, and
electrolyte content of the intravascular and extravascular spaces [6, 7]. During diabetes,
endothelial cells’ functions are dysregulated and the number of adverse structural,
biochemical and functional changes are observed.
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Imbalance between vasodilation and vasoconstriction, decrease in cells’ proliferation and
migration, impaired wound healing, induction of ischemia and neo-angiogenesis or
enhanced apoptosis [8, 9] are typical functional changes observed in ECD. Further damage
in the endothelial cells are related to the oxidative stress, triggered by hyperglycemia. It has
been shown, that ECD is associated with a decreased NO bioavailability, which is a result of
an impaired NO production by the endothelium and/or increased decrement of NO by
reactive oxygen species (ROS) [10]. Functional changes are accompanied by the structural
alterations. It has been observed that during diabetes, the production of extracellular
matrix (ECM) proteins (collagen, fibronectin) is increased, which leads to the thickening of
the vascular basement membrane and losing its elasticity [11, 12]. In vitro studies have
shown, that hyperglycemia triggers various biochemical changes in the endothelial and
vascular smooth muscle cells (VSMCs): activation of the polyol pathway, accumulation of
advanced glycation end-products (AGEs), activation of the mitogen-activated protein kinase
(MAPK) signaling pathways and protein kinase C [9]. Additionally, oxidative stress induced
by hyperglycemia, increases the activity of matrix metalloproteinases (MMP-2 and MMP-9)
and decreases the activity of the tissue inhibitor of matrix metalloproteinases (TIMP) in
vascular cells. This stimulates further remodeling of the ECM, increases vascular
permeability and facilitates neo-angiogenesis leading to the development of
microangiopathy complications [13].
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Fig. 1. Endothelial cell dysfunction and their consequences in diabetes. Created with BioRender.com.
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1.1.1. miRNA in diabetes
MicroRNAs (miRNAs) are the class of small (21-23 nt), noncoding RNA molecules which are
responsible for regulation of gene expression. miRNAs are specific gene silencers,
functioning through the base pairing to the 3’untranslated regions (UTRs) of target
messenger RNAs (mRNAs). miRNAs act by inhibiting translation or by affecting mRNA
stability and degradation [14]. It has been show that circulating miRNA can participated in
diabetes progression. Term circulating miRNA usually refers to the miRNA bound to the
protein argonaute 2 (AGO2), combined with RNA‐associated silencing complex (RISC), or
encapsulated in extracellular vesicles (EVs).
Several reports showed that circulating miRNA could be used as biomarkers of various
forms of diabetes. Increase in the level of several miRNAs (miR‐ 24, miR‐30d, miR‐34a, miR‐
126, miR‐146 and miR‐148a) could be linked to glucose intolerance, disease progression
(miR‐122, miR‐133, miR‐210), β‐cell injury (miR‐375), and inflammation (miR‐21‐5p) [15, 16,
17]. Additionally, it has been suggested that some miRNAs, such as miR-126 [18], miR-192
and miR-193b [19], can be used as the early pre-diabetes biomarkers allowing for
preventive therapy.
Profiling of plasma circulating miRNAs, detected in patients suffering from T2DM, showed
that this disease is associated with the decreased concentration of several miRNAs (miR20b, miR-21, miR-24, miR-15a, miR-126, miR-191, miR-197, miR-223, miR-320, and miR486) [18]. Additionally, the study showed that high glucose concentrations reduced the miR126 content of the endothelial apoptotic bodies, which can be linked to the ECD. GarciaContreras et al. showed, that the changes in the miRNA cargo of exosomes accompanied
also T1DM [20]. In exosomes isolated form plasma samples, an upregulation of miR‐25‐3p
and a downregulation of miR‐16‐5p, miR‐302d‐3p, miR‐378a, miR‐570‐3p, miR‐574‐5p, and
miR‐579 have been detected. Authors suggested, that these miRNAs can be linked to
glucose metabolism (hsa-miR-25-3p and miR‐16‐5p), insulin resistance (miR-302d‐3p) or
autoimmunity (miR‐574‐5p). Stępień et al. compared the miRNA cargo of circulating
ectosomes isolated from T2DM patients with healthy control. They detected increased
concentration of several miRNAs involved in angiogenesis and vascular development: miR10

193b-3p, miR-199a-3p, miR-20a-3p, miR-26b-5p, miR-30b-5p, miR-30c-5p, miR-374a-5p,
miR-409-3p, and miR-95-3p [21]. One of them – miR-221-3p – seems to be particularly
interesting. It has been shown that miR-221-3p could trigger ECD via inflammation,
pathological angiogenesis, hyperpermeability and apoptosis [22]. It has been shown that
the downregulation of miR-221-3p attenuates high glucose-induced suppression in cell
migration in vivo [23]. Additionally, miR-221-3p regulates the expression of proteins
engaged in ECD. Fiorentino et al. observed a correlation between the reduced level of TIMP3 and the elevated level of miR-221-3p in the tissue obtained from the biopsy of the kidneys
of diabetic mice and in hyperglycemic mesangial cell cultures [24].
1.2. Characterization of extracellular vesicles
EVs are nano-sized (30 – 4000 nm), lipid bilayer vesicles released by various cells into the
extracellular space. They are present in various body fluids such as: blood, urine, saliva,
cerebrospinal fluid, milk [25, 26, 27, 28, 29]. Additionally, they can accumulate in cell culture
media [30]. The number and characteristics of EVs can vary depending on: the type of the
cell, state of the organism (pathological or physiological), and the release mechanism. Based
on these criteria, EVs are divided into three basic subgroups: exosomes, ectosomes
(microvesicles), and apoptotic bodies.
In recent years, there is a growing interest in EVs research, mostly focusing on their drug
delivery potential and perspectives of creating tailored drug delivery systems for different
diseases and dedicated for specific patients.
1.2.1. Nomenclature of extracellular vesicles
The population of EVs is highly heterogenic and three main types of EVs can be canonically
distinguished: exosomes, microvesicles (also called ectosomes, microparticles), and
apoptotic bodies. Different cellular origin, formation mechanism and molecular
composition have implications on their biological functions and can also cause several
misconceptions in nomenclature. To this moment there is no consensus on the specific
markers for EVs’ subtypes. Because of that, assigning an EV to a particular biogenesis
pathway (exosome with endosomal origin or ectosome derived from plasma membrane)
11

remains difficult. Therefore, according to the recommendation of the International Society
of Extracellular Vesicles [31], if there is no clear evidence of a biogenesis pathway (e.g. the
EV is observed during the act of release by live imaging technique), only operational terms
to describe different subtypes of EVs should be used. For example: a) size - small EVs, large
EVs (with defined size ranges; b) density - low, high (with defined rages); c) biochemical
composition (CD63+/CD81+- EVs, Annexin A5-stained EVs, etc.); or d) descriptions of
conditions or the cell of origin (podocyte EVs, hypoxic EVs, large oncosomes, apoptotic
bodies). It is recommended to clearly define the nomenclature regarding EVs at the
beginning of each publication.
Nomenclature in this thesis is based on one of most common characteristics – the formation
pathway. Additionally, a) while citing literature references, I decided to use the same
nomenclature as the author of the research, b) in my research I use the term “extracellular
vesicles” to refer to the vesicles isolated with the low vacuum filtration method, c) hybrid
exosomes or artificial exosomes are used to describe the vesicles after fusion with
liposomes due to the size of liposomes and size of the vesicles after fusion.
1.3. Biogenesis of extracellular vesicles
Exosomes
Exosomes are released from the parent cells through multivesicular bodies (MVBs) which
are formed inside the cell [32]. Classical pathway of exosomes formation starts on the level
of plasma membrane, where due to the invagination of particular fragment, an early
endosome is formed (Fig.2). Inside the cell, early endosome’s membrane invaginates once
again and creates MVB, filled with intraluminal vesicles (ILV). Finally, the MVB fuses with a
lysosome (causing degradation) or moves along the microtubules (this process is regulated
by cholesterol) [33], reaches cell membrane and releases exosomes into extracellular space.
Several different molecules involved in MVB trafficking and the final docking of the MVB to
the plasma membrane have already been described, including: small GTPases from the Rab
family (Rab11, Rab27a, Rab27b, Rab35) [34, 35, 36], cytosolic calcium ions [35], citron
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kinase [37], and combination of soluble N-ethylmaleimide-sensitive receptors complex
(SNARE).
It is important to highlight that during EV formation the membrane asymmetry, typical for
membrane of parent cell, disappears [38]. It has been shown that phosphatidylserine,
usually present in inner layer of the cell membrane [39], in EVs is located in the outer
membrane [40]. Opposite changes were observed for sphingomyelin, which concertation in
the outer layer of membrane is decreased [41]. Additionally, exosomes are enriched in
glycosphingolipids, sphingomyelin, cholesterol, and phosphatidylserine, in comparison to
the parental cells [42].
Currently, several different mechanisms responsible for the exosomal protein sorting have
been described. The first one, is endosomal sorting complex required for transport (ESCRT)
which activity is crucial for the trafficking of ubiquitinated proteins from endosomes into
lysosomes via MVBs. Multiple ESCRT proteins such as Alix or TSG101 and ubiquitinated
proteins were identified in exosomes [43, 44]. Second mechanism is based on lipids and
lipid metabolizing enzymes. It has been shown that inhibition of neutral sphingomyelinase
(nSMase) resulted in the reduced secretion of exosomes from Oli-neu cells [45]. Finally, few
more mechanism of protein sorting to exosomes such as incorporation into detergentresistant protein complexes [46], higher-order oligomerization [47], or incorporation of
cytosolic proteins into exosomes [48] have been described.
Not only proteins but also lipids are sorted into exosomes, however these processes are not
yet well described. One of the lipids involved in the exosomes synthesis is
lysobisphosphatidic acid (LBPA). LBPA is a lipid specific for MVB’s, which strongly interacts
with Alix. Knocking down Alix expression reduces the level of LBPA, triggers the reduction
of the number of MVB in cells [49], and decreases the number of ILV in late endosomes.
Besides proteins and lipids, exosomes can also carry nucleic acids, including RNAs (mRNAs
or non-coding RNAs such as miRNAs) [50], and DNAs [51]. Probably, sorting of nucleic acids
into exosomes is also regulated, but the extend of passive and active sorting still remains
unclear. It has been shown that miRNAs are differentially sorted into exosomes depending
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on their sequence (due to the presence of specific motifs - EXOmotifs) [52]. It has been
suggested that the ESCRTII and the tetraspanin-enriched microdomains [53] could act as
RNA-binding subunits. Recently, new possible regulators of miRNA sorting into exosomes
have been described: miRNA-induced silencing complex (miRISC) and the protein
argonaute 2 (AGO2) [54], KRAS–MEK signaling pathway which also acts through AGO2 [54],
major vault protein, and Y-box-binding protein 1 (YBX1) [55].

Fig. 2. Extracellular vesicles biogenesis and secretion mechanisms (adapted from [56]).
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Microvesicles
Microvesicles are formed on the cell surface, followed by their release into extracellular
space. Formation process starts from the outward budding of the cell membrane in the
specific region and is followed by the direct shedding and immediate fission of the vesicle
from cell membrane. Release of microvesicles requires rearrangements within plasma
membrane, including lipid and protein components, and is most often induced by the
activation of a given cell by different agonists (such as ATP, growth factors, cytokines [57]).
After activation, the intracellular level of Ca 2+ increases, which influences the activity of
enzymes, which are responsible for maintaining phospholipid membrane asymmetry.
Firstly, due to activation of floopase and scramblase, which cause phosphatidylserine (PS)
and phosphatidylethanolamine (PE) location to the outer leaflet of the cell membrane.
Secondly, inhibition of flippase prevents from the reversion of PS and PE to the inner leaflet
[58]. Those spatial changes induce bending of the membrane and reorganization of the
underlying actin cytoskeleton, by the proteolysis promoted by calcium-activated calpains
and gelsolin [59, 60]. Finally, cell membrane is budding to form microvesicles.
RhoA, from Ras protein superfamily of small GTPases, Rho-associated: protein kinase
(ROCK), LIM kinase (LIMK) and coffilin (actin-binding protein) are one of the proteins which
are engaged in the release of microvesicles from cell surface. RhoA reorganize the structure
of actin-myosin filaments, leading to the increased microvesicles secretion by different
cancer cell lines [61]. Additionally, in cancer cells, extracellular signal regulated kinases
(ERK) and myosin light-chain kinase (MLCK) can be activated by AFR6 (GTP-binding protein).
This activation leads to actin polymerization and phosphorylation of myosin light chains,
and finally to the release of microvesicles [62]. Another mechanism was described in the
enterocyte cells. In the enterocyte brush border, myosin 1a is distributed along the
microvillar tips and exerts forces leading the apical membrane to form and release of
gut microvesicles [63].
The process of microvesicles cargo loading is not well understood. It has been suggested
that macromolecules, such as lipids and other membrane-associated cargoes can be
incorporated into the sites of microvesicles budding through their affinity for lipid rafts, or
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anchoring to the plasma membrane. Cytosolic components require binding to the inner
leaflet of the plasma membrane by plasma membrane anchors, such as palmitoylation,
prenylation, myristoylation [64, 65]. In nucleic acids loading, conserved zipcode RNA
sequence motifs could be involved [66].
Apoptotic bodies
In contrast to exosomes and microvesicles, the release of apoptotic bodies is not a
continuous process but occurs only when a cell undergoes apoptosis. One of the earliest
morphological changes during cell apoptosis is a deformation generated by cytoskeleton
contractions, followed by membrane blebbing and the increase of hydrostatic pressure
within the cell. These changes are controlled by the Rho effector – Rho-associated coiled
coil kinase I (ROCK I). Caspase-mediated cleavage of ROCK I results in myosin light chain
phosphorylation leading to the membrane blebbing [67, 68]. Alternatively, granzyme B
cleaves Rho-associated coiled coil kinase II (ROCK II), which produces a constitutively active
enzyme, and increases myosin light chain phosphorylation as well as membrane blebbing
[69]. It is worth mentioning, that the release of multiple apoptotic bodies is not a universal
feature of cells undergoing apoptosis and some cells do not appear to generate membrane
blebs but form a single apoptotic body [70].
Cargo sorting to the apoptotic bodies is a spatial process and depends on the region of the
cell within bleb is form. They can be enriched in DNA and histones, when they originate
from the plasma membrane, or immature glycoepitopes, when they originate from the
endoplasmic reticulum [71].
1.2.2.

Biological function of extracellular vesicles

Numerous studies have shown that EVs, carrying bioactive molecules to the distinct cells,
have a unique ability to mediate cell-to-cell communication [72, 73, 21 ]. EVs are engaged
in a variety of physiological and pathological processes, like: immune response modulation
[74], cell adhesion [75] or tumor progression [76]. Some of these processes, such as
coagulation [77] and angiogenesis [78], are directly linked to the vascular and inflammatory
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disorders [79], encompassing also microangiopathy. Moreover, in recent years, EVs
engagement in tissue regeneration is a subject of great interest, due to the possible
application of EVs in regenerative medicine and therapy [80].
Coagulation
EVs contain several macromolecules which are crucial for coagulation and thrombosis –
negatively charged PS, exposed in the outer layer of EVs membrane, tissue factor (TF) and
urokinase plasminogen activator receptor (uPAR) [81]. PS creates negatively charged
surface for the assembly of coagulation cascade enzyme complex. It has been shown, that
the lack of a surface exposure of PS, as well as the reduction of platelet-derived EVs plasma
level, is manifested as a bleeding disorder called Scot syndrome [82].
Activity of TF, which is delectable on the EVs surface, depends on the condition of the
organism. It has been shown that platelet-derived EVs from healthy donors contain TF in
inactive form which exhibit coagulation activity after recruitment to the place of injury [83].
In pathological states such as cancer or inflammation EVs contain active form of TF and can
be used as a biomarker of hypercoagulability [84]. Additionally, it has been shown that
platelet-derived EVs level is elevated in other pathologies associated with an increased risk
of thromboembolic events such as atherosclerosis [85], sepsis [86], and pre-eclampsia [87].
It has been shown that leucocyte and endothelial cell derived microvesicles contain uPAR
on their surface and therefore can stimulate plasminogen activation [88]. Moreover, it was
suggested that in endothelial cell dysfunction uPAR is remove from endothelial cell surface
by releasing soluble uPAR – bearing vesicles [89]. This induce prothrombotic activity of
endothelial cell which can be linked with an increased risk of vascular complications in
patients with diabetes.
Angiogenesis
Angiogenesis is a strictly regulated and multistage process which involves: enzymatic
degradation of the vessel’s basement membrane, endothelial cells proliferation, migration,
and tube formation. In recent years, a numerous studies highlighting EVs involvement in
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angiogenesis, have been presented. Depending on the content and surface molecule
expression, EVs can either stimulate or inhibit angiogenesis.
EVs carry a set of proteins with confirmed pro-angiogenic activity. It has been shown that
EC derived EVs can transfer Delta-like 4 (Dll4) protein and incorporate it into the plasma
membrane of recipient cells inhibiting Notch signaling. This results in an increase in vessel
density and branching [90]. Additionally, EC derived EVs contain matrix metalloproteinases
which degrade compounds of extracellular matrix and facilitate EC invasion and capillarylike structure formation in vitro [91].
miRNAs cargo of EVs is also involved in modulating the formation processes of new blood
vessels. Studies showed that EVs can transfer functional miR-126-3p and STAT5 into ECs,
which leads to cyclin D1 transcription and tridimensional tube-like structure formation [92].
Other authors demonstrated that EC-derived exosomes, containing miR-214, decreased the
expression of ataxia telangiectasia mutated protein in recipient cells, preventing
senescence, improving cell migration and allowing the formation of blood vessels [93].
In pathological state like diabetic nephropathy or retinopathy EVs can stimulate also
pathological neo-angiogenesis. It has been shown that MVs isolated from plasma contain
receptor for chemokine RANTES (CCR5). Level of CCR5-bearing MVs correlates with the
severity of diabetic retinopathy [94]. Moreover, in another study the same authors showed
that in EVs isolated form plasma of diabetic patients levels of cytokines and pro-angiogenic
factors such as VEGF, b-FGF, Ang-2 are elevated and could be linked with duration of
disease and the outcome of the diabetic treatment [79].
The exosomes containing high amount of PS in outer membrane demonstrate the opposite
activity. It has been suggested, that PS interact with CD36 expressed on EC, resulting in ROS
production in a NADPH oxidase and Src family kinase dependent manner. This leads to
inhibition of EC migration and tube formation [95].
Tissue regeneration
Tissue regeneration is the physiological processes of replacing necrotic cells and tissue by
new cells, in order to restore healthy tissue. In the context of regeneration, EVs can act in
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paracrine manner, and stimulate repairmen and regeneration. In a kidney injury model,
tubular epithelial cells were exposed to hypoxic release exosomes enriched in TGF-β1
mRNA. The study showed that these exosomes can stimulate proliferation, α-smooth
muscle actin expression, F-actin expression, and type I collagen production in fibroblasts
[96]. Another study highlighted exosomes cardioprotective role in ischemia-reperfusion
injury models. It has been shown that exosomes isolated from heathy individuals can reduce
infract area by activating TLR4 signaling in a rat infract model [97]. Exosomes are also
involved in tissue regeneration in diabetic chronic wounds. Human bone marrow-derived
mesenchymal stem cells (hBMSCs) exosomes can stimulate endothelial angiogenesis,
proliferation, and migration of fibroblasts through the activation of several signaling
pathways including Akt, Erk1/2, and STAT3 [98].
1.2.3.

Extracellular vesicles in diabetes

During diabetes (type 1 and type 2) both plasma and urine level of EVs, as well as EVs cargo
are altered [99]. The meta-analysis study [100] showed that patients with type 2 diabetes
have elevated levels of circulating total-microparticles, platelet-derived microparticles,
myocyte-derived microparticles and endothelial-derived microparticles in plasma. It has
been shown that microparticles isolated from patients with metabolic syndrome, in
contrast to microparticles isolated from healthy donors, induce vascular damage after
intravenous administration in mouse model [101]. Additionally, it has been observed that
the concentration of urinary EVs correlates with diabetic renal damage and could be used
as a prognostic factor [102].
One of the risk factors of type 2 diabetes is obesity. Recent studies showed that insulin
resistance in type 2 diabetes could be linked with abnormal adipocytes-derived EVs cargo.
EVs can be involved in the down-regulation of glucose transporter type 4 (GLUT4) and
malfunction of insulin receptor (IR). It has been observed that adipocyte-derived EVs from
obese mice could induce pro-inflammatory macrophage phenotype and cause insulin
resistance in the adipose tissue [103]. Moreover, EVs isolated from adipose tissue of obese
patients contain pro-inflammatory cytokines (IL-6, MCP-1, RBP-4, and adiponectin) and can
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induce insulin resistance in hepatocytes and myocytes [104]. EVs isolated form obese
individuals contain high levels of miR-155 and miR-27a and can decrease the number of
GLUT4 transporters in the plasma membrane of skeletal muscle and adipose tissue [105,
103]. EVs can also regulate cell response to the oxidative stress. It has been shown that
internalization of EVs from individuals with diabetes modulates the expression of genes
responsible for oxidative stress management and inhibits oxidative stress response in
monocytes [99].
In type 1 diabetes exosomes may be involved in the development of autoimmunity. It has
been shown that rat and human pancreatic islets under proinflammatory conditions release
exosomes containing autoantigens: GAD65, IA-2, and insulin/proinsulin [106]. Autoantigens
outside the cell may activate antigen presenting cells and be presented to the self-reactive
T cells, triggering autoimmunity against pancreatic β-cells. Additionally, exomes can be used
as an early biomarker of developing type 1 diabetes. In vitro experiments have shown that
human islets stimulated with inflammatory cytokines release EVs enriched in miR‐21‐5p.
These results were validated on serum samples from children with new-onset type
1 diabetes. Serum EVs miR-21-5p levels was significantly higher in comparison to nondiabetic individuals [107].
1.3. EVs as drug delivery systems
Nanoscale drug delivery systems (DDS) have been used to improve the therapeutic efficacy
of chemical and biomolecular drugs for almost fifty years [108]. Unfortunately, a wide range
of side effects such as organ toxicity or adverse immunogenic reactions are still registered
[109, 110]. Additionally, high reticuloendothelial system (RES) or mononuclear phagocyte
system (MPS) clearance, makes it necessary to modify drug surface to reduce it [111, 112].
One of the biggest challenges are interactions of DDS with plasma proteins (nano-bio
interactions) initialized immediately after introducing nanodrugs to the circulation system.
Nano-bio interaction include: clotting, inflammation and endothelium injury and may lead
to unpredictable (beneficial or harmful) alterations of nanodrugs activity. Consequently,
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only a small number of nano-based DDS have been approved by the FDA for use in humans
[113].
Unlike, synthetic nanodrugs, endogenous EVs have been promising in enhancing drug
delivery and therapeutic efficacy. In living organisms, EVs are responsible for the transport
of biomolecules enclosed in their lumen to the distinct body compartments. It has been
proven that EVs are rich in non-coding RNA, such as miRNA, lncRNA, piRNA, and they can
alter the metabolism of recipient cells. Additionally, EVs are able to avoid opsonins (Creactive proteins), coagulation factors and complement, as well as antibody responses
[114]. EVs, due to their naturally biocompatible characteristic: small size allowing for
penetration into deep tissue, deformable cytoskeleton, slightly negative zeta potential for
long circulation and the presence of multiple adhesive molecules on their surface are
perfect nanocarriers for DDS applications.
1.3.1. Drug loading strategies
At the cellular level, EVs are perfect nanocarriers, but therapeutic applications require
further modifications, such as drug loading and surface modification for targeting. Currently
two different strategies of drug loading into EVs are under development. In the first
approach, drug/bioactive molecules are loaded into EVs before isolation. The simplest
method to achieve this goal, is by adding the drug to the cell culture media. This method
was applied to the production of EVs derived from mesenchymal stromal cells and loaded
with paclitaxel [115]. The study demonstrated that after the incubation with cells, paclitaxel
is loaded into EVs and those EVs have a strong anti-proliferative activity on the human
pancreatic carcinoma cell line CFPAC-1. Cell transfection is mainly used to incorporate small
molecules, like miRNA or siRNA, into EVs. Zhang et al. [116] transfected human monocytic
cell line THP-1 with miR-150 and showed that miR-150 was packaged into EVs. Moreover,
EVs isolated from cell culture media were efficiency uptaken by Human Mammary
Epithelial Cells (HMEC-1) increasing their migration and decreasing the expression of
protooncogene c-Myb.
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In the second approach drug/bioactive molecules are loaded into EVs after isolation. The
simplest strategy is the incubation of the molecule with isolated EVs, sometimes with an
addition of membrane permeabilizers, like saponins [117]. This method has been used by
Sun et al. [118]. In the study EVs were incubated with curcumin and used to activate myeloid
cells in vitro. The study showed that target specificity is determined by the exosomes, and
the improvement of curcumin activity is achieved by directing curcumin to inflammatory
cells, which is associated with strengthened therapeutic effects.
Other two techniques applied to load bioactive drugs into EVs are electroporation and
sonication. Tian et al. [119] loaded doxorubicin into EVs isolated from mouse immature
dendritic cells (imDCs) using electroporation and used those EVs for tumor treatment in
tumor-bearing mouse model. The studies have shown that the doxorubicin anticancer
activity is enhanced when the drug is loaded into exosomes, in comparison to other delivery
systems and it caused significantly less side effects. It is worth mentioning that drug loading
during extrusion was also investigated. Unfortunately, it has been observed that extrusion,
depending of the conditions can change zeta potential of the EVs and cause cytotoxicity
[117].
1.3.2.

Engineered vesicles

Engineered vesicles could be distinguished as a separate category of EVs based drug
carriers. Engineered vesicles can be created by slicing the vesicles form the cell surface, by
cells extrusion, or by the fusion of EVs with liposomes. First approach was developed by
Yoon et al. [159] who designed a microfluidic system that generates EV-mimetic particles
by slicing a cell membrane with 500 nm silicon nitride (SixNy) microblades. In the system,
living cells flow through microchannels lined with the blades. The plasma membrane
fragments are sliced from the cells and immediately form spherical vesicles with the
diameter of 100-300 nm. In this study EV-mimetics were loaded with polystyrene beads
which were added to the buffer solution and encapsulated inside vesicles during their selfassembly. The study showed that EV-mimetics can deliver encapsulated beads to the
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recipient cells, while free beads were not able to penetrate through the plasma membrane
[120].
In second method EV-mimetics are generated by disrupting cells membrane via extrusion.
During the extrusion cells pass through several filters with diminishing pore sizes (10, 5, and
1 µm), in the presence of the drug, and form EV-mimetics with encapsulated drug
molecules. One of the biggest advantage of this method is a high yield of synthesis. Jang et
al. synthesized doxorubicin loaded EV-mimetics by the extrusion of U937 and Raw264 cells
[121]. They showed that the yield of EV-mimetics production was 100-fold higher than
during exosomes isolation and that the structure of the outer cell membrane was
preserved. In vitro tests showed that doxorubicin-loaded EV-mimetics induced the death of
TNF-α-treated human umbilical vein cells (HUVECs) in a dose dependent manner. In vivo
studies showed that doxorubicin-loaded artificial EVs accumulate in the tumor tissue and
reduce tumor growth, without accumulation in the heart of the patients, which is especially
sensitive to the doxorubicin side effects. Furthermore, compared to doxorubicin-loaded
exosomes, doxorubicin-loaded nanovesicles showed similar antitumor activity in vitro.
The third method allows for the synthesis of hybrid exosomes (hEx) through the fusion of
EVs with liposomes. This method was described for the first time by Sato et al. in 2016 [122].
The authors, using freeze/thawing cycles, fused exosomes isolated from the Raw 264.7 cell
culture media with the liposomes of different composition or with PEGylated liposomes.
The study showed that fusion efficiency increases with number of freeze/thawing cycles
and depends on the liposomes composition. Additionally, fusion efficiency was higher for
PEGylated liposomes. Up-take studies showed that that hEx are internalized by HeLa cells
and the efficiency of internalization depends on the liposomes lipid composition.
Encapsulation of drugs into liposomes is well established, so the fusion of EVs with
liposomes could be applied for delivery of different types of bioactive molecules to various
cells. Piffoux et al. [123] showed that hEx can deliver chemotherapeutic compound (mTHPC)
with 3 - 4 times higher efficiency, as compared to the free drug, or the drug-loaded liposome
precursor.
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1.3.3.

Targeting

Targeted delivery system should be able to interact selectively with only one type of cells
or tissue. It has been shown, that some EVs types have a natural tendency to accumulate in
the specific types of cells. Rana et al. [124] showed that tetraspanins are responsible for the
preferential interaction with specific types of cells. Exosomes isolated from transfected
adenocarcinoma cell lines, and expressing the Tspan8–alpha4 complex, are more efficiently
up taken by endothelial and pancreas cells, than by lung fibroblast or bone marrow cells
both in the in vitro and in the in vivo studies. Additionally, EVs surface can be decorated
with targeting molecules after isolation by a simple incubation with molecule with a known
affinity to the EVs surface [125]. A novel method of surface modification employs click
chemistry and allows to attach molecules via covalent bonds [126]. Copper-catalyzed azidealkyne cycloaddition is suitable for the bioconjugation of small molecules and
macromolecules to the surface of EVs, due to fast reaction times, high specificity, and
compatibility in aqueous buffer. This method was applied by Smyth et al. to attach
fluorescent dye to the EVs surface with good yields. To my best knowledge, there are
currently no studies regarding utilizing these methods for attaching targeting molecules to
the EVs surface, however, this approach seems promising.
Currently, several drug delivery systems based on EVs have been proposed. While the great
potential of these particles in targeted drug delivery has been recognized, this field is still in
the early stage of development.
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2. Objectives of the thesis
The main objective of the project, described in this thesis, was to synthesize a new drug
delivery system based on the artificial exosomes (aEx) for the delivery of anti-miRNA to
endothelial cells, in order to restore their physiological characteristics, in the cellular model
of diabetes. The project consists of two parts: the first one is devoted to the synthesis and
characterization of artificial exosomes, while the second one concerns mostly functional
tests and the effects of the drug delivered using aEx on the studied cells.
Following intermediate objectives, grouped into the two categories, related to the two
parts of the project, serve as a way of achieving the main objective.
The objectives on the level of synthesis were to:
•

confirm that the fusion between liposomes and EVs occurs;

•

design the most efficient protocol for the fusion between liposomes and EVs;

•

examine the influence of the composition of liposomes and liposomes to EVs ratio
on the fusion process;

•

characterize aEx in terms of physical (size, concentration, lamellarity, zeta potential
and biological characteristics (cytotoxicity and internalization into endothelial cells).

The objectives on the level of the functional tests were to evaluate:
•

whether aEx, after internalization by HUVECs, can restore physiological levels of
TIMP-3 mRNA, TIMP-3 protein, metalloproteinases and improve wound healing
process in the cellular model of diabetes;

•

whether the changes induced by aEx are significantly different from those induced
by EVs and experimental controls;

•

how the decoration of aEx with Del-1 protein modifies the induced effects.
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3. Methodology
3.1. Synthesis of the artificial exosomes
Artificial exosomes (aEx) were synthesized by the fusion of EVs isolated form Human
Umbilical Vein Endothelial Cell (HUVECs) cell culture media, and liposomes of different
composition. Additionally, aEx were loaded with anti-miRNA-221-3p and decorated with
Del-1 protein. The process of synthesis consists of several steps: cell culture and EVs
isolation, liposomes synthesis with/without miRNA loading (depending on the experiment
set-up), fusion, and decoration with Del-1 protein. All of these steps are precisely described
in the following subchapters.
3.1.1.

Cell culture and extracellular vesicles isolation

HUVECs (cat. No. 200P-05N, Cell Application Inc.) were cultured in the 1: 1 mixture of 199
medium (cat. No. M7653, Sigma Aldrich) and the SFM medium (Human Endothelium SerumFree Medium, cat. No. 11111044, GIBCO), supplemented with exosomes depleted FBS (10%
v/v) (Gibco, cat. No. A2720801), penicillin/streptomycin (cat. No. P0781, BioReagent) at a
concentration of 10,000 units/l (penicillin) and 1 mg/l (streptomycin), and 2 mM of Lglutamine (cat. No. 17-605E, BioWhitaker, Lonza). To obtain hyperglycemic culture
conditions (HGC), additional glucose was added to the cell culture media in order to obtain
the final concentration of 25 mM (cat. No. G7021, Sigma Aldrich).
EVs were isolated using low vacuum filtration method (LVF) [127]. Cell culture media were
collected from HUVECs seeded in a 75 cm2 cell culture flasks after 24h of culturing in fresh
media. To remove cell debris, the media were centrifuged subsequently at 400g (10 min)
and 3100g (25 min). Afterwards, the debris pellets were discarded, and the supernatants
were filtered on dialysis membranes (cat. No. 131486, Spectra/Por Biotech) with MCWO =
1000 kDa. The filtration was facilitated with additionally applied pressure (-0.3 Bar). When
the sample volume in the membrane reached 1 ml, 15 ml of water was added and filtered
in order to wash away proteins unbound to the EVs. The final volume (around 1 ml) was
collected and stored in -80°C for further analysis and experiments (Fig.3.).
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Fig. 3. A workflow of the extracellular vesicles isolation protocol. Created with BioRender.com.

3.1.2.

Liposomes synthesis

To mimic the natural EVs composition, lipids were chosen based on their presence in the
EVs membrane. Lipidomic analysis of various exosomes showed high content of cholesterol,
diglycerides, glycerophospholipids, phospholipids, and sphingolipids [128] as well as
bioactive lipids (prostaglandins and leukotrienes) (Tab.1.). For the study, three most
abundant lipids: DOPC - phosphatidylcholine (cat. No. 850375C, Avanti Polar Lipids), PS phosphatidylserine (cat. No. 870336C, Avanti Polar Lipids) and SM - sphingomyelin (cat. No.
860061P, Avanti Polar Lipids) were used (Fig.4.).
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Tab. 1. Lipid content of exosomes from different cells [133, 135] (%: Percent of total lipid quantified, *Sum
of all classes shown in parentheses and having the same numbers). Abbreviations: CE - cholesteryl ester,
CHOL – cholesterol, Cer – ceramide, DAG – diacylglycerol, Gb3 – globotriaosylceramide, HexCer –
hexosylceramide, LacCer – lactosylceramide, PA - phosphatidic acid, PC – phosphatidylcholine, PC O/P - PC
ethers (alkyl or alkenyl), PE - phosphatidylethanolamine, PE O/P - PE ethers (alkyl or alkenyl); PG phosphatidylglycerol; PI – phosphatidylinositol, PS – phosphatidylserine, SM – sphingomyelin (Table adapted
from [133]).

In order to improve encapsulation and cargo delivery, positively charged cholesterol
derivative – DC-Chol (cat. No. 700001P, Avanti Polar Lipids) was used for liposomes
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synthesis (Fig.4). Encapsulation of nucleic acid cargo such as pDNA, siRNA or miRNA is more
efficient when cationic liposomes (Cls) are used. Moreover, liposomes composed of DC-Chol
and DOPE have been classified as some of the most efficient gene delivery systems [136].
The biggest drawback of CLs is their short circulation lifetime and tendency to aggregate.
This can be overcome by PEGylation of CLs surface [137]. Unfortunately, it has been shown
that this modification can lead to reduced internalization, nucleic acid endosomal escape,
and hence decreased transfection efficiency [138]. Fusion with EVs – natural nucleic acid
carriers in living organisms may improve the characteristics of CLs.

Fig. 4. The chemical structure of lipids used in the study.

Experimental set-up
Liposomes were synthesized using the thin film hydration method followed by repeated
freeze/thawing cycles. The reduction of the size of multilamellar liposomes was performed
by extrusion with a manual extruder (cat. No. 61000, Avanti Polar Lipids) thorough
polycarbonate membranes with a 100 nm diameter pores (cat. No. 800309, Whatman).
To obtain a thin film, organic solutions of lipids and cholesterol in a concentration of 10
µmol/ml were mixed in glass beakers in an appropriate molar ratio (Tab. 2.) and dried under
a nitrogen stream. Thin films were kept under vacuum overnight to remove any remaining
solvent. Next, the thin films were hydrated with PBS solution for 30 minutes above the
phase transition temperature, and vortexed for 2 minutes to obtain liposomes dispersion
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in the concertation of 2 µmol/ml. In the next step, liposomes dispersions underwent five
freeze/thawing cycles and were extruded ten times through 100 nm pores.
3.1.3.

Encapsulation of anti-miRNA in artificial exosomes

As a biologically active particle anti-miR-221-3p was chosen due to the well documented
involvement of miR-221-3p in the development of ECD during diabetes, and benefits
stemming from blocking the miR-221-3p activity (subsection 2.1.1.). miR-221 is clustered
with miR-222 and is located on the short arm of an X chromosome [139]. The sequence of
miR-221-3p is: 65 – AGCUACAUUGUCUGCUGGGUUUC – 87 [140]. According to the
RNACetral database, miR-221-3p has 844 identified protein targets, including TIMP-3 [141].
Based on that, I am also expecting positive influence of the downregulation of miR-221-3p
on metalloproteinases, which are elevated during diabetes. Interestingly there is no data
about the role of miR-221-3p in the regulation of MMP-2 in diabetes.
Experimental set-up
Encapsulation was performed during the synthesis of liposomes. Anti-miR-221-3p (cat. No.
QG-339132_YI04100607-DFA,
339131_YI04100607

-DDC,

Qiagen),
Qiagen),

anti-miR-221-3p-FAM
and

negative

control

(cat.
(cat.

No.

QG-

No.

QG-

339137_YI00199006-DFA, Qiagen) were resuspended in TE buffer (Tris-EDTA buffer
solution, cat. No. 93283-100ML, Sigma Aldrich) according to the manufacturer’s protocol
and stored in -20°C. Amount of encapsulated anti-miR-221-3p and the required amount of
liposomes was calculated according to Tab.4. In order to encapsulate miRNA in liposomes,
lipid thin films were hydrated with PBS with the appropriate concentration of miRNA. After
hydration, liposomes were processed as described below.
3.1.4.

Artificial exosomes synthesis

The freeze/thawing method is commonly used in liposomes production. The method is
based on a series of repetitive cycles of fast freezing (usually in liquid nitrogen) and slow
thawing. During this process liposomes membrane is disrupted and their composition
becomes more homogenized. During freeze/thawing cycles the lamellarity of the liposomes
decreases, which in turn increases the trapped volume [142]. Additionally, it has been
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observed that the cargo of liposomes can be exchanged between them during the process
[143].
Experimental set-up
For the synthesis, exosomes and liposomes were mixed in different ratios (Tab.2.) in
eppendorf tubes and placed in liquid nitrogen for 5 minutes. Next, samples were transfer
into a thermoblock (Thermomixer 5350, Eppendorf) and incubated for 10 minutes in 24°C
with additional mixing (500 rpm). Cycles were repeated up to 10 times.
To establish the most efficient synthesis protocol, three factors were investigated:
a) liposomes composition
b) liposomes to exosomes ratio
c) number of freeze/thawing cycles

Factor

Liposome
composition

Tested conditions
[mol%]
SM (70:30)
PS (70:30)
DOPC (70:30)

Justification

Different lipids properties can affect
membrane stability and process of fusion

1 to 8

In theory, the best outcome should occur

Liposomes lipids

1 to 16

when a single liposome fuses with a single

to EVs proteins

1 to 32

EV, so the different ratio between these

ratio

1 to 50

particles were tested and compared with

1 to 100

the calibration curve

Number of
freeze/thawing
cycles

Each freeze/thawing cycle improves
1 - 10

mixing between lipids in lipids membrane,
making the structure more homogenous

Tab. 2. Scheme of the experiment. Different factors were investigated in order to establish the most efficient
synthesis protocol. Liposomes to EVs ratio are presented as the amount of total lipids in liposomes divided by
the amount of protein in EVs samples.
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Lipid mixing and fusion was monitored by means of Förster Resonance Energy
Transfer (FTER), dynamic light scattering (DLS) and Nanoparticle Tracking Analysis (NTA), as
well as Cryogenic Transmission Electron Microscopy (Cryo-EM). The methods and
procedures are described in the following section.
3.1.5.

Decoration of artificial exosomes with Del-1

Targeting of endothelial cells by aEx is based on the properties of developmental
endothelial locus-1 (Del-1) protein, which is a 52-kDa glycoprotein secreted by endothelial
cells [144]. Del-1 contains 3 epidermal growth factor–like (EGF-like) domains at the amino
terminus and 2 discoidin I–like domains at the C-terminus. The second EGF–like repeat
contains the Arg-Gly-Asp (RGD) motif, which is responsible for binding to the integrins αVβ3
and αVβ5 on the endothelial cells. The discoidin I–like domain enables binding to
phosphatidylserine. It has been shown that Del-1 can act as a bridging molecule between
integrins on endothelial cells and phosphatidylserine in the external surface of
microparticles (MPs) and can mediate endothelial uptake of MPs [145]. The hypothesis of
this work is that aEx covered by biologically active Del-1 would mediate efficient uptake of
the cargo of aEx by the endothelial cells.
Experimental set-up
In order to cover aEx with Del-1 protein and target aEx towards endothelial cells, samples
were incubated with the protein at 37°C for 1h. After incubation, unbound proteins were
removed with centrifugation on the Amicon column (cat. No. UFC5100, Milipore) with
MWCO = 100 kDa. The binding of Del-1 to aEx was confirmed by the western blot analysis.
3.2. Monitoring fusion between extracellular vesicles and liposomes – Förster
Resonance Energy Transfer
Chromophores are molecules, which can absorb electromagnetic radiation of a specific
wavelength (energy), exciting them from a ground state into an excited state (Fig.5.). The
excited state is not stable, so the molecule re-emitts the photon of a longer wavelength
(lower energy) [146]. If two fluorophores are present in a close distance, and when the
emission spectrum from one of them (donor) overlaps with the absorption spectrum of the
32

second one (acceptor), the energy could be transferred between them in a non-radiative
manner, and then emitted by the second molecule as a photon. This phenomenon was first
described in 1948 by Theodor Förster [147].

Fig. 5. Basic principles of Förster Resonance Energy Transfer (FRET) [148]. A. Jablonski diagram illustrating
the absorption and emission of energy and FRET between donor and acceptor . S 0 – ground state, S1 – excited
state, gray lines - relaxation. B. Overlapping spectrum of a donor and an acceptor molecule. Em (D) – emission
spectrum of a donor, Ex (A) – absorption spectrum of an acceptor.

Following requirements have to be met to observe energy transfer:
a) donor and acceptor need to have a strong electronic transition in the UV, visible, or IR
range;
b) donor emission and acceptor absorbance spectra have to overlap;
c) a donor and an acceptor have to be physically close
d) orientation factor needs to be small
e) quantum yield of donor emission has to be efficient [149].
In this phenomenon, an excited donor, presented as an oscillating dipole, can exchange
energy with having a similar resonance frequency second dipole (acceptor). Energy transfer
manifests itself through the decrease or quenching of the donor fluorescence and a
reduction of excited state lifetime accompanied by an increase in acceptor fluorescence
intensity [150].
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𝐷 + ℎ𝜈 → 𝐷 ∗
𝐾𝑇

𝐷 ∗ + 𝐴 → 𝐷 + 𝐴∗
𝐴∗ → 𝐴 + ℎ𝜈′
D(D*) – donor (excited state)
A(A*) – acceptor (excited state)
KT – rate of energy transfer

This process is limited by the rate of energy transfer (Eq.1) which is connected to the lifetime
of the donor excited state in the absence of the acceptor (τD), Förster critical distance (R0)
and distance between donor and acceptor molecule (R).

𝐾𝑇 =

1
𝜏𝐷

𝑅

6

( 𝑅0 )

(Eq. 1.)

The Förster critical distance (R0) describes the distance at which the probability of the
emission of fluorescence from the excited donor is equal to the probability of a nonradiative transfer of energy to the acceptor. R 0 takes different values for different donoracceptor pairs and usually is in range of 1 to 10 [nm]. R 0 depends on: a) an orientation factor
– relative orientation in space of the transition dipoles of the donor and acceptor (κ), b)
quantum yield of the donor fluorescence in the absence of acceptor (𝛷𝐷 ), c) overlapped
integral in the region of the donor emission and acceptor absorbance spectra (wavelength
expressed in nanometers) (J) and the reflective index of the medium (n). It is given as:

𝑅06 =

9 (𝑙𝑛 10) 𝜅2 𝛷𝐷 𝐽
128𝜋5 𝑛4𝑁𝐴

(Eq. 2.)

NA – Avogadro number
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The efficiency of energy transfer is linked with R0 and depends on the intermolecular
distance between the two fluorophores:
𝑅6

0
𝐸 = 𝑅6 +𝑅
6
0

(Eq. 3.)
[149]

E – transfer efficiency between a donor and an acceptor,
R – distance between a donor and an acceptor,
R0 – Förster critical distance that results in a 50% energy transfer efficiency.

The biggest changes in transfer efficiency, leading to the highest sensitivity of FRET on the
changes in distance, are observed between 0.5 R 0 to 1.5 R0 (Fig.6.). Below and above these
values, the sensitivity decreases because of the flattening of the transfer efficiency curve.

1.0

EFRET [-]

R0- Förster critical distance

0.5

0.0
0.5 R0

R0

1.5 R0

Donor - acteptor distance [nm]

Fig. 6. The dependency of FRET efficiency (EFRET) on the donor acceptor distance [149].

Due to the strong dependency of FRET on the distance between a donor and an acceptor,
this method is widely used in studying molecular interactions (e.g. lipid interaction,
membrane fusion, protein folding) in their natural environment. In my research, I used FRET
to confirm and monitor the fusion of liposomes with EVs.
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Liposomes for FRET experiments were labeled with 1 mol% of fluorescent FRET pairs:
rhodamine B (cat. No. 810157C, Avanti Polar Lipids) and NBD (cat. No. 810143C, Avanti Polar
Lipids). Both probes were conjugated with PE (Fig.7.). During the fusion, liposomes
containing lipids conjugated with fluorescent probes, were diluted by the lipids in the
membrane of nonfluorescent EVs. As a result, the distance between NBD and rhodamine
increased which caused the decrease in fusion efficiency. This could be measured as a
decrease in fluorescence intensity in the rhodamine maximum (583 nm) and increase in the
fluorescent intensity in the NBD maximum (530 nm).

Fig. 7. Structure and spectra of NBD and rhodamine dye conjugated with PE.

Experimental set-up
The fluorescent probes, in the 1:1 ratio, were added to the lipid mixture before organic
solvent evaporation and processed according to the protocol described in subsection 5.1.2.
Fluorescent liposomes for three tested liposomes’ compositions (DOPC, SM and PS) were
mixed with EVs in the different ratios (Tab.2) and underwent series of freeze/thawing cycles
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(up to ten cycles). Before the first, and after every second cycle, the fluorescence spectra in
a range of 500 nm to 700 nm were measured, with the excitation wavelength of 460 nm on
a spectrometer (Infinite 200 Pro plate reader, Tecan). Fusion efficiency was calculated, as
an increase in intensity of fluorescence in the NBD maximum range according to the
following equation:

𝑓𝑢𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝐼530
𝐼530 +𝐼580

(Eq. 4.)

𝐼530 – maximum fluorescence intensity for NBD component in the recorded spectra,
𝐼580 - maximum fluorescence intensity for rhodamine component in the recorded spectra.

In parallel to the FRET experiment, calibration curve for lipid dilution was prepared.
Liposomes containing 1.00, 0.750, 0.500, 0.375 and 0.250 mol% of NBD-DMPE and rhoDMPE in 1:1 ratio were prepared according to the protocol described in subsection 5.1.2.
These concentrations represent the lipid dilution ratio of 0.5, 1.0, 1.5 and 2.0, respectively.
The spectra for calibration samples were measured after 10th cycle of freeze/thawing,
fusion efficiency was calculated according to Eq.4. and plotted against lipid dilution.
3.3. Physical characteristics
3.3.1. Cryogenic Electron Microscopy
Cryogenic electron microscopy (cryo-EM) is a microscopic technique utilizing electron
beam, in which samples in aqueous solution are preserved for observation by plungefreezing in liquid ethane, or a mixture of liquid ethane and propane. In this method, samples
are embedded within a thin amorphous ice film. Next, the samples are observed with a low
dose transmission electron microscope operating at a liquid nitrogen temperature or below.
The biggest advantage of this method is preserving the samples in near native state, in
contrast to the traditional TEM microscopy where sample undergo dehydration, which
influences the structure of molecules in the sample.
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Experimental set-up
Samples for cryo-EM were prepared using Vitrobot (Thermofisher Inc.). Samples in a volume
of 4 µl, with concentrations given in Tab.3., were placed on quantifoil holey carbon copper
400 mesh grids (cat. No. AGS173-3, Quantifoil®) in the Vitrobot chamber with 100%
humidity at 24°C. Samples were left on the grid for 30 s, blotted with force settings set to 2
for 1 s, and then plugged into liquid ethane. Frozen samples were stored in liquid nitrogen
before the imaging. Observations were performed on the JEOL JEM2100HT (Jeol Ltd)
electron microscope in the cryo-mode, with the accelerating voltage equal to 80 kV.
Type of sample

Concentration

EVs

2.5 mg EVs protein /ml

Liposomes

2 µmol of lipids /ml

aEx

2.5 mg EVs protein /ml

Tab. 3. Concentration of samples prepared for Cryo-EM imaging. The concentrations were calculated for the
EVs proteins (EVs and aEx samples), and for the concentration of lipids in liposomes samples.

3.3.2. Zeta-potential measurement
Every particle in the electrolyte is surrounded by ions which create an electric double layer.
This layer consists of two parts: an inner region where the ions are strongly bound – called
a Stern layer and an outer region with loosely bounded ions – called a diffuse layer. Between
those layers, a slipping plane is present and the potential which exists at this boundary is
called zeta potential or an electrokinetic potential.
The zeta potential can be measured by determining the electrophoretic mobility (Eq.5.).
During the measurements, electric field is applied across the electrolyte and the charged
particles move towards the electrode of opposite charge. Knowing the electrophoretic
mobility value, zeta potential can be calculated based on Henry’s equation:
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3𝜂𝜇

𝑒
𝜁 = 2𝜖𝑓(𝜅𝑎)

(Eq. 5)

ζ – zeta potential,
η – viscosity,
µe – electrophoretic mobility,
𝜖 − dielectric constant,
𝑓(𝜅𝑎) – Henry’s function.
By measuring the value of the zeta potential, it is possible to predict stability of particles in
the colloidal system. When the zeta potential is higher than +30 mV or lower than -30 mV,
the system is considered as stable.
Experimental set-up
Zeta potential measurements were performed using Malvern Nano ZS light scattering
apparatus (Malvern Instrument Ltd., Worcestershire, UK). Zeta potential was measured
using the technique of laser Doppler velocimetry (LDV). For the measurements, samples
were diluted in PBS buffer filtered through a filter containing pores with a diameter of 50
nm. Each sample was measured 5 times and 100 scans were collected during a single
measurement. Data were analyzed using Malvern Zetasizer 7.12 and OriginPro 2020
software.
3.3.3.

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) is used for visualization and determination of the size
distribution of nanoparticles, based on the measurement of light scattering and Brownian
motions. During measurements, laser beam illuminates particles in a suspension. Particles
scatter light which is recorded by a CCD camera for the chosen period of time. The software
analyzes video sequence, tracks particles, and calculates the mean square displacement
(MSD) in two dimensions. Based on that, the hydrodynamic diameter is calculated using
Stokes - Einstein equation (Eq. 6). Because the volume in which Brownian motions are
recorded is known, the software also calculates the concentration of particles in the
suspension. Additionally, by using fluorescent probes, NTA can be used for phenotyping
biological samples like EVs.
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𝜅𝑇

𝑑ℎ = 3𝜋𝜂𝐷

𝑡

(Eq. 6)

𝑑ℎ − hydrodynamic diameter,
𝜅 – the Botlzmann’s constant,
T – temperature of the solvent (in Kelvins),
𝜂 – viscosity of the solvent,
𝐷𝑡 – translational diffusion coefficient.
The method has some limitations. A typical diameter of the particles which can be detected
is in the range of 50 nm to 1000 nm, and the lower limit of detection strongly depends on
the refractive index of the sample. Additionally, proper dilution of the sample is important,
because having both high and low concentrations of particles can strongly influence the
results calculation.
Experimental set-up
The measurements of the size distribution and concentration of liposomes, EVs and aEX
were performed using NanoSight LM 10 (Malvern Panalytical), coupled with a 405 nm laser.
For the NTA analysis, each sample was diluted to the appropriate concentration with PBS
filtered through the filter with 50 nm pores. All samples were prepared in triplicates and
measured in five independent records for 30 s. The measurements were analyzed and
normalized to the starting sample volume using the OriginPro 2020 Software.
3.3.4.

Western blot – extracellular vesicles

Western blot consist of two steps. In the first step, denatured proteins are separated in
polyacrylamide gel according to the length of the peptide (SDS-PAGE type). In the second
step, proteins are transferred in the electric field to the polyvinylidene difluoride (PVD) or
nitrocellulose membrane where they can be recognized by specific primary antibodies. To
visualize the proteins on the membrane, secondary antibody link with biotin or reporter
enzyme (alkaline phosphatase or horseradish peroxidase) is used. More than one
secondary antibody can bind to the primary antibody whereby the signal is enhanced. The
signal is developed by the incubation with a substrate for enzyme, creating colored or
luminescent product of reaction.
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Experimental set-up
For western blot experiments, protein extracts (15 μg per sample) were diluted in a 1:1 ratio
in the Laemmli Sample buffer (cat. No. 161-0737, Bio-Rad Laboratories Inc.) with 5% βmercaptoethanol (cat. No. 161-0710, Bio-Rad Laboratories Inc), denatured in 95°C for 10
minutes, and then separated by electrophoresis on the 4-15% gradient Mini-PROTEAN TGX
Stain-Free Protein Gels (cat. No. 4568085, Bio-Rad Laboratories Inc.). Afterwards, the
samples were transferred to PVDF membranes using the Mini-Protean 3 system (Bio-Rad
Laboratories Inc.).
Western blot analysis was performed using Lumi-LightPLUS Western Blotting Kit
(Mouse/Rabbit) (cat. No. 12015218001, Roche). The blots were blocked overnight in 1 %
BSA in TBS/Tween buffer (0.05 M Tris-HCl, 0.15 M NaCl, 0.1% Tween 20, pH 7.5, LumiLightPLUS Western Blotting Kit (Mouse/Rabbit) and incubated for 1h with specific primary
antibodies against Arf-6 (dilution 1:200, cat. No. sc-7971, Santa Cruz Biotechnology), CD63
(dilution 1:500, cat. No. CBL553, Sigma Aldrich) and Del-1 (dilution 1:500, cat. No.
SAB1406924, Sigma Aldrich). After incubation with the primary antibody, the membranes
were washed three times with Tween/TBS buffer and incubated for 1h with a HRPconjugated secondary antibody (Lumi-LightPLUS Western Blotting Kit (Mouse/Rabbit))
diluted 1:250 in 1% BSA in TBS/Tween buffer. Afterwards, membranes were washed three
times in the TBS/Tween Buffer and three times in the TBS buffer (0.05 M Tris-HCl, 0.15 M
NaCl, 0.1%). Immunopositive bands were visualized using Lumi-Light Reagent (Roche) and
ChemiDoc™ XRS+ System (Bio-Rad Laboratories Inc.). The relative levels of protein
expression were determined using Lab Image software. Individual protein levels were
normalized to the total intensity of the bands on a given line, detected in the gel after
electrophoresis.
3.3.5.

Encapsulation efficiency

The assay is based on the self-quenching properties of calcein. When calcein is entrapped
in liposomes at high concentrations (50 mM), its fluorescence intensity is low. Once calcein
is released from the liposomes, the fluorescence intensity increases due to the dilution of
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calcein in the surrounding media. 0.1% Triton X-100 is used to solubilize the liposome
membranes and release calcein. The entrapment efficiency can be calculated as the
fluorescence quench according to Eq. 7.
% 𝑞𝑢𝑒𝑛𝑐ℎ = (1 −

𝐹
𝐹𝑇

) × 100

(Eq. 7)

F – fluorescence of the sample prior to the addition of 0.1% Triton X-100
FT – fluorescence of the sample after the addition of Triton X-100
Experimental set-up
Calcein (cat. No. C0875, Sigma Aldrich), in the final concentration of 50mM, was added to
PBS buffer and used to hydrate thin lipid films. After hydration, liposomes were prepared
according to the subsection 5.1.2. Unencapsulated calcein was removed from the liposomes
suspension using size exclusion chromatography (SEC) on Sepharose CL-4B (cat. No.
CL4B200, Sigma Aldrich). Purified liposomes were fused with EVs in the 1:100 ratio.
As a reference method for calcein encapsulation, a modified calcium transfection method
was used [151]. 50 µg of EVs were incubated with calcein solution in PBS (50 mM final
concentration) and CaCl2 in (0.1 M final concentration). The final volume was adjusted to
300 µl. The mixture was placed on ice for 30 min, then for heat shock at 42°C for 60 s, and
finally on ice for additional 5 min.
Encapsulation efficiency was determined fluorometrically at the excitation and emission
wavelengths of 490 and 515 nm, respectively, using a fluorescence spectrophotometer
(Infinite 200 Pro plate reader, Tecan).
3.4.

Biological tests

For all biological tests, HUVECs were seeded in different cell culture flasks, depending on
the test, 48h before samples’ collection (Tab.4). After 24h of culturing, cell culture media
were changed to fresh ones (mixture of SFM and 199 media in a ratio 1:1, without serum)
and HUVECs were stimulated with the tested factors for the following 14h. Samples were
then collected and proceeded in a way suitable for further tests. To ensure reproducible
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conditions of experiment the amount of EVs and the amount of anti-miR or negative control
was calculated according to Tab.4..

Type of flask

Flask I

Flask II

6-well plate

24- well plate

96-well plate

Type of
experiment

EVs isolation

Western
blot/qPCR

Western
blot/qPCR/
up-take

Wound
healing assay
/zymography

Cytotoxicity

Area/area of
one well [cm2]

75

25

9.6

1.9

0.3

Medium volume
[ml]

10

3

1.5

0.25

0.1

Number of
seeded cells

1 000 000

300 000

150 000

25 000

4 000

Density of
seeded cells per
cm2

13 333

12 000

15 625

13 158

13 333

Amount of EVs
protein [mg/ml]

1

0.3

0.15

0.025

0.01

0.1

0.1

0.1

0.1

0.1

-

-

150

25

5

-

-

1

1

1.25

Concentration
of EVs proteins
per ml of cell
culture media
[mg/ml]
Amount of antimiR or negative
control per well
[pm]
Amount of
miRNA per cell
[fm/cell]

Tab. 4. Cells seeding density for all types of performed tests with the amount of EVs, anti-miR/negative
control used in the performed experiments.
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For all experiments (unless otherwise stated) eight different conditions were investigated.
Symbols used for them are described below:
•

NG – refers to HUVEC cells cultured in normoglycemic conditions (5 mmol of
glucose) without any additional factors

•

HG – refers to HUVEC cells cultured in hyperglycemic conditions (25 mmol of
glucose) without any additional factors

•

NG + EVs – refers to HUVEC cells cultured in normoglycemic conditions (5 mmol of
glucose) stimulated with EVs

•

HG + EVs – refers to HUVEC cells cultured in hyperglycemic conditions (25 mmol of
glucose) stimulated with EVs

•

HG + aEx - refers to HUVEC cells cultured in hyperglycemic conditions (25 mmol of
glucose) stimulated with aEx, with encapsulated anti-miR

•

HG + aEx_Del-1 - refers to HUVEC cells cultured in hyperglycemic conditions (25
mmol of glucose), stimulated with aEx with encapsulated anti-miR and decorated
with Del-1 protein

•

HG + Nc - refers to HUVEC cells cultured in hyperglycemic conditions (25 mmol of
glucose), stimulated with aEx with encapsulated negative control (Nc)

•

HG + anti-miR - refers to HUVEC cells cultured in hyperglycemic conditions (25 mmol
of glucose), stimulated with anti-miR added to the cell culture media, without
encapsulation in aEx or any other carrier.

3.4.1.

Cytotoxicity tests

Influence of the synthesized particles on endothelial cells was assessed using ApoTox-Glow
Triplex Assay (cat. No. G6321, Promega). ApoTox-Glo Triplex Assay applies simultaneous
measurement of the activity of two proteases. The first one is a cell viability marker and
second one is a cytotoxicity marker. Additionally, caspase activity, which is a hallmark of
apoptosis, is measured.
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Experimental setup
All assays were performed according to the manufacturers’ protocols. In brief, 20 µl of the
mixture of proteases substrates was added to each well and incubated for 30 minutes in
37°C. Then the fluorescence was measured on the Infinite 200 Pro F Plex plate reader (Tecan
Inc.) at two wavelengths: 400Ex/505Em for viability and 485Ex/520Em for cytotoxicity. In the
next step, caspase substrate in the volume of 100 µl was added to each well and cells were
incubated at room temperature. After 30 minutes, the luminescence was measured on the
same plate reader as fluorescence. The results were analyzed with OriginPro Software.
3.4.2.

Cellular up-take – confocal microscopy

Staining of EVs for microscopic studies is very challenging. They are two strategies of
staining isolated EVs, EVs-specific and non-EVs specific. In the first approach, probe
recognizes a specific motif on the EVs surface (i.e. a protein or a glycoprotein). This
interaction is strong, there is no leaking of the dye to the surrounding structures, but
unfortunately it can influence EVs’ up-take. In the second approach - non-specific EVs
staining, lipophilic dyes such as PKH26 dye are widely used. In that approach it is crucial to
prepare appropriate control due to the possible dye desorption from EVs to other
compounds in the samples. On the other hand, this strategy does not interfere with EVs uptake [152].
Experimental set-up
To label EVs and aEx, a PKH26 dye (PKH26 Red Fluorescent Cell Linker Kit for General Cell
Membrane Labeling, Sigma Aldrich, cat. No. PKH26GL) was used. EVs samples, containing
1 mg of proteins, were incubated with 0.4 µl of PKH26 in 200 µl of diluent C at room
temperature for 30 min. Then, samples were blocked with 200 ul of 1% BSA solution. To
remove unbound dye, samples were placed on an Amicon column (cat. No. UFC5100,
Milipore), centrifuged and then washed with additional centrifugation in 400 µl of PBS. After
staining, the PKH26-labeled carriers were resuspended in 1 ml of the cell culture medium.
For imaging of aEx, anti-miR-221-3p labeled with FAD was used. Samples were prepared
according to protocol described in section 5.1.4.
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For confocal up-take experiments, HUVECs were cultured on glass slides. After 14 h of
incubation, cells were washed three times with PBS and fixed with 3.7% formalin solution
in PBS. Cells were dyed with phalloidine conjugated with Alexa Fluor™ 647 (cat. No. A22287,
Invitrogen) to visualize the cytoskeleton and Hoechst dye (Hoechst 333342, cat. No. H1399
Invitrogen) to visualize nucleus, according to the manufacturers’ protocols. Cellular uptake
of the endothelial EVs was observed and recorded using Zeiss LSM 710 confocal laser
microscope with an oil-immersion Plan-Apochromat 40x NA 1.4 objective (Carl Zeiss
Microscopy GmbH), 633 nm (phalloidine), 561 nm (PKH26), 405 nm (Hoechst), and 488 nm
(FAD) lasers.
3.4.3.

qPCR

Quantitative Polymerase Chain Reaction (qPCR), is a widely used method for the
assessment of the amount of a specific cDNA fragments in the sample. During the reaction,
in every cycle n2 new copies of specific cDNA matching to used primers are synthesized.
Temperature changes during the cycle determine the steps of the procedure and the
number of cycles. Due to the presence of a dye in the rection mixture, which exhibits
fluorescence only after interaction with the double-stranded DNA, the method allows for
the monitoring of the amount of the reaction product in real-time. With temperature
changes, double-stranded DNA desaturates, the fluorescent signal disappears, and singlestranded DNA copies anneals with primers to synthesize n 2 new copies of DNA. Typical qPCR
reaction consists of around 40 cycles.

Experimental set-up
qPCR analysis was performed to evaluate the level of mRNA for TIMP-3 after stimulation
with EVs and aEx. Total RNA was isolated with Total RNA Mini Plus Concentrator (cat. No.
036-25C, A&A Biotechnology,) according to the manufacturer’s protocol. Concentration of
isolated RNA was evaluated on NanoDrop 2000 (Thermo Fisher Scienitific, Waltham,
Massachusetts, USA) and the quality of isolated material was assessed based on ratio of
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absorbance 260nm/280nm and 260nm/230nm. The value for both ratios over 1.8 was
considered as acceptable for further analysis.
cDNA was synthesized with TranScriba Kit (cat. No. 4000- 20, A&A Biotechnology) according
to the manufacturer’s protocol; 0.5 µg of RNA template was used. The amplification
reaction was performed using 3color Sensitive RT HS-PCR Mix SYBR® (cat. No. 2000- 250SM,
A&A Biotechnology) according to the manufacturer’s protocol. Primers for TIMP – 3 (cat.
No. 10041595) and candidates for housekeeping genes – RPLP0 (ribosomal protein lateral
stalk subunit P0, cat. No. 10041595), AKTB (β-actin, cat. No. 10025636) and TFRC
(Transferrin receptor 1, cat. No. 10025636) were purchased from Bio-Rad (Bio-Rad
Laboratories Inc.). Amplification was performed using QuantStudio 6 Flex Real-Time PCR
System (Applied Biosystems, Foster City, California, USA). All samples were prepared with
three biological replicates and three technical replicates.
In order to choose the most stable housekeeping gene, an analysis with NormFinder
software was performed. According to the software, the most suitable gene is RPLP, with
the calculated stability value of 0.033. RPLP was used to perform further results calculation
as a housekeeping gene. ΔΔCt method was used to analyze the results and data was
normalized to the NG+EVs samples.
3.4.4.

Western blot – HUVEC cells

Western blot experiments and results analysis was performed as described in the
subsection 5.3.4. Protein extracts (15 ug per sample) from HUVEC cells were denatured,
separated on the electrophoresis gel, transferred to the PVDF membrane and incubated for
1h at RT with a primary antibody against TIMP-3 (dilution 1:100, cat. No. sc-373839, Santa
Cruz Biotechnology). After incubation for 1h with a HRP-conjugated secondary antibody,
immunopositive bands were visualized using ChemiDoc™ XRS + System. Relative levels of
TIMP-3 expression were determined using Lab Image software. Individual protein levels
were normalized to the total intensity of the bands in a given line, detected in the gel after
electrophoresis.
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3.4.5.

Zymography

Zymography is a method which allows for the assessment of the activity of matrix
metalloproteinases in cells, tissues, or cell culture media. It is a variation of the SDS-PAGE
electrophoresis, in which the gel additionally contains protease substrate – gelatin – which
is digested by active gelatinases (MMP-2 and MMP-9). The assay was used to assess MMP2 and MMP-9 activity in cell culture media which were collected from HUVEC cell cultures
dedicated for western blot analysis. After stimulation with investigated factors, as described
in previous section, cell culture media were centrifuged (400g, 5 min, 4°C) to remove cell
debris and stored for further analysis.
Gels containing 0.1% of gelatin (cat. No. G6650, Sigma Aldrich) were prepared according to
the previously described protocol [153]. Briefly, separating gel was prepared by mixing:
10 ml of separation gel buffer stock (1.88 M Tris-HCl, pH = 8.8) with 17.8 ml dH2O, 5ml of
1% gelatin, 16.6 ml of acrylamide-bis-acrylamide stock (cat. No. 1610158, Bio-Rad
Laboratories Inc.), 0.25 ml of 20% SDS, 150 µl of 10% APS and 30 µl of TEMED. Immediately
after adding TEMED, around 5 ml of gel was placed between the electrophoresis glass
plates, covered with a 5 mm layer of water and left for 1h to polymerize at RT. Stacking gel
was prepared by mixing: 2 ml of stacking gel buffer stock (1.88 M Tris-HCl, pH = 6.8) with 11
ml dH2O, 2 ml of acrylamide-bis-acrylamide stock, 0.1 ml of 20% SDS and 75 µl of 10% APS
and 10 µl of TEMED. After gel polymerization, water was decanted and the separating gel
was overlayed with the stacking gel. Gels were left for 1h in room temperature to
polymerize.
Cell culture media samples (20 µl per sample) were diluted 3:1 in the Laemmli Sample buffer
(cat. No. 161-0747, Bio-Rad Laboratories Inc.) and loaded to the previously prepared
zymography gels. Samples were separated with electrophoresis and washed twice with
2.5% Triton X-100 for 15 min, rinsed with miliQ water, and incubated in a developing buffer
(50mM Tris-HC, pH 7.8, 15 mM NaCl, 5 mM CaCl2) for 15 min in RT. The developing buffer
was then exchanged for the fresh one and the gels were incubated overnight at 37°C with
gentle agitation. They were then stained with Coomesie Blue (cat. No. 200-107, Kucharczyk
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Techniki Elektroforetyczne) for 1h at RT and incubated in a destaining solution (10%
methanol, 5% acetic acid in dH2O) until areas of gelatinolytic activity appeared as clear sharp
bands. Images of the stained gels were recorded using UVtec camera and analyzed with
ImageLab software.
3.4.6.

Wound healing assay

Wound healing assay was performed in order to evaluate cell migration and their ability to
perform wound healing, after stimulation with the investigated factors. During wound
healing assays, confluent cells migrate to the artificially crated wound (space without cells)
in order to fill the empty space and close the wound. To evaluate the results, the degree of
wound closure can be calculated as a confluency index (CI). CI is defined as a percentage of
an area covered by cells after a given time of incubation, compared to the area of the wound
at time t = 0 h (Eq. 8).
𝐶𝐼 = (1 −

𝑎𝑟𝑒𝑎 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑏𝑦 𝑐𝑒𝑙𝑙𝑠 𝑎𝑓𝑡𝑒𝑟 14 ℎ
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑜𝑢𝑛𝑑

) × 100%
(Eq. 8)

Experiment set-up
HUVECs were seeded in Ibidi inserts (cat. No. 80209, Culture Inserts 2-Well Ibidi) on 12-well
plates at a density of 44,000 cells/cm2 (Tab.4.). For all tested conditions, samples were
prepared in triplicates. After 24 h of culturing in standard media, inserts were removed,
cells were washed twice with PBS and placed in fresh culture media containing tested
carriers. Immediately after the removal of the inserts (t = 0 h) and after 14 h of incubation
in experimental conditions (t = 14 h) four microscopic images of each wound area were
recorded. A confluence index (CI) was chosen as a parameter to assess cell migration.
Results were analyzed using Image J software.
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2.5.

Statistics and graph design

All statistical analyses and graph designs were performed with the OriginPro 2020 software
(OriginLab Corporation, Northampton, USA). The distribution types of different datasets
were validated using the Shapiro-Wilk normality test. For the data with normal distribution,
t-student test was used to compare the differences between two independent groups. In
case of non-normally distributed data, Mann-Whitney U test was used for the same
purpose. Statistical analysis for these biological test was performed only between chosen
pairs which correspond to the aims of the project and chosen research questions. The
studied pairs were: HG+aEx vs HG+EVs, HG+aEx vs NG+EVs, HG+aEx vs HG+aEx_Del-1,
HG+aEx vs HG+Nc, HG+aEx vs HG+anti-miR, NG+Evs vs HG+EVs, NG vs NG+EVs, and HG vs
HG+EVs. When non-parametric comparisons between more than two groups were
performed, Kruskal-Wallis Anova, followed by Dunn’s multiple comparison test was used.
Data on the graphs for biological tests was normalized to the level of the investigated factor:
NG+EVs, as these conditions were considered the closest to the physiological.
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4.

Results

4.1. Monitoring fusion efficiency – FRET experiments
FRET experiments were performed in order to establish the most efficient synthesis
protocol and to confirm, that the fusion between EVs and liposomes can occur. They were
performed for the three types of liposomes: DOPC, SM, and PS (containing given lipid in the
concentration of 70 mol%). Liposomes were mixed in the different ratios, between the lipids
in liposomes and proteins in EVs (1:8, 1:16, 1:32, 1:50, and 1:100 ratios, as described in
detail in section 2.2). The emission spectra of the samples were measured before the first
freeze/thawing cycle and after every second cycle, for the continuous monitoring of the
progress of fusion.
In this experimental set-up, when the fusion occurs between liposomes and EVs, a decrease
in the fluorescence intensity near 580 nm (NBD emission maximum) and a simultaneous
increase in fluorescence intensity near 530 nm (rhodamine emission maximum) should be
observed. This is a result of increasing the distance between the two used fluorophores,
which decreases the efficiency of the non-resonant energy transfer between the dyes. This
can be attributed to the dilution of the dyed lipids in the liposomes’ membrane with undyed
proteins and lipids, coming from the membrane of EVs.
Examples of the fluorescence spectra recorded after subsequent freeze/thawing cycles,
obtained for two mixing ratios: 1:8 and 1:100, are shown in Fig.8A (for the DOPC-based
liposomes), Fig.9A (for the SM-based liposomes) and Fig.10A (for the PS-based liposomes).
Changes between subsequent freeze/thawing cycles were more prominent if the samples
were mixed in higher ratios (e.g. 1:100), for all studied systems.
The most distinguishable changes in the intensity maxima were observed for the DOPCbased liposomes, mixed with the EVs in the 1 to 100 ratio (Fig.8A). Changes in the
characteristic emission maxima of the two fluorescent dyes are clearly visible on the graphs,
and the corresponding intensities gradually change with the freeze/thawing cycle number.
For the SM- and PS- based samples, some changes were observed. However, the
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simultaneous change in the two characteristic fluorescence maxima, characteristic for the
fusion process, was observed only for PS-based liposomes, mixed with EVs in the 1 to 100
ratio.
For the analysis of recorded emission spectra, fusion efficiency was calculated (described in
detail in Eq.4., section 2.2). The results show, that the fusion efficiency gradually increases
with the number of performed freeze/thawing cycles for all types of liposomes (Fig.8B,
Fig.9B, and Fig. 10B). For the DOPC-based samples, fusion is more efficient if the liposomes
and EVs are mixed in higher ratios, with the highest fusion efficiency obtained for the 1 to
100 ratio.
DOPC-based liposomes, which were subjected to the freeze/thawing procedure without the
addition of EVs, showed only a very slight increase in the calculated fusion efficiency
parameter. This is expected, because this experiments serves as a negative control for the
actual fusion experiments.
In case of PS-based liposomes, subjected to the freeze/thawing procedure without EVs, a
significant increase in the calculated fusion efficiency after every second cycle was
observed. It has to be stressed, that this doesn’t correspond to the actual fusion processes,
since no EVs were present during freeze/thawing procedure, but rather describes internal
changes in the system affecting the efficiency of the non-radiative energy transfer between
the dyes.
SM-based samples were characterized by the strongly fluctuating values of the calculated
fusion efficiency. This was especially notable for the samples freeze/thawed without the
addition of EVs.
The values of the final fusion efficiencies, and calculated lipid dilutions after 10th
freeze/thawing cycle are shown in Tab. 5. Lipid dilutions were calculated based on the
calibration curves (described in detail in section 2.2) . When the parameter of lipid dilution
has a value of 1, this corresponds to the situation, when, on average, a single liposome has
completely fused with a single EV. Alternatively, this means that exactly half of the material
in the artificial exosome comes from the liposome, while the other half comes from the EV.
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This result was obtained for the samples containing DOPC-based liposomes (1.04 ± 0.11)
mixed with EVs in the 1 to 100 ratio. Additionally, DOPC-based liposomes were
characterized by the lowest value of lipid dilution, if the sample underwent freeze/thawing
cycles without addition of EVs (0.35 ± 0.06).
The largest difference in the lipid dilution ratio was observed for the PS-based samples. The
value, in case of the samples which underwent freeze/thawing procedure without the
addition of EVs was equal to 0.80 ± 0.04. In case of liposomes fused with EVs in the 1 to 100
ratio, it was equal to 1.99 ± 0.24, which is over two times higher than in case of the original
liposomes.
For the SM samples, little differences in the lipid dilution ratios were observed, regardless
of the chosen ratio between liposomes and EVs. In case of the samples subjected to the
freeze/thawing procedure without the addition of EVs lipid dilution ratio was equal to
0.47 ± 0.02, while for the ones mixed with EVs in the 1 to 100 ratio it was equal to
0.57 ± 0.09.
Type of
Parameter
sample
DOPC

PS

SM

Fusion
efficiency
Lipid
dilution
Fusion
efficiency
Lipid
dilution
Fusion
efficiency
Lipid
dilution

0

1 to 8

1 to 16

1 to 32

1 to 50

1 to 100

0.19 ± 0.01

0.08 ± 0.00

0.11 ± 0.00

0.19 ± 0.03

0.22 ± 0.04

0.28 ± 0.02

0.35 ± 0.06

-0.53 ± 0.02 -0.29 ± 0.00

0.33 ± 0.21

0.59 ± 0.31

1.04 ± 0.11

0.28 ± 0.01

0.20 ± 0.05

0.27 ± 0.08

0.32 ± 0.06

0.32 ± 0.05

0.44 ± 0.03

0.80 ± 0.04

0.15 ± 0.34

0.72 ± 0.60

1.03 ± 0.30

1.09 ± 0.35

1.99 ± 0.24

0.47 ± 0.02

0.40 ± 0.04

0.42 ± 0.03

0.45 ± 0.02

0.45 ± 0.02

0.49 ± 0.01

0.47 ± 0.02

-0.03 ± 0.29

0.10 ± 0.19

0.30 ± 0.15

0.34 ± 0.11

0.57 ± 0.09

Tab. 5. The average fusion efficiency for the measurement performed after 10th freeze/thawing cycle and
corresponding lipid dilutions calculated based on the calibration curve equation.
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Fig. 8. Results of the FRET experiments for the liposomes containing 70 mol% of DOPC and 30 mol%
of DC-Cholesterol. A - an example of the emission spectra of samples mixed in 1 to 8 ratio and 1 to
100 ratio with EVs. The presented spectra were recorded before the first freeze/thawing cycle (cycle
0) and after 6th and 10th cycle. B - dependence of the fusion efficiency on the cycle number. The graph
presents five different mixing ratios (1 to 8, 1 to 16, 1 to 32, 1 to 50, and 1 to 100) and the results
calculated for sample of liposomes without EVs. C - calibration curve of the fusion efficiency and
corresponding lipid dilution ratio.
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Fig. 9. Results of the FRET experiments for the liposomes containing 70 mol% of SM and 30 mol%
of DC-Cholesterol. A - an example of the emission spectra of samples mixed in 1 to 8 ratio and 1 to
100 ratio with EVs. The presented spectra were recorded before the first freeze/thawing cycle (cycle
0) and after 6th and 10th cycle. B - dependence of the fusion efficiency on the cycle number. The graph
presents five different mixing ratios (1 to 8, 1 to 16, 1 to 32, 1 to 50, and 1 to 100) and the results
calculated for sample of liposomes without EVs. C - calibration curve of the fusion efficiency and
corresponding lipid dilution ratio.
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Fig. 10. Results of the FRET experiments for the liposomes containing 70 mol% of PS and 30 mol%
of DC-Cholesterol. A - an example of the emission spectra of samples mixed in 1 to 8 ratio and 1 to
100 ratio with EVs. The presented spectra were recorded before the first freeze/thawing cycle (cycle
0) and after 6th and 10th cycle. B - dependence of the fusion efficiency on the cycle number. The graph
presents five different mixing ratios (1 to 8, 1 to 16, 1 to 32, 1 to 50, and 1 to 100) and the results
calculated for sample of liposomes without EVs. C - calibration curve of the fusion efficiency and
corresponding lipid dilution ratio.
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4.2. Physical characterization of the extracellular vesicles, liposomes and artificial
exosomes
FRET experiments, described in section 3.1, confirmed that the fusion between liposomes
and EVs can occur. From this section, the particles created by this process will be referred
to as the artificial exosomes (aEx). The subscript in the abbreviation will refer to the type of
the liposomes, which underwent fusion with the EVs. For example, aExDOPC, will refer to the
artificial exosomes, created by fusing EVs with the DOPC-based liposomes.
Additionally, because FRET experiments showed that the samples mixed in the 1 to 100
ratio had the highest fusion efficiency, this dilution was chosen as an optimal one to
synthesize aEx. All the following experiments were performed for the liposomes mixed with
EVs in 1 to 100 ratio.
4.2.1. Cryo-TEM
Cryo-TEM imaging was performed in order to visualize liposomes, aEx and EVs
(representative micrographs are shown in Fig.11.). DOPC-based liposomes were
characterized by the highest homogeneity. The particles were around 150 nm in diameter,
mostly unilamellar and were present in high concentration. The SM-based liposomes were
visible in lower numbers, with a larger variation in size (70 nm to 400 nm). Additionally, the
membrane of particles was often pleated and some multilamellar particles were visible. PSbased liposomes were visible in the lowest amount (only several objects in the field of view).
Their membranes were smooth, and they diameter was equal to around 130 nm.
EVs were clearly visible during characterization, with several objects in the field of view.
Their diameter varied strongly (60 nm to 350 nm) and both unilamellar and multilamellar
particles were observed. aExDOPC, similarly to the DOPC-based liposomes were observed in
high concentration, with the diameter of around 150 nm. Their membranes were smooth
and an area with high electron density was observed in the particles’ centers.
Unfortunately, for aExSM and aExPS no objects were detected, despite the fact that several
attempts have been made and several modifications were introduced to the sample
preparation protocols (for example, increasing the concentration of liposomes and EVs).
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Fig. 11. Cryo-TEM images of the liposomes (DOPC, SM, and PS), aExDOPC, and EVs.

4.2.2.

Changes in the zeta-potential

Dynamic light scattering measurements were performed in order to evaluate the zetapotential of EVs, liposomes (DOPC, SM, and PS), and corresponding aEx (aExDOPC, aExSM,
aExPS). In order to ensure that the observed differences in measured parameters are not a
an artificial effect, related to the mixing of two different samples, but the result of the fusion
process, additional samples were measured. They consisted of liposomes mixed with EVs in
the same ratio as in the aEx samples (in 1 to 100 ratio), but they didn’t undergo
freeze/thawing procedure (DOPC+EVs, SM+EVs, PS+EVs). The distributions of zeta potential
for all the tested samples are presented in Fig.12.
The results show, that EVs have a negative value of zeta-potential (see Tab.6.). The DOPC
and SM liposomes had a positive zeta-potential value, while the PS liposomes were
characterized by the negative value of zeta-potential.
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Comparison of the zeta-potentials of liposomes mixed with EVs (without performing freezethawing procedure), and aEx, show that for all the tested samples there was a change in
zeta-potential values. However, only in case of the liposomes composed of DOPC and
aExDOPC, the change was statistically significant.
ζ EVs
[mV]
DOPC
SM
PS

ζ liposomes
[mV]

30.5 ± 4.4

‐27.7 ±
5.6*
‐18.5 ± 8.1

ζ aEx
[mV]
‐19.2 ±
6.0*
‐23.4 ± 6.1

‐14.6 ± 4.5

‐18.2 ± 6.0

‐16.1 ± 4.1

30.6 ± 4.0
-12.3 ± 3.0

ζ

liposomes+

EVs [mV]

P
0.009
0.242
0.450

Tab. 6. Mean absolute values of the zeta potential (ζ) calculated for EVs, liposomes, aEx, and mixture of EVs
with liposomes (liposomes + EVs).

Fig. 12. Representative graphs of zeta-potential. The graphs presents results of measurement for EVs
samples, DOPC (A), SM (B), PS (C) liposomes, corresponding aEx as well as mixture of liposomes and EVs before
freeze/thawing cycles.
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4.2.3.

Diameter and concentration measurements – NTA analysis

NTA measurements were performed in order to evaluate a mean diameter, size distribution
and concentration of the samples (Fig.13.) The analysis was performed for the three types
of liposomes (DOPC, SM, and PS) and the corresponding types of aEx (aExDOPC, aExSM, aExPS).
Similarly, to the DLS experiments, measurements were conducted also for the mixture of
liposomes and EVs before freeze/thawing cycles, in order to ensure that the observed
changes are a result of the fusion of EVs and liposomes. All the measured concentrations
were normalized to the starting volume of the sample.
The results show that the size of EVs used in the experiments had multimodal distribution,
with an average diameter of 111.1 ± 13.0 nm and the mode value equal to 77.6 ± 8.1 nm
(Tab.7.). The samples of liposomes were characterized by an unimodal size distribution,
regardless of the type of liposomes. The average diameter of liposomes was also similar
from 107.5 ± 4.6 nm for the DOPC liposomes, to 131.3 ± 4.4 nm, for the SM liposomes. The
mode values for the liposomes were a few nm lower than the mean diameter.
Statistical analysis showed, that for all liposomes types, the average diameter of aEx was
significantly lower, than for the mixture of liposomes and EVs without freeze-thawing
cycles. Similarly, the mode value was lower, but the difference was statistically significant
only in case of the DOPC and PS samples.
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Fig. 13. Size distribution of the EVs, liposomes, aEx and mixture of liposomes and aEx before performing
freeze/thawing cycles for the three different types of liposomes: DOPC (A), SM (B), and PS (C).

Concentration measurements showed, that the concentration of EVs and liposomes,
prepared for the freeze/thawing procedure, are within the same order of magnitude. For
aExDOPC and aExPS samples, concentration of artificial exosomes was higher than the
concentration of the corresponding samples of liposomes and EVs. However this difference
was not statistically significant. For the aEx SM, opposite dependency was observed: the
concentration of artificial exosomes was significantly lower than the concentrations of the
corresponding samples of liposomes and EVs.
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DOPC

EVs

DOPC

aExDOPC

DOPC+EVs

Concentration

9.18 × 1011 ±

5.57 × 1011 ±

7.41 × 1011 ±

1.21 × 1011 ±

[particles/ml]

8.77 × 1010

3.22 × 1010

2.80 × 1010

2.95 × 1010

111.1 ± 13.0

107.5 ± 4.6

96.1 ± 6.5*

121.7 ± 8.0*

<0.001

77.6 ± 8.1

98.7 ± 6.9

73.3 ± 6.0*

106.0 ± 4.1*

0.013

SM

EVs

SM

aExSM

SM +EVs

P

Concentration

9.18 × 1011 ±

2.57 × 1011 ±

7.50 × 1011 ±

3.27 × 1012 ±

[particles/ml]

8.77 × 1010

8.64 × 109

5.18 × 1010 *

1.48 × 1011 *

111.1 ± 13.0

131.3 ± 4.4

77.6 ± 8.1

125.5 ± 6.3

PS

EVs

Concentration
[particles/ml]

Diameter
[nm]
Mode [nm]

Diameter
[nm]
Mode [nm]

Diameter
[nm]
Mode [nm]

116.4 ±

P
0.38

0.028

141.7 ± 2.5*

0.001

87. ± 10.7

129.1 ± 4.5

0.052

PS

aExPS

PS + EVs

P

9.18 × 1011 ±

3.33 × 1011 ±

1.82 × 1012 ±

6.26 × 1011 ±

8.77 × 1010

8.42 × 109

1.64 × 1011

1.44 × 1010

111.1 ± 13.0

126.9 ± 0.7

103.9 ± 7.1*

122.5 ± 3.8*

<0.001

77.6 ± 8.1

118.0 ± 3.2

85.5 ± 6.6*

111.4 ± 3.1*

0.001

10.4*

0.052

Tab. 7. Results of the NTA measurements: concentrations. mean diameter and mode presented as a mean
value of three independent measurements with SD. Differences between subgroups were tested with Mann
Whitney Test (p<0.05). * indicates significance in comparison between aEx and liposomes mixed with EVs
(DOPC+EVs, SM+EVs, PS+EVs).

4.2.4.

Analysis of the presence of the typical EVs markers

Western blot experiments were performed to evaluate whether characteristic markers of
EVs (CD63 and Arf-6) are detectable in the samples after the fusion procedure (after
synthesizing aEx). Analysis was based on the measured intensities of the bands, which were
normalized to the total protein band intensities detected on the gel after electrophoresis.
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Western blot analysis showed a clear presence of both markers in case of the samples of
pure EVs. Additionally, results confirmed that after the fusion of EVs with liposomes the
CD63 and Arf-6 remain detectable in the AEx samples, regardless of the type of the used
liposomes. No statistically significant differences were observed between the analyzed
samples. (Fig.14.).

Fig. 14. The results of the analysis of the presence of CD63 and Arf-6 in EVs and aEx samples. A – the images
of the PVDF membrane with the visible bands, B - analysis of the band intensities for CD63, C - analysis of the
band intensities for Arf-6. Results were normalized to the total band intensities on the gel after electrophoresis
and presented as the average values with standard deviation [whiskers]. The statistical analysis was performed
with Kruskal-Wallis Anova, comparison among the groups was performed with Dunn’s post-hoc test(p<0.05).
Because there was no statistically significant differences between the samples, p values are not presented in
the table.
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4.2.5.

Decoration of aEx and EVs with Del-1 protein

Western blot experiments were performed in order to confirm the successful decoration of
aEx with the Del-1 protein. Del-1 protein is present in the samples of natural EVs, which was
confirmed by the experiments. Incubation with Del-1 protein increases its amount for the
samples of EVs and aEx. However, statistically significant difference was observed only
between the samples of incubated aEx and non-incubated EVs.

Fig. 15. The results of the western blot for the presence of Del-1 protein. A – the images of the PVDF
membrane with visible bands, B - analysis of the band intensities. Results were normalized to the total band
intensities on the gel after electrophoresis and presented as the average values with standard deviation
[whiskers]. The statistical analysis was performed with Kruskal-Wallis Anova, comparison among the groups
was performed with Dunn’s post-hoc test (p<0.05).

4.2.6.

Evaluation of encapsulation efficiency

Encapsulation efficiency (EE) measurements were performed using calcein probe, in order
to assess the possible differences between encapsulation by two methods. The first one,
used for encapsulation of cargo inside the liposomes and aEx, includes the hydration of thin
lipid film with the calcein solution. It is followed by the fusion of the liposomes formed from
the film with EVs. An alternative method, commonly used to encapsulate cargo in EVs, is
based on the modified transfection, which introduces calcein directly to the EVs. This
method isn’t used in case of the liposomes, or aEx.
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The samples of liposomes, formed using all studied lipids were characterized by a very
similar value of EE, which was close to 80% (Fig. 16A). Comparison of the EE for the DOPCbased liposomes, aExDOPC, and EVs showed that aExDOPC had the highest value of EE.
Additionally, EE for both the DOPC samples and aExDOPC was significantly higher than EE for
EVs (Fig.16.B).

Fig. 16. The results of the encapsulation efficiency measurement. A – comparison of the encapsulation
efficiency for the liposomes samples, B - comparison of the encapsulation efficiency for the aExDOPC, DOPC
and EVs samples. Results are presented as the average values with standard deviation [whiskers]. The
statistical analysis was performed with Kruskal-Wallis Anova, comparison among the groups was performed
with Dunn’s post-hoc test (p<0.05).

4.3. Biological tests
4.3.1. Cytotoxicity
The ApoTox-Glow test was performed, in order to evaluate viability, cytotoxicity and
caspase activity. In the first part of experiment, HUVECs were cultured after the incubation
with liposomes (DOPC, SM, PS) and corresponding aEx (aEx DOPC, aExSM, aExPS), in the
normoglycemic conditions (Fig.17). The calculated results were normalized to the value of
the NG sample, which represents HUVECs cultured in the physiological conditions (without
any additional factors in the cell culture media).
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In case of almost all tested samples, both viability and cytotoxicity was significantly
increased, in comparison to the HUVECs cultured without additional factors in the cell
culture media (NG). The only exception were the samples of HUVECs which were cultured
with liposomes composed of DOPC (NG+DOPC). In this case, cytotoxicity was not
significantly higher than for the NG samples. Analysis of caspase activity showed some
changes in the activity, however none were statistically significant.

Fig. 17. Results of ApoTox-Glo triplex assay for liposomes cultured in normoglycemia and normalized to the
NG samples. Results are presented in relative fluorescence units (RFU) and relative luminescence unit (RLU).
Data are presented as mean values (quad) with the standard deviation (whiskers).

66

In the second part of the experiment, similar tests were performed for HUVECs cultured
with the addition of EVs and aEx, both decorated and non-decorated with the Del-1 protein.
For these samples, results were normalized to the values obtained for NG+EVs sample,
which represents HUVECs cultured with an addition of EVs in the cell culture media, in the
normoglycemic conditions (Fig.18.). The highest viability was observed for the cells cultured
in the hyperglycemic conditions, without an addition of EVs to the cell culture media (HG).
Additionally, the viability of these cells was significantly higher than the cells cultured in the
normoglycemic conditions with EVs (NG+EVs). High viability was also observed for the
samples cultured with an addition of aEx, covered with the Del-1 protein. The viability of
these cells was significantly higher than the viability of NG+EVs samples. For the other
samples, the viability was decreased, but only in case of the NG samples, this change was
statistically significant. The cytotoxicity was higher in all tested samples, in comparison to
the NG+EVs samples, but only for two samples (HG+aEx and HG+Nc), this difference was
statistically significant. Analysis of caspase activity showed, that in all tested conditions the
activity was significantly decreased in comparison to the NG+EVs samples.
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Fig. 18. Results of ApoTox-Glo triplex assay for aEx samples. The results were normalized to the NG+EVs
samples and are presented in relative fluorescence units (RFU) and relative luminescence unit (RLU). Data are
presented as mean values (quad) with the standard deviation (whiskers).

4.3.2.

Confocal microscopy – up-take of EVs

Confocal microscopy experiments were performed in order to assess the uptake of EVs and
aEx by the HUVECs. Representative images are shown in Fig. 19. Prior to the experiments
with EVs and aEx, control experiment with blank samples was performed. Blank samples
included pure PKH26 and anti-miR without any carriers, processed (dyed) in the same way
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as the EVs and aEx. No signal coming from PKH or FAM dye was detected in both control
experiments.
Experiments with EVs and aEx confirmed that both types of particles are internalized by the
HUVEC cells. In the images of HUVECs incubated with EVs, which were stained with PKH26,
signal coming from EVs was clearly visible, as small dots located mostly near the nucleus
region. Images obtained both in normoglycemic and hyperglycemic conditions were very
similar and no differences in the up-take were observed. aEx were also internalized by
HUVEC cell. aEx were mostly located near the nucleus region and clearly visible as separated
small dots. Additionally, the colocalization of aEx and anti-miR-221-3p (FAM dye) was
observed (red arrow). When aEx were covered with Del-1 protein, up-take was on a level
similar to aEx not covered with the protein. However, in this case the colocalization was not
observed.
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Fig. 19. Representative images form confocal microscopy of EVs up-take experiments. Blue – cell
nucleus (Hoechst 333342 dye), - turquoise cytoskeleton (Phalloidin conjugated with Alexa Fluor 647),
red – EVs (PHK26), green – anti-miR-221-3p (FAM).
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4.3.3.

Expression of mRNA and TIMP-3 protein

qPCR and western blot analyses were performed, in order to evaluate the expression of
mRNA for TIMP-3 and TIMP-3 protein (which is the target of the anti-miR cargo of the aEx).
In order to determine the physiological level of mRNA, samples collected from HUVECs
cultured with, and without EVs, in the normoglycemic and hyperglycemic conditions, were
additionally tested. Results showed that in the hyperglycemic culture conditions, expression
of mRNA for TIMP-3 was decreased. However, this difference was statistically significant
only if the cells ware cultured with the additional presence of EVs.
Incubation with aEx significantly increased the level of mRNA for TIMP-3, as compared to
both the HG+EVs and NG+EVs samples (Fig.20.). Moreover, there was no statistically
significant difference in the mRNA expression, regardless of the Del-1 decoration of aEx.
In these experiments, two controls were evaluated. The analysis showed that the negative
control (HG+Nc), did not influence the level of mRNA for TIMP-3 and it is significantly
different from the value obtained for aEx. The second control, pure miR-221-3p, added
directly to the cell culture media without any carrier, induced the largest change in the
expression of mRNA. However, these changes were not statistically significant from the
NG+EVs samples and the measurement results within this group were characterized by very
high variability.
Analysis of the protein expression levels showed some differences in the TIMP-3 levels, but
none of them was statistically significant.
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Fig. 20. TIMP-3 expression analysis. A - the image of the PVDF membrane with visible bands for TIMP-3
protein, B - results of the analysis of TIMP-3 expression on the level of mRNA) and protein (C). Results were
normalized to the NG+EVs samples and presented as the average values with standard deviation [whiskers].
The statistical analysis was performed with t-student test (p<0.05).
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4.3.4.

Metalloproteinases activity

Metalloproteinases activity was assessed in a zymography assay, which can detect the
activity of gelatinases – MMP-2 and MMP-9. Assay detects an active form of MMP, as well
as the activity of pro-enzymes (zymogens). It is possible because of the intrinsic activity of
autocatalytic cleavage of MMP-2 and MMP-9 [154]. In the tested conditions, the activity of
pro-enzymes was higher than the activity of the active enzyme.
In order to determine the physiological level of the studied enzymes, cell culture media
form HUVECs cultured both with and without the addition of EVs, in the normoglycemic or
hyperglycemic conditions were tested.
When the EVs were added to the cell culture media, activity of pro-MMP-9 and active-MMP9 was increased, both in the normoglycemic (NG+EVs) and hyperglycemic (HG+EVs) culture
conditions (Fig.21.B). However, the only statistically significant difference between the two
groups cultured with the addition of EVs was found in the activity of pro-MMP-9, which was
higher in hyperglycemic conditions, compared to the normoglycemic conditions.
The level of pro-MMP-9 after stimulation with aEx was not changed, as compared to the
NG+EVs and HG+EVs samples. No statistically significant differences were observed
regardless of whether aEx were decorated with the Del-1 protein.
Different results were obtained in case of the active-MMP-9. Stimulation with aEx
significantly reduced the activity of active-MMP-9, as compared to the samples cultured in
the NG+EVs and HG+EVs conditions. Similarly to the case of pro-MMP-9, decoration with
Del-1 did not have the influence on the activity of active-MMP-9.
In comparison to the negative control (HG+Nc), and anti-miR-221-3p directly added to the
cell culture media (HG+anti-miR), the influence of aEx was statistically significant for proMMP-9 and induced a decrease in the activity of both enzymes. The activity of active-MMP9 was decreased in case of the HG+anti-miR samples and increased for the HG+Nc samples.
Both changes were statistically significant, in comparison to the changes induced by aEx.

73

74

Fig. 21. Summary of the metalloproteinases activity tests. A - the image of the stained gel with visible bands
for MMP-2 and MMP-9 with pro-from and active form. B - Analysis of activity of the MMP-2 and MMP-9 (C).
Results were normalized to the NG+EVs samples and presented as the average values with the standard
deviation [whiskers]. Statistical analysis was performed with the t-student test (p<0.05).

In addition to the MMP-9, the physiological levels of pro- and active-MMP-2 were
determined. The results showed, that in the presence of EVs in cell culture media, the
activity of both pro-MMP-2 and active-MMP-2 was significantly increased in normoglycemic
(NG+EVs) and hyperglycemic culture conditions (Fig.21.C). There were no statistically
significant differences between the samples collected form HUVECs stimulated with EVs
regardless of whether they were cultured in the normo- or hyperglycemic conditions.
The level of pro-MMP-2 after stimulation with aEx did not significantly change, in
comparison to the NG+EVs and HG+EVs samples. There were also no statistically significant
differences regardless of whether aEx were decorated with Del-1 protein. There were also
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no statistically significant differences between aEx samples and both negative controls:
HG+Nc and HG+anti-miR. Similar results were obtained by the analysis of the activity of
active-MMP-2. The only observed statistically significant difference was the decrease of
active-MMP-2 activity in aEx samples, in comparison to HG+EVs.
4.3.5.

Wound healing assay

Wound healing assay was performed in order to assess the ability of HUVECs to perform
wound healing after stimulation with different factors. The results were calculated as the
confluence index (CI) – the percentage of the wound area, after 14h stimulation with the
investigated factor, compared to the area of the wound at the beginning of the test. The
lowest CI was observed for the HUVECs cultured in the hyperglycemic conditions, with the
addition of EVs (HG+EVs). The highest value of CI was observed for the cells cultured in
hyperglycemic conditions stimulated with aEx (HG+aEx). This value was significantly higher
than in case of the HG+EVs sample. AEx covered with Del-1 were also characterized by
higher CI, compared to HG+EVs sample, however the difference between aEx decorated
and not decorated with Del-1 protein was not statistically significant. Additionally, CI of
negative control (HG+Nc) was significantly lower than CI for the aEx samples. Second
control, anti-miR-221-3p which was added directly to the cell culture media resulted in the
higher CI, which was not statistically significant from value obtained for aEx-stimulated
samples.
The results confirmed that the EVs can stimulate cell migration both in normoglycemic and
hyperglycemic conditions. Moreover, the CI was significantly lower for HUVECs stimulated
with EVs but cultured in hyperglycemic conditions, as compared to the ones cultured in
normoglycemic conditions.
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Fig. 22. Wound healing results. Images were taken after 24h of incubation in tested conditions. A – the
examples of the microscopic images of wounds created in wound healing assay after 14h of incubation, B –
statistical analysis of the results. Differences between subgroups were tested with Mann Whitney Test
(p<0.05). * indicates significance in comparison between tested groups.
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5.

Discussion

In this thesis, a new approach to the design and synthesis of biomimetic drug carriers is
presented. The project focuses on one of the most prevalent disorders – diabetes, and
addresses one of the main complications of diabetes - microangiopathy. In the project, I
utilized the important features of natural messaging carriers – extracellular vesicles (EVs)
and their synthetic equivalents – liposomes, in order to create hybrid vesicles – artificial
exosomes (aEx). aEx are designed to deliver fragments of RNA (anti-miR) to the endothelial
cells in order to block an overexpression of miR, which was previously liked to the
endothelial cell dysfunction (ECD).
This thesis focuses on the two main aspects: 1) design of the carriers, development of the
protocol of aEx synthesis and their physical characterization, 2) evaluation of the biological
activity of aEx, in the context of restoring physiological characteristics of endothelial cells,
and stimulation of cell migration in the wound healing processes.
5.1. Synthesis and physical characteristics of artificial exosomes
In the first part of the thesis, based on the literature research, the intended design of the
carrier was developed and evaluated. The aim of the project was to create artificial
exosomes for the nucleic acid delivery. The perfect carrier for this purpose should: (a)
protect its cargo from degradation; (b) be effectively transported and internalized by the
targeted cells; (c) promote the release of the cargo in the specific cell compartment (i.e. in
the cytoplasm for antisense oligonucleotides [ASO], siRNAs or miRNAs); (d) induce a
therapeutic effect in low doses; (e) be non-cytotoxic and safe for the in vivo therapeutic
applications; (f) be easy to produce, store and deliver on a large scale [155]. One of the
proposed candidates for drug delivery systems serving these purposes are viral vectorbased systems. However, because of the many challenges inherently connected with this
approach [156], there is an urgent need to develop alternative, non-viral vectors. In the
recent years a lot of research was performed on the development of liposomal formulas,
which could be used in nucleic acid delivery and great focus was dedicated to the cationic
liposomes.
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Cationic liposomes contain cationic lipids, which usually consist of positively charged
headgroups, which can electrostatically interact with negatively charged nucleic acids.
This can be used to create, for example, liposome/DNA complexes (lipoplexes) and
hydrophobic lipid anchors, which incorporate in the core of the liposomes [155].
DOSPA( 2,3dioleyloxy-N-[2[sperminecarboxaminino]ethyl]-N,N-dimethyl-1 propanaminium
trifluroacetate), DOTAP (1,2-dioleoyl-3-trimethylammonium propane), or DC-Cholesterol
are some of the examples of frequently used cationic lipids. It has been shown that the
effective delivery depends not only on the type of lipids used for the synthesis of liposomes,
but also on the ratio between the amount of encapsulated nucleic cargo and cationic lipid
[136]. Moreover, these two factors are also responsible for the toxicity of cationic liposomes
[157] which is one of the most important obstacles to overcome, before introducing these
types of carriers to the therapy.
The interest of the research community in the extracellular vesicles has grown rapidly since
their first description in 1971. Extracellular vesicles are unique carriers of various bioactive
molecules (DNA, RNA, proteins). Their biocompatible characteristics, small size, long
circulation time, presence of multiple adhesive molecules on their surface, and the ability
to cross physical barriers make them promising conveyors for biotherapeutics delivery.
Unfortunately, in past years, the possibility of using EVs in therapy was very limited, due to
challenges in the isolation, upscaling the EVs production, and lack of guidelines for the
appropriate storage [158].
Due to aforementioned challenges, it seems that instead of using natural EVs for the
delivery, a promising approach would be to synthesize artificial liposomes, with the
composition similar to the lipid composition of the EVs. Up to this moment several groups
have tried to synthesize exosomes-mimicking liposomes or exoliposomes. Beloribi et. al.
[159] showed that artificial liposomes, with the lipid composition inspired by the exosomes
secreted by human SOJ-6 pancreatic tumor cells, were able to induce cell death via an
inhibition of the Notch pathway. Observed effect was similar to the effect induced by the
natural exosomes. The efficiency of inhibition depended on the ratio of cholesterol and
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sphingomyelin to other phospholipids. Authors concluded that the lipids may alter the lipid
composition of the microdomains, where the Notch partners are located, and influence
Notch-1 functionality. Another study showed that exosome-mimicking liposomes,
composed of DOPC/SM/Chol/DOPS/DOPE, can be used for the delivery of VEGF siRNA to
the A549 and HUVEC cells. Delivery efficiency and other key characteristics of the system
were compared to the Lipo 2000, DOTAP and PC-Chol liposomes. Results showed that
exosome-mimicking liposomes were less cytotoxic, had higher cellular uptake, as well as
higher silencing efficiency than PC-Chol liposomes. However, the uptake and the silencing
efficiency of exosomes-mimicking liposomes was lower than the cationic Lipo 2000 and
DOTAP liposomes [160].
In the project I decided to use synergistic approach and synthesize hybrids of EVs and EVsinspired liposomes, in order to create new carrier, with a mixed characteristic. I used the
metanalysis of the different lipidomic studies performed by Skotland in 2017 [133 and
Tab.1.], in order to evaluate which lipids were present in the EVs. The analysis showed that
cholesterol is the most abundant lipid in the EVs obtained from the different cells.
Cholesterol content ranges from 15%, for the mast cells-derived EVs, to 63%, for the urinederived EVs. The second most abundant type of lipids in EVs is sphingomyelin (up to 28.6%
for

prostasomes),

as

well

as

two

phospholipids:

phosphatidylcholine

and

phosphatidylserine (up to 28% for the EVs derived from mast cells and 20.3% for the EVs
isolated form B-lymphocytes). Based on these results, I decided to use three lipids for the
liposome synthesis: DOPC, SM and PS which were mixed in 70 mol% of the chosen lipid and
30 mol% of DC-Cholesterol. DC-Cholesterol, as mentioned before, is one of the cationic
lipids widely used in liposomes dedicated to the delivery on nucleic acids.
Studies of Piffoux et .all [123] and Sato et. all [122] showed that freeze/thawing method can
be used to synthesize hybrid or artificial exosomes, via the fusion of EVs with liposomes. In
this thesis, I characterized the efficiency of fusion between the three types of liposomes
and EVs isolated form HUVEC cells. I confirmed that the fusion can occur between DOPC,
SM, PS liposomes and EVs. Fusion efficiency depends on the ratio between the amount of
lipids in the liposomes and the total amount of proteins in EVs (Tab.7.). The highest
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efficiency was obtained, when the samples were mixed in the 1 to 100 ratio. Additionally,
fusion efficiency increased with the number of freeze/thawing cycles, which reflects the
progress of the fusion over time. The highest ratio was obtained for the PS liposomes and
DOPC liposomes. In case of the DOPC liposomes, the lipid dilution was close to 1. This means
that, on average, a single liposome has completely fused with a single EV, which could be a
good prognosis factor for the high encapsulation efficiency values. These samples should
also be more similar to the EVs, than the samples with higher lipid dilution, due to the fact
that higher lipid dilution parameter means that aEx contain fewer material from the natural
EVs.
AEx synthesis by the fusion of DOPC, PS, and SM, with EVs in the 1 to 100 ratio were chosen
for the further analysis. In the study of Rayamajhi et al. [161], following parameters were
used to characterize hybrid exosomes: zeta potential, size (measured with DLS),
micrographs form cryo-TEM microscopy, presence of the typical EVs markers and
encapsulation efficiency. I have adopted similar approach for the characterization in this
project, as it provides the complete picture of the physical properties of the synthesized
carriers.
Zeta-potential measurements and NTA analysis was performed not only for the liposomes,
EVs and aEx, but also for the mixture of EVs and liposomes without performing
freeze/thawing process (before the fusion of the two particles). I decided to use this
strategy to ensure, that the changes observed in the zeta-potential, size and sizedistribution are not an additive effect, resulting simply from mixing of two samples, but are
indeed the results of the fusion.
Zeta-potential of all three types of aEx was negative, and for the aExDOPC and aExPS had an
unimodal distribution. This can indicate that the fusion between EVs and liposomes
occurred with high efficiency (Tab.6. and Fig. 12). Only in case of aExDOPC, zeta potential was
significantly different than the zeta potential of the mixture of DOPC liposomes and EVs.
Unfortunately, none of aEx type had zeta-potential value over or below 30 mV, which would
be a good prognosis for their stability.
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The average size of the particles (aEx) observed by the NTA method was significantly
reduced after the fusion process, as compared to the average size of the mixture of
liposomes and EVs before the fusion (Tab.7. and Fig. 13).
Moreover, the comparison of the size distribution of the mixture of DOPC liposomes and
EVs before the fusion and the aExDOPC synthesized in the process, showed the change in size
distribution from bimodal to the right-skewed unimodal. This is a clear signature of the
fusion process, wherein particles with two average sizes undergo fusion, and create a new,
more homogenous population. However, in case of aExSM and aExPS, no changes from
bimodal to unimodal size distribution were observed.
Western blot analysis confirmed that the EVs markers (CD63 and Arf-6) were present in the
samples of all tested types of aEx and that there were no statistically significant differences
between them. These results confirmed, that the fusion process occurs without losing the
EVs proteomic signature and is consistent with the results obtained by Rayamajhi et. al.
[161].
Using Cryo-TEM imaging I confirmed that aEx are present in the samples after the fusion
process of EVs with the DOPC liposomes. Similarly to the results of the Rayamajhi group
[161], observed objects were characterized by a very high electron density in the center.
Unfortunately, I was not able to observe any objects in case of the aExSM and aExPS samples.
This could be a result of an initially low amount of visible particles of the samples of
liposomes, or a different affinity of the different samples to the cryo-TEM grid (perhaps due
to the differences in the zeta potential). Because only the aExDOPC were observed in the
Cryo-TEM imaging, and significant changes in the zeta-potential values and size distribution
were observed only for this type of aEx, they were chosen for the further studies of the
encapsulation efficiency and their biological effects.
Measured encapsulation efficiency was high (around 85%) for all three types of tested
liposomes (Fig.6.). The measurements of encapsulation efficiency for aEx were performed
only for the aExDOPC, because of the reasons explained above. Encapsulation of calcein in
EVs, using the modified transfection method, had significantly lower efficiency, than
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encapsulation in aEx using lipid hydration method. In multiple theoretical studies,
challenges in the encapsulation processes were identified as some of the most important
obstacles, hindering EVs applications as drug delivery systems [158]. Up to this moment,
several strategies of drug loading after EVs isolation were tested such as: incubation of the
molecule with isolated EVs [117], electroporation [119] or drug loading during extrusion
[117]. It is difficult to compare the efficiency of these strategies, because all authors used
different approaches to measure drug loading efficiency. Nevertheless, loading of drugs, by
the fusion of drug-containing liposomes with EVs seems to be a very promising strategy.
Additionally, utilization of liposomes gives an opportunity for further modifications of aEx.
This could be realized, for example, by incorporating compounds which specific properties,
such as PEGylated lipids, into the membranes of liposomes, in order to increase their
circulation time in blood and reduce their uptake by the mononuclear phagocytes [122].
5.2.

Interaction of exosomes with HUVEC cells

Before functional experiments, the interaction of aEx and tested liposomes with HUVEC
cells was evaluated, in order to assess the toxicity of carriers and to confirm their
internalization.
The viability of HUVECs stimulated with all tested kinds of liposomes and corresponding aEx,
was increased in comparison to the unstimulated cells. Surprisingly, in all samples the
cytotoxicity was slightly increased, without any significant changes in the caspase activity.
These results are consistent with literature, which described potential cytotoxicity of
cationic lipids [162]. On the other hand, moderate increases in the proteases activity,
accompanied by the increased viability, could be caused by natural changes in cell culture.
This would mean that they are a result of apoptosis, and not by the necrosis induced by the
investigated liposomes and aEx.
In contrast to the experiments described above, tests for the aEx with encapsulated antimiR-221-3p were performed in the hyperglycemic conditions, in order to assess synergic
influence of two factors: hyperglycemia and tested carriers. The results showed that aEx in
hyperglycemic conditions were cytotoxic, but the same samples, covered with Del-1 were
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not. Interestingly, when negative control was encapsulated in aEx, the viability of HUVECs
was decreased. This change was accompanied by an increase in the cytotoxicity.
For all the tested samples, the decreased activity of caspase was detected. While the
observed changes were significant, their magnitude was very small and doesn’t impact the
interpretation of other results. It is possible that some unknown, outside factor has
contributed to these outcomes. While this is not the main goal of this work, further studies
are needed to study these effects.
Confocal microscopy imaging showed, that aEx ware internalized by the HUVECs, on the
level similar to EVs. The most important observation was the colocalization of the signal
from PHK26 dye (EVs membrane staining) and FAM probe, which was conjugated to miR221-3p encapsulated in aEx. These results confirmed, that aEx can deliver miR-221-3p to
the target cells. However, I didn’t observe an increased internalization of aEx, after covering
them with Del-1 protein. Del-1 is responsible for EVs internalization through the interaction
between PS in the EVs membrane and integrins αVβ3 and αVβ5 on endothelial cells. In the
western blot analysis I confirmed that Del-1 is present in the aEx samples, on the level higher
than in EVs but it was not able to facilitate the up-take of aEx. Further studies of the
interaction between Del-1 and aEx are required, especially with regard to the minimal
amount of the Del-1 protein required to induce biological changes in the system.
5.3.

Biological activity of the artificial exosomes

To investigate the influence of aEx with encapsulated anti-miR-221-3p on the TIMP-3
expression and cell migration, four different tests were performed: qPCR, western blot,
analysis of the activity of metalloproteinases, and wound healing assay.
In the literature, several miRs targeting TIMP-3 have been identified, which include: miR17, miR-21, miR-205, miR-221, miR-222, and miR-770 [163]. Among them, miR-221 seems
to be particularly interesting in the context of diabetes and hyperglycemia-included
ECD. Not only is miR-221 level increased in the serum of the patients suffering from
diabetes, but it also correlates with the severity of diabetic retinopathy [164]. In the
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microarray analysis, it has been shown that the expression of ten miRNAs (including miR221) elevates gradually with an increasing concentration of glucose in endothelial cell
cultures [22]. Seven of them (including miR-221-3p) can be linked to the endothelial cell
apoptosis. Another study confirmed, that exposure of HUVECs to high levels of glucose,
increases the expression of miR-221 and impairs cell migration. Blocking the activity of miR221, with antisense nucleotides, can reverse this effect in case of the cells cultured in
hyperglycemic conditions [165]. These results indicate, that miR-221 is could be a promising
therapeutic target.
To investigate the influence of aEx loaded with anti-miR-221-3p on the TIMP-3 levels, two
types of experiments were performed: qPCR and western blot. The results of qPCR showed
significant differences in the mRNA expression among the samples. Cells cultured in
hyperglycemia, both in the EVs-depleted cell culture media, and in the presence of EVs, had
a decreased level of mRNA for TIMP-3, in comparison to the normoglycemic conditions.
Study of Cardellini et al. [166] showed that mRNA level for TIMP-3 was reduced in the
samples of carotid atherosclerotic plaques, collected form patients suffering from diabetes,
as compared to the level of healthy patients. Additionally, diabetic retinopathy could be
associated with the elevated levels of miR-221 and a downregulation of TIMP-3 expression
[167]. The level of mRNA for TIMP-3 could be connected not only with glucose levels, but
also with the oxidative stress. It has been shown that mRNA for TIMP-3 in the samples of
human retinal pericytes, after stimulation with heavily oxidized and glycated LDL (HOG-LDL)
for 24 h, is also downregulated [168]. These changes can be reversed after incubation with
the mixture of normal LDL and HOG-LDL. These results shows, that TIMP-3 could also be
used as a possible treatment target.
qPCR results showed that the incubation of the cells with aEx loaded with anti-miR-221-3p
led to the increased level of mRNA for TIMP-3, both for aEx decorated and undecorated
with Del-1. To the best of my knowledge, it is the first time when this link was observed and
measured in HUVECs. This effect was described on other types of cells, such as
hepatocellular carcinoma cell line HepG2 [169]. In this study, cells were incubated with
liposomes with encapsulated anti-miR-221-3p, leading to the increased level of mRNA for
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TIMP-3 after the stimulation. Similar results were obtained by Gan et. al [170]. Researchers
used anti-miR-221 and anti-miR-222 to block the activity of these miRNAs in two lines of
breast cancer cells. They also observed, that the expression of TIMP-3 significantly
increased in both tested cell lines.
On the level of protein expression, I did not observe any significant differences in the
TIMP-3 content. Western blot experiments were performed after 14 h of culture. It is
possible that prolonging the time of incubation of HUVECs with aEx could give enough time
to induce more significant changes on the level of proteins, which would be consistent with
observed mRNA levels. Another reason of the lack of changes on the protein level could be,
that free TIMPs or, TIMPs complexes with MMP, are secreted to the extracellular matrix
[163]. This would mean that the significant differences could be difficult to detect in the
western blot analysis, but should be easily distinguishable in zymography.
The zymography assay showed that activity of MMP-2 and MMP-9 is increased in the
hyperglycemic conditions in the presence of EVs, but this increase was not statistically
significant. Interestingly, there was no difference in the activity of MMP-2 and MMP-9 for
the cells cultured in the EVs-depleted conditions. It was shown, that EVs contain
metalloproteinases [171], and because of this we can assume that the observed activity can
be a result of the combined activity of the enzymes secreted by cells, and those contained
in the EVs.
Nevertheless, after stimulation with aEx, the activity of both enzymes significantly
decreased, in comparison to the activity observed for the hyperglycemic cultures in the
presence of EVs. Additionally, the activity was lower than in case of the normoglycemic cells
cultured in the presence of EVs. These results show, that aEx can effectively block the
activity of metalloproteinases, possibly by affecting TIMP-3 activity, through the delivery of
anti-miR-221-3p. The link between a decreased level of TIMP-3 and an increased activity of
MMP-2 and MMP-9 has been previously described. The investigation of the carotid
atherosclerotic plaques from patient with type 2 diabetes showed that expression of TIMP3 was significantly reduced, leading to MMP-9 hyperactivity [158].
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There is a correlation between TIMPs, MMP and wound healing. In the ulcers wounds fluids
from the diabetic patients, a dysregulated ratio between MMP-9 and TIMP-1 was shown to
correlate with poor healing prognosis [172]. The changes in the level of TIMP-3 and MMP2 and MMP-9 activity can also be associated with dysregulated wound healing processes.
In the biopsy samples, collected form the ischemic diabetic foot ulcers, a decreased level of
mRNA for TIMP-3 and an elevated activity of MMP-9 was observed. The authors of the study
concluded, that ischemic non-healing ulcers can be caused by an increased proteolytic
activity and that the treatment of this kind of wound, aimed at increasing the activity of
TIMP-3 could be a new therapeutic strategy [173]. It was shown that there is a link between
a downregulation of miR-221, an upregulation of TIMP-3 and an enhanced migration and
proliferation of pulmonary arterial smooth muscle cells [174].
The results of wound healing assay presented in this thesis confirmed that targeting TIMP3 could have beneficial effects on wound healing. aEx with encapsulated miR-221-3p can
stimulate migration and wound healing processes. In the wound healing assay, samples
incubated with aEx showed the highest value of CI (CI = 42.8 ± 21.7%) among all tested
samples, indicating their positive effect on wound healing. Additionally, this value was
significantly higher than the CI of the samples stimulated with EVs, as well as the negative
control samples.
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6.

Conclusions

In this thesis, a new protocol of the synthesis of artificial exosomes was developed and
evaluated. FRET was used to monitor the process of fusion between EVs and liposomes and
the results confirmed that the fusion occurs. The most beneficial lipid-to-protein ratio was
also identified. Synthesized artificial exosomes are characterized by a high encapsulation
efficiency and are internalized effectively by endothelial cells. Although artificial exosomes
still need some modifications, in order to reduce their cytotoxicity, obtained results are very
promising and could lead to the new therapeutic strategies.
Additionally, it was confirmed that the encapsulated anti-miR-221-3p can increase the
expression of TIMP-3 in HUVECs cultured in hyperglycemia, which decreases MMP-2 and
MMP-9 activity. All these changes showed a positive influence on cell migration and
facilitated wound healing processes. This confirmed a suggestion made by other scientists,
that targeting TIMP-3 is a good therapeutic strategy for the treatment of the
macroangiopathic complications of diabetes.
The results presented in this thesis confirmed that artificial exosomes are promising
candidates for a drug delivery platform, which could be used in the future in a number of
different diseases. The Author hopes, that they will be useful for a wider audience, and that
they will find real-life applications.
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