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Abstract

Endothelial cells (ECs) line the lumen of all the blood vessels from the heart to the
extremities in the configuration of a continuous monolayer. ECs have several regulatory
functions towards maintaining cardiovascular homeostasis. With their multiple autocrine,
paracrine and endocrine roles, the vascular endothelium is regarded as a unique organ that
carries out vital tasks to regulate vascular tone and blood flow, vascular permeability, the
proliferation of smooth muscle cells, immune and inflammatory responses, thrombosis, and
angiogenesis. Failure of ECs to perform any of their basal regulatory functions
characterizes endothelial dysfunction (ED). ED is interconnected with the development and
progression of many diseases, especially cardiovascular diseases such as atherosclerosis,
hypertension and stroke, as well as diabetes and insulin resistance, chronic kidney failure,
liver diseases, cancer and sever infectious diseases such as COVID-19. Therefore, studying
endothelial phenotype, especially at the ECs subcellular level could provide valuable
information on cardiovascular health and diseases. Imaging of ECs' cellular organelles and
studying the underlying mechanisms associated with ED and disease development hold
great potential to improve our understanding of disease progression, enhance diagnosis and

prognosis and assess new therapeutic solutions.

Spectroscopic imaging, using multiple microscopy techniques in a complementary fashion,
to study models of ED at the subcellular level, and the development of novel approaches to
image ECs and investigate alterations in cellular processes could shed the light on cellular
mechanisms associated with disease development aiding in narrowing the bench to bedside
gap in endothelial diagnosis and treatment. With fluorescence microscopy being considered
a standard technique to investigate ECs and the development of ED, Raman imaging is
regarded as a strong technique to study ECs organelles and biochemical alterations at the
subcellular level in a label-free fashion. Nevertheless, molecular Raman probes hold great

potential of improving the sensitivity and selectivity of Raman microscopy techniques.

ECs prolonged activation and inflammation is one of the common causes of the
development of ED and the advancement of cardiovascular diseases. Inflamed ECs express,

among others, alterations in intracellular lipids content presented in lipid-rich cellular



organelles such as lipid droplets (LDs) and the endoplasmic reticulum (ER). Inflamed ECs
also present increased expression of surface adhesion molecules such as ICAM-1. The
phenotype of ED is also often associated with altered ECs proliferation and regeneration
capacities limiting them from mending ED. Therefore, looking for markers underlying
cellular processes such as changes in intracellular lipids distribution in inflamed ECs and
studying altered ECs proliferative and regenerative capacities in in vitro and ex vivo models

of ED is of great value.

The experimental work undertaken towards completion of the PhD thesis demonstrated
novel labelled Raman imaging approaches to study changes in ECs lipidic substructures,
especially LDs, ER and the nuclear envelope associated with ECs inflammation. Moreover,
a novel labelled Raman imaging approach to assay ECs proliferation and regeneration in
ECs and isolated aortae tissues. The presented novel approaches to study models of ED
have been complemented with previously established methods such as label-free Raman
imaging, fluorescence microscopy and transient absorption microscopy. Moreover, the
presented molecular Raman probes have been assessed in ECs from various organs i.e. in
ECs from the microvasculature (HMEC-1), the aorta (HAOEC), the heart (HCAEC) and
the brain (HBEC-5i) addressing the heterogeneity of ECs that tend to have different

properties depending on their respective vascular beds.

Astaxanthin (AXT) is a natural red pigment with established antioxidant and anti-
inflammatory properties. AXT is shown to be highly lipophilic and tends to accumulate in
lipids. Moreover, AXT exhibits a resonantly enhanced Raman spectrum when excited with
a 532 laser. These properties motivated its consideration as a molecular Raman probe for
lipidic structures in ECs. AXT demonstrated a time-dependent accumulation in lipid-rich
cellular organelles in ECs i.e. LDs, ER and the nuclear envelope, it was detectable in the
Raman spectra of cells after only 30 minutes of incubation. Furthermore, AXT allowed
Raman imaging of subcellular lipidic structures in ECs using relatively low laser power
compared to label-free detection (3 mW instead of 30 mW), highlighting its applicability
to visualize lipids in fragile samples which could be affected by high laser power such as
live ECs. The presented AXT-labelled Raman imaging approach allowed visualizing the

nuclear envelope in ECs, which is not possible to visualize using label-free Raman imaging.
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AXT was assessed as a molecular Raman probe for lipids in ECs from various origins. It
proved to be taken up similarly by different ECs and accumulated in ECs' lipidic organelles,
thus being considered a universal Raman probe for visualizing LDs, ER and the nuclear
envelope in ECs despite their heterogeneity. ECs intracellular lipids distribution shows
distinct alterations when ECs are subjected to proinflammatory treatment such as with the
proinflammatory cytokine TNF-a. AXT allowed visualizing changes in lipids distribution
associated with inflammation of ECs, with AXT-labelled Raman imaging allowing
visualizing lipids using relatively low laser power and providing information on the
morphology of the nuclear envelope, and label-free Raman imaging allowing the detection
of biochemical changes in lipids compositions associated with inflammation such as

increased lipids unsaturation in LDs of ECs.

Raman and fluorescence microscopies revealed that AXT uptake into ECs could be
improved through encapsulating AXT in neutral liposomes or positively charged
lipoplexes. Furthermore, the anti-inflammatory effects of AXT on inflamed ECs could also
be improved through encapsulation. Free AXT exhibited an anti-inflammatory role by
decreasing the expression of ICAM-1, however, in its free form AXT did not cause
significant changes to lipids distribution. When AXT-loaded liposomes or lipoplexes were
used, both the overexpression of ICAM-1 and the number of LDs in inflamed ECs were

reduced significantly.

5-ethynyl-2'-deoxyuridine (EdU) is a thymidine analogue with an alkyne tag that gets
incorporated into newly synthesized DNA. EdU has gained a lot of popularity as a probe
for cell proliferation due to its advantages of not relying on antibodies or requiring DNA
denaturation. It could be fluorescently labelled via a copper-catalysed cycloaddition
reaction “click chemistry” with a fluorescent azide. Due to the cytotoxic effects that copper
compounds exert on cells and the weak permeability of most azide dyes, EAU fluorescence
detection usually requires sample fixation and permeabilization. On the other hand, Raman
detection of EdU is possible to be carried out in a “click-free” manner due to the alkyne tag
of EdU exhibiting a Raman band in the spectroscopically silent region, where there are no
possible overlapping with Raman bands from other biological compounds, at ca. 2122 cm”

1 Therefore, Raman identification of EAU could be achieved in live ECs without the need
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for any additional dyes bypassing the undesirable effects of cell fixation and

permeabilization.

Raman imaging of EdU-labelled ECs nuclei was possible following ECs incubation with
EdU for 3h. Improved imaged of ECs nuclei, based on the detection of the EJU Raman
band in the silent region compared to label-free Raman imaging of nuclei based on the
DNA Raman band at ca. 788 cm™, were obtained when cells were subjected to EdU
treatment for 24h. EdU labelling improved Raman imaging of nuclei of ECs from various
sources. Moreover, live ECs imaging of EdU-labelled cells was achieved presenting its
advantage over the methods that rely on “click chemistry”.

A novel approach to assay ECs proliferation based on the Raman detection of EdU-labelled
ECs was presented. Raman detection of EAU was sensitive to changes in ECs introduced
by cell treatment with two antiproliferative drugs. ECs pre-treated with cycloheximide
(CHX) or doxorubicin (DOX) were used as in vitro models of impaired DNA synthesis and
inhibited cell proliferation. EdU-labelling allowed the detection of these effects on ECs,
presented in a decrease in the EdU marker Raman band and a significant decline in the
number of proliferating (EdU-positive) cells. Fluorescence imaging of EdU-labelled ECs,
dyed with Alexa fluor® azide dyes, in similar conditions confirmed the presented Raman
imaging-based approach. Moreover, this approach was applied to study ECs regeneration
ex vivo after induced mechanical injury in isolated murine aortae. ECs and smooth muscle
cells (SMC) were shown to regenerate in aortic rings when they were incubated ex vivo in
the presence of vascular endothelial growth factor (VEGF). Detecting changes in the
regenerative capacity of ECs in in vitro and ex vivo models of ED was possible via EdU-

labelling, a feature not possible to study using label-free Raman imaging techniques.

The spectroscopic molecular probes presented here to study alterations in ECs lipid-rich
organelles and ECs regenerative capacities associated with the phenotypes of ED,
complemented with established techniques such as label-free Raman imaging and
fluorescence microscopy revealed the potential of spectroscopic imaging in in vitro and ex
vivo models of ED to acquire comprehensive qualitative and quantitative information on
the distribution and biochemical changes underlying ED. This could open the door for the

development of new methods assessing ECs pathology development, improving diagnosis
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and therapeutics potential and narrowing the bench to bedside gap in endothelial diagnosis

and treatment.
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1. Obijectives of the thesis

The main objective of this thesis is the introduction of novel spectroscopic imaging
methodologies to study ECs functionality and ED. The hypothesis is that based on the
pre-established imaging techniques, the new approaches will provide complementary

information on the functionality of ECs and the tissues containing them.
The particular objectives of this thesis are:

e Introducing a novel labelled Raman imaging-based method to study ECs
subcellular lipidic structures relying on AXT as a new Raman probe for

intracellular lipids.

e Establishing the properties of AXT as a lipids biomarker in ECs of various

origins, and its excited state dynamics in live cells.

e Investigating the uptake and anti-inflammatory effects of free and encapsulated
AXT in ECs using label-free and labelled Raman, and fluorescence imaging

techniques.

e Introduction of a novel labelled Raman imaging-based approach to study ECs
proliferation and ex vivo regeneration, complemented with fluorescence

imaging.



Introduction Section
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2. Endothelial cells

The vascular endothelium is the layer that coats the innermost walls of all of the body’s
blood vessels from arteries and veins to capillaries 1. Arteries are tasked with nourishing
organs with oxygenated blood and nutrients pumped from the heart. They contain
elastin and smooth muscle cells (SMC) that help them accommaodate the high pressure
under which they constantly are. When arteries reach certain organs, they branch into
smaller vessels further branching into arterioles 2. Arterioles lack the elasticity of the
arteries and are composed mainly of SMC. They deliver blood to the organs and play a
vital role in vascular resistance. Capillaries are the narrowest blood vessels that consist
of a single layer of ECs and exchange nutrients and metabolites with the tissues of the
body through diffusion 2. The blood travels from the capillaries into venules that also
play a role in oxygen and nutrient exchange in organs. The blood then flows into veins
which consist of the same layers as the arteries but are thinner and less elastic. Some
veins have one-way valves allowing the blood to flow in the direction of the heart 2.

The most significant role of the vasculature is the transfer of nutrients and oxygenated
blood to the tissues of the body and the transfer of the waste and deoxygenated blood
back to the heart and then the lungs where the blood is oxygenated again. Gas and
nutrients exchange occurs mostly in the capillaries, regulated by the vascular

endothelium 2.
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Figure 2.1. Structure of arteries and veins. The figure is adapted from Ref. [*] after

receiving the required permissions.

The vascular endothelium is constituted by a monolayer of ECs that line the lumen of
blood vessels while being anchored to the basal lamina (BL) 3. Nothing much was
thought of ECs functions until the 1980s other than having selective permeability to
control the passage of electrolytes and water. However, since the 1980s, major
developments in cardiovascular research paved the way for a clearer view of the
endothelium function and its regard as a large and special organ tasked with many
endocrine, paracrine, and autocrine roles essential for maintaining cardiovascular
homeostasis °. ECs regulate vascular tone and the flow of the blood, vascular
permeability, the proliferation of SMC, immune and inflammatory responses,

thrombosis, and angiogenesis 1°.



26

2.1. Endothelial cells’ functions and their mechanisms

The endothelium is a continuous monolayer of ECs connected to one another by
different adhesive structures or junctions forming a semi-permeable barrier that
controls the transport of various molecules between the blood and the tissues °. ECs
are tasked with supplying their surrounding tissue cells with their metabolic needs.
For example, ECs express GLUT-1 and GLUT-4 managing the transport of glucose,

which is a major source of energy in the body, to different organs 8.

ECs barrier is maintained by endothelial cell-cell connections such as tight junctions,
adherens junctions and adhesion molecules 8. Tight junctions regulate the paracellular
transport of ions, water and some macromolecules while blocking the passage of large
macromolecules across ECs. Adherens Junctions are formed by Cadherins,
specifically VE-cadherin which is expressed only by ECs °. Together with PECAM-
1 (also known as CD31), VE-cadherin initiates contact among ECs and provides ECs

with mechanical support essential for junction stability &°.

Junctions between ECs vary in ECs with different vascular beds, allowing various
levels of permeability in different organs. For instance, highly specialized ECs form
the blood-brain barrier (BBB) connecting to one another through tight junctions
maintaining highly selective semi-permeability and protecting the central nervous

system from an array of pathogens and potentially harmful molecules ’.

One of the most important functions of ECs is the regulation of vascular tone. This
function of ECs is done by a fine-tuned balance between endothelial mediator
vasoconstrictive and vasodilative molecules *'°. Different physical and chemical
stimuli such as sheer stress, acetylcholine, bradykinin and thrombin cause ECs to
produce and release mediators resulting in SMC relaxation . Nitric oxide (NO) is
among the well-studied endothelial-derived vasoactive substances. NO is a potent
vasodilator with important involvement in regulating the vascular tone. NO is
produced in ECs through an endothelial nitric oxide synthase (eNOS)-catalyzed

oxidation of L-arginine in the existence of tetrahydrobiopterin (BH4) 213, After its



27

release from ECs, NO diffuses to SMC inducing smooth muscle relaxation through

cyclic guanosine monophosphate (cGMP) 1213,

Besides NO, other vasodilators participate in the endothelial regulation of vascular
tone. Prostacyclin (PGly) is an endothelial-derived vasodilator that is synthesized by
the cyclooxygenase-derived breakdown of arachidonic acid. PGl induces SMC
relaxation and vasodilation via Cyclic adenosine monophosphate (CAMP) 4. Another
group of vasodilators generated by ECs is endothelium-derived hyperpolarizing
factors (EDHFs). EDHFs are a collection of molecules with a common mechanism of

inducing vasodilation by hyperpolarization of SMC through activation of K* channels
11,12

Countering the actions of these vasodilators, there are endothelium-derived
vasoconstricting factors such as endothelin-1, thromboxane A. (TXA:2), and
angiotensin 11 2. Endothelin-1 is among the most potent known vasoconstrictor
peptides. It is involved in the long-term management of arterial blood pressure 4,
Produced and released mainly by ECs, endothelin-1 also contributes to vascular SMC
proliferation !*. Endothelin-1 is also known to have proinflammatory effects,
antagonizing NO and contributing to endothelial dysfunction °. Another well-known
vasoconstrictor is angiotensin Il which is considered to carry out major effects within
the renin-angiotensin system (RAS) . Angiotensin Il is formed in ECs through the
cleavage of angiotensin | by the angiotensin-converting enzyme (ACE). The RAS is
known to be involved in the regulation of blood pressure, reabsorption of sodium and
water, and secretion of potassium. However, RAS and angiotensin Il in particular have
been shown to induce inflammation and fibrosis °. Several hypertension medications
belonging to the ACE inhibitors or the angiotensin 11 receptor blockers (ARBSs) group
act directly on the RAS to counter its vasoconstrictive effects. A healthy endothelium
maintains the balance of vasoactive molecules responding to different stimuli and
regulating the vascular tone. Whereas in different endothelial pathologies, this balance

is shown to be impaired *.

Angiogenesis is a complex and extremely important process that leads to the

formation of new blood vessels from pre-existing ones. Angiogenesis involves ECs
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migration, differentiation, and proliferation following stimulation by several pro-
angiogenic agents such as vascular endothelial growth factor (VEGF), which was the
first example of a growth factor specific for the endothelium . In embryos,
angiogenesis does not only aid the formation of blood vessels necessary to supply
oxygen and nutrients, but also provides instructive trophic signals promoting the
morphogenesis of organs 1. The processes of angiogenesis and endothelial cell
proliferation in most blood vessels of healthy adults remain mostly quiescent with the
exceptions of the cycling ovary and the placenta during pregnancy. However, in
response to stimuli such as hypoxia, inflammation or physical injury endothelial cells
can rapidly divide to allow healing and repair 8. Moreover, the phenotype of
endothelial dysfunction has been linked to the inability of ECs to regenerate and heal

vascular dysfunction due to an altered capacity of endothelial regeneration *°.

Hemostasis is a term used to describe a set of processes that controls blood clotting,
platelet activation, and vascular repair towards cessation of bleeding. The hemostatic
system is activated upon vascular injury starting a series of vascular and extravascular
events aiming to seal the damage . Thrombosis refers to the development of an
occlusive clot in a blood vessel, restricting the blood flow and the delivery of oxygen
and nutrients to certain tissues or organs 2°. Ensuring a proper balance between
promotors and inhibitors of blood coagulation, maintaining hemostasis and preventing

thrombosis are of great importance and are mainly regulated by ECs.

In normal physiological conditions, the luminal surface of ECs (the surface in contact
with blood) provides a non-thrombogenic layer that prevents the attachment of cells
and clotting proteins, maintaining blood fluidity . Moreover, ECs are responsible for
the secretion of different platelet inhibitors such as NO and prostacyclin preventing
platelet aggregation and the expression of various anticoagulants such as
thrombomodulin and endothelial cell protein C receptor (EPCR) preventing fibrin
formation 222, On the other hand, upon the development of endothelial dysfunction,
ECs promote the formation of fibrin and platelet adhesion and aggregation, for

example by the expression of von Willebrand factor (VWF). Lastly, ECs also play a
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role in dissolving formed blood clots by releasing pro-fibrinolytic agents such as tissue
plasminogen activator (tPA) 2.

Inflammation develops as the body’s response to injury or infection through increased
permeability of ECs, vascular leakage and neutrophil activation. Inflammatory
responses are designed to be life-preserving, acting towards removing pathogens and
injurious agents along with infected or damaged cells >%232*, After eliminating the
cause of acute inflammation, pathogens and cellular debris along with apoptotic cells
are removed by macrophages, proinflammatory cytokines are exhausted and anti-
inflammatory responses are induced. If these processes are not carried out properly, it
may lead to prolonged and chronic inflammation and pathologies °. ECs and

leucocytes are the main cell types involved in the inflammatory response.

In normal physiological conditions, ECs maintain their barrier function, control
vascular permeability and do not promote leucocyte adhesion. In the non-
inflammatory state, ECs suppress the expression of adhesion molecules such as
intercellular adhesion molecule 1 (ICAM-1), vascular cell-adhesion molecule 1
(VCAM-1) and E-selectin 24 Different stimuli including turbulent flow or
proinflammatory cytokines such as tumour necrosis factor-alpha (TNF-a) and
Interleukin 6 (IL-6) induce endothelial cell activation, thus inducing expression of
adhesion molecules (ICAM, VCAM and E-selectin) which causes the recruitment of
circulating leucocytes 2°. Moreover, as ECs play a major role in the inflammatory
response after activation, ECs are also very important players in the resolution of the
inflammatory response through highly coordinated complex mechanisms due to their

ability to release various anti-inflammatory mediators %,
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Figure 2.2. Summary of endothelial cell functions.
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3. Endothelial dysfunction

Endothelial cell dysfunction (endothelial dysfunction, ED) is characterized by the
failure of ECs to carry out any of their basal functions, namely regulating the vascular
tone and the blood flow, maintaining blood fluidity, regulating the wvascular
permeability, the proliferation of SMC, controlling immune and inflammatory
responses, thrombosis and thrombolysis, and angiogenesis %24, Consequently, ECs'
actions shift to a vasoconstrictive phenotype with elevated permeability,
proinflammatory response and prothrombic properties *. There are various mechanisms
underlying the progression of ECs into an ED state. However, vascular inflammation,
oxidative stress and reduced NO bioavailability are often considered the major players

in the development of ED in various pathologies.

There are various risk factors that may lead to the progression of ED, including
pathological conditions such as diabetes mellitus, hypertension and hyperlipidaemia,
chronic inflammatory diseases including rheumatoid arthritis and psoriasis, and other
risk factors such as smoking, extended exposure to noise and pollution and mental stress
110 'Wwith the increased understanding of endothelial physiology and pathophysiology,
it became undoubtedly that the endothelial phenotype provides valuable information on
cardiovascular health and diseases. Indeed, the progression of many diseases has been
linked to ED, particularly there is a strong connection between ED and the development
of cardiovascular diseases such as atherosclerosis, hypertension and stroke. Moreover,
ED has been linked to diabetes and insulin resistance, chronic Kidney failure, liver

diseases, cancer and sever infectious diseases such as COVID-19 1:10.26-30,

3.1. Endothelial dysfunction involvement in disease development

As mentioned earlier, ED has a strong connection with the development of
cardiovascular diseases. Moreover, the state of vascular endothelium and ED could
be considered a true barometer for cardiovascular pathogenesis °. Cardiovascular

incidences are of great significance due to the fact that cardiovascular diseases reside
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at the top of global causes of death, with myocardial infractions (commonly known as
heart attacks) and strokes responsible for the vast majority of deaths. This is especially
apparent in low-income countries where access to routine healthcare solutions is not

as widespread compared to developed countries 3L,

ED is shown to be both a cause and a consequence of cardiovascular diseases,
contributing to the initiation and progression of cardiovascular pathogenesis. For
instance, in the case of hypertension, characteristic findings include lowered
production, ineffectiveness or decreased bioavailability of endothelial vasodilatory
mediators (especially NO), paired with increased production or sensitivity to
endothelial vasoconstriction mediators (such as endothelin-1) 1°, It is suggested that
decreased bioavailability of NO in hypertension could be attributed to increased
oxidative stress in the hypertensive state. For instance, increased levels of angiotensin
Il cause the generation of reactive oxygen species (ROS) by stimulating NADPH

82 Thus, it has been

oxidase, eventually leading to vascular inflammation
demonstrated that antihypertensive treatment using ACE inhibitors or ARBs causes
improvement in endothelial functions, unlike antihypertensive treatment using beta

blockers 22.

ED is closely linked to atherosclerosis, particularly atherosclerosis is connected to the
change of endothelial phenotype towards a proinflammatory and prothrombotic state.
Several risk factors could lead to this state including smoking, hypertension,
hyperlipidaemia and diabetes **. Endothelial NO production is inhibited, restricting
its antiatherogenic role, while an elevated expression of endothelial-derived adhesion
molecules (such as VCAM-1) and cytokines promote monocyte adhesion and
penetration through ECs 34. Furthermore, proinflammatory cytokines (such as TNF-
a) released from monocytes induce growth factors production in ECs and SMC

contributing more to atherogenesis *.

Despite over 5 decades of research on EC functions and ED, the popularity of which
is still on the rise, there is still a significant bench-to-bedside gap in endothelial-
targeted diagnosis, prognosis and therapy. This gap is the result of the difficulty of
translating the huge amount of knowledge that has been accumulated over the years
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into routine clinical practice *. It is particularly difficult due to the extreme
complexity and heterogeneity of the vascular endothelium and the inapplicability of
the current methods used to assess endothelial function or dysfunction in everyday
clinical settings. However, on the plus side, there are numerous new studies focusing
on a deeper understanding of the endothelium, introducing novel methods to study
ED, and developing new therapeutics with the potential of improving endothelial
health.



34

4. Endothelial dysfunction at the subcellular level

Cells are the building blocks of living organisms. Constituted by smaller organelles that
have different characteristics and functions, and interact with the surrounding
environment, they acquire and utilize energy, grow and reproduce, and eventually die.
Abnormalities in the cellular and subcellular level and biochemical alterations are often
the underlying cause of various pathologies. Investigating the composition of
subcellular compartments and tracking the changes that occur at the subcellular level
during various cellular processes such as pathology development, improves our
understanding of the mechanisms by which various diseases develop, consequently,

improving diagnosis and treatment 2637,

Being considered a large and unique organ that runs along the circulatory system, the
vascular endothelium is constituted of a single type of a continuous layer of cells;
endothelial cells. Nevertheless, ECs are extremely complex and heterogenous allowing
the endothelium to carry out an array of tasks suitable for each organ or tissue in the
body. Failure of ECs to perform their vital functions opens the door to the development
of endothelial dysfunction. ED usually starts at the subcellular level, initiated by
changes and abnormalities in the biochemical processes of ECs 103637,

4.1. Nucleus

Carrying the genetic materials (Cellular DNA) condensed in chromosomes and
surrounded by a porous membrane (the nuclear envelope), ECs nuclei are where vital
biological processes such as DNA replication, cell growth and division, and
transcription take place. Various stimuli could trigger the activation of nuclear
transcription, causing the expression of certain genes. In the case of endothelial
inflammation, an increased expression of proinflammatory cytokines is observed. The
proinflammatory cytokines activate different pathways including the “nuclear factor
kappa-light-chain-enhancer of activated B cells” (NF-xB), which consequently leads



35

to chromatin rearrangement, eventually activating ECs proinflammatory and
prothrombotic phenotype and leading to apoptosis 343 Upon DNA damage,
especially due to oxidative stress, cellular DNA damage response (DDR) is employed,
involving the recruitment of different DNA repair factors such as Poly (ADP-ribose)
polymerase (PARP) in order to repair the damage. Nevertheless, byproducts of DDR

have been shown to initiate biomineralization leading the way to vascular calcification
38

4.2. Mitochondria

Nicknamed “the powerhouse of the cell”, mitochondria are responsible for harnessing
energy inside phosphate bonds producing adenosine triphosphate (ATP) during a
process called oxidative phosphorylation. Despite the fact that ECs rely mainly on
anaerobic glycolytic metabolism for energy production, ECs' mitochondrial functions
exceed providing a source of energy for the cells. ECs mitochondria are tasked with
handling cellular Ca?*, vascular redox signalling and programmed cell death

(apoptosis) 34,

Cellular reactive oxygen species (ROS) are known to originate mainly in the
mitochondria possibly as byproducts of oxidative phosphorylation. In normal
conditions, low levels of mitochondrial ROS are essential for vascular signalling *°.
Mitochondrial ROS are known to signal ECs and SMC proliferation, vasodilation and
apoptosis °. However, excess ROS is known to cause alterations and damage to the
fundamental biomolecules (DNA, proteins and lipids). This ROS-caused damage is
commonly known as oxidative stress. Excess ROS and oxidative stress cause
mitochondrial DNA damage, reduced NO bioavailability and lipids peroxidation 1%3%-
41, Furthermore, elevated levels of mitochondrial ROS signal ECs apoptosis %°. As
mentioned earlier, oxidative stress and inflammation are the underlying causes of ED
development in many cases, explaining the involvement of the mitochondria in

endothelial pathology. Changes in mitochondrial functions have been linked to
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different endothelial pathologies such as hyperglycemia, diabetes mellitus,
hypertension and atherosclerosis 424,

4.3. Endoplasmic reticulum

The endoplasmic reticulum (ER) is a large organelle that consists of a network of
tubules stretching from the nuclear envelope to the cell membrane. The ER is involved
in key cellular processes including lipid biosynthesis, protein folding and protein post-
translational modifications. Within ECs, the ER is tasked with the regulation of
different metabolic processes. Failure of the ER to carry out these regulatory functions

is generally termed ER stress, which has been connected to the development of ED
12,47

One of the most important functions of the ER is the post-translational folding of
proteins. This ER function is moderated by the unfolded protein response (UPR). UPR
sustain an equilibrium between the ER folding capacity and its folding load by
reducing protein translation, activating transcriptional processes that enhance the ER
protein folding capacity and inducing degradation of irreparably misfolded proteins
1248 ER stress could develop as a consequence of UPR failure to sustain the
equilibrium between the ER folding capacity and its folding load or as a result of
chronically activated UPR. UPR could be activated by an array of effectors including
oxidized low-density lipoprotein (oxLDL), free fatty acids, disturbed flow and
angiotensin 11 #°. ER stress leads to activation of the ECs' proinflammatory and
vasoconstrictive phenotypes and increased ROS production, causing ED development

and eventually leading to cell death 10124850,

4.4. Lipid droplets

LDs are cellular organelles that are rich in lipids and have been known for their role
as energy-storing entities. However, LDs have been later recognized for their

involvement in important regulatory functions in the cells. In particular, LDs play
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major roles in regulating the uptake, metabolism, distribution and utilization of lipids
in ECs °L. LDs' involvement in the progression of ED and their contributions to the
development of various diseases such as atherosclerosis, obesity and metabolic

syndrome was demonstrated 524,

Upon ECs inflammation through the NF-xB pathway, increased expression of
endothelial adhesion molecules such as ICAM-1, VCAM-1 and cyclooxygenase-2
(COX-2) is observed. This is accompanied by changes in ECs' lipid content, leading
to an increase in endothelial lipid droplets that contain lipids of unsaturated
characteristics *°. Moreover, these abnormalities in ECs LDs content and
characteristics have been recognized as a hallmark of inflammation and pathogenesis
in ECs %57, Novel methods of imaging lipids and LDs within ECs both in their healthy
and inflamed conditions represent a vital part of this thesis and its underlying studies.

4.5. Lysosomes

Lysosomes are digestive enzymes containing membrane-bound cellular organelles.
They are involved in autophagy (self-eating) resulting in the clearance or recycling of
damaged or worn-out cellular organelles and molecules such as proteins and lipids,
contributing to cellular homeostasis. In ECs, lysosomes respond to different stimuli
such as nutritional starvation, hypoxia, ROS, DNA damage and sheer stress, playing
a cytoprotective role aiming at restoring the physiological balance in ECs ¢,
However, when uncontrolled autophagy takes over, the role of lysosomes shifts from
exerting cytoprotective properties to promoting the development of ED. Although the
mechanisms by which autophagy could contribute to ED are not completely
understood, the importance of the modulatory effects of lysosomal autophagy and the
connection between altered autophagic flux and endothelial pathologies have been

shown in multiple studies %853,
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5. Current methods to study endothelial dysfunction

ECs show extreme heterogeneity in different organs and tissues of the body as they tend
to adapt to the surrounding microenvironment and other cell types. The term vascular
niche describes these microenvironmental conditions and the interactions around blood
vessels to which ECs are subjected. It has been shown that the vascular niche does not
only contribute to the ECs heterogeneity but also to the development of ED via different
mechanisms 4. The vascular endothelium is also substantially complex. ECs participate
in an array of processes and carry out multiple functions through various mechanisms,
therefore, studying vascular endothelial dysfunction is not a straight forward task. Most
studies conducted to investigate ED focus on a single to a few mechanisms of ED

development .

5.1. Molecular markers of endothelial inflammation and endothelial dysfunction

As is the case for ECs themselves being complex and heterogenous, and displaying
different features, functions and mechanisms that vary depending on their vascular
niche and their surrounding environment, markers of endothelial functions,
endothelial activation, inflammation and disfunction are heterogenous, showing
differences in different organs and different vascular beds 6. Being divided into
circulating soluble biomarkers that could be detected in the blood and extracellular
matrix (ECM) and cell component biomarkers that could be detected in the local tissue
of interest, markers of endothelial inflammation and dysfunction could provide
substantial information on the development and risk of cardiovascular diseases ©’.
Different markers of ED have been identified and studied for their role in disease
progression, while researchers are actively on the look for new markers and the quest
for an improved understanding of the previously established ones. Key markers of ED

are summarized in (Table 5.1).

During cardiovascular incidents, especially during atherogenesis, the process of
atherosclerotic plaque formation, proinflammatory cytokines such as TNF-a. or acute-
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phase proteins such as C-reactive protein (CRP) induce the release of endothelial
adhesion molecules (ICAM-1, VCAM-1, E-selectin and P-selectin) 6%7. These
endothelial adhesion molecules are produced by ECs in order to recruit circulating
leukocytes in response to different stimuli. In the context of endothelial pathology
progression, they contribute to atherogenesis and the progression of atherosclerotic
lesions . Elevated expressions of E-selectin and ICAM-1 were associated with the
prevalence of coronary heart disease and atherosclerosis, suggesting that E-selectin
and ICAM-1 could be utilized as markers for atherosclerosis and coronary heart

disease in clinical settings .

The production of CRP from the liver is shown to be induced as a reaction against
inflammatory stimuli with the proinflammatory cytokine IL-6. Expressions of both
IL-6 and CRP have been shown to increase during the progression of atherosclerosis
70, Moreover, high-sensitivity C-reactive protein (hs-CRP) induced by IL-6 has been
viewed as a robust clinical biomarker for cardiovascular diseases "*. Circulating
microparticles are small vesicles ranging from 100 nm to 2 um in diameter. They
originate from endothelial or blood cells and play a role in vascular function and
inflammatory response. Increased levels of circulating microparticles have been found
in different cardiovascular diseases such as hypertension, diabetes and ischemic stroke
72 Furthermore, in patients with myocardial infarction and angina, elevated amounts
of endothelial-derived microparticles were associated with increased levels of IL-6
and CRP supporting their potential as endothelial inflammation and cardiovascular

risk markers 73,

Other candidates derived from activated ECs have been regarded as biomarkers for
ED and cardiometabolic diseases including hypertension and diabetes mellitus. On
the top of this list, there are OxLDL, asymmetric dimethylarginine (ADMA) and
endocan ®. OxLDL is known as a marker of oxidative stress and has been studied for
its effects on the development of ED 4. OXLDL exerts its effects on ECs via Lectin-
like oxidized low-density lipoprotein receptor-1 (LOX-1) triggering EC inflammation
via CD40/CDA40L signalling pathway . AMDA is known to be an eNOS inhibitor,

thus explaining its contribution to the development of ED as the inhibition of eNOS
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results in lower levels of endothelial NO leading the way to ECs activation and to the

disruption of endothelium-dependent vasodilation 7. Endocan is an emerging

immunoinflammatory marker that is released by ECs in different organs and plays a

regulatory role in cell adhesion 8. High levels of endocan have been linked to ED,

and have been observed during different endothelium-related diseases such as

hypertension and chronic kidney disease supporting its potential as a marker for ED

and cardiovascular risk 7677

Selected markers of ED and cardiovascular risk

Markers Type Main Source
Intracellular adhesion molecule )
ICAM-1 ) ) ) Activated ECs
(immunoglobulin superfamily)
Vascular cell adhesion molecule )
VCAM-1 _ ] ] Activated ECs
(immunoglobulin superfamily)
_ ) _ _ Exclusively from
E-selectin Cell adhesion molecule (selectin family) )
activated ECs
) ) ) ) Weibel-Palade bodies
P-selectin Cell adhesion molecule (selectin family)
(WPBs) of ECs
) _ Macrophages and
IL-6 Proinflammatory cytokine
monocytes
CRP Acute-phase protein Hepatocytes
Endothelial ) Endothelial and blood
_ ) Vesicles from ECs membrane
microparticles cell membranes
LOX-1 Receptor for oxLDL ECs
CD40L Member of the TNF superfamily Activated T cells
ADMA NOS inhibitor Activated ECs
Endocan Proteoglycan Activated ECs

Table 5.1. Selected markers of endothelial

inflammation, dysfunction and
cardiovascular risk. The table is reproduced from Ref. [%¢], covered by CC BY 4.0 license
allowing free sharing and adapting.
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5.2. Invitro, in vivo and ex vivo models of endothelial pathology

Since they were first cultured in 1973, human umbilical vein endothelial cells
(HUVEC) were and still are very popular in endothelium-related research "8. Other
endothelial cell lines macro and micro-vessels such as human aortic endothelial cells
(HAOEC), human coronary artery endothelial cells (HCAEC), and human
microvascular endothelial cells (HMEC-1) were developed and gained huge
popularity in in vitro endothelium-related research settings °. Although being
regarded as easier to perform, not requiring animal handling skills, and being less
costly, in vitro studies of ECs functions and ED are criticized for not representing the
natural environment. For instance, in EC culture, most culture media are
supplemented with nutrients and growth factors in non-physiological concentrations
to allow the proliferation and expansion of ECs, which is necessary for in vitro studies
but could significantly affect the experimental results, especially in the case of studies
on cell proliferation and angiogenesis . Furthermore, ECs are known to be in close
contact with the surrounding cells such as SMC and leucocytes. These interactions are

rarely assessed in in vitro studies of ED.

In vivo research of the endothelium includes the use of animal models (most
commonly rodents) of endothelial-derived pathologies . There in vivo studies offer
a possibility to assess different processes of ED that are closer to reality and are
directly involved in the progression of certain disorders. However, they have the
disadvantages of being demanding, expensive, and more difficult to assess. With the
increased attention in the scientific community on animal rights and the three Rs
principle (Standing for Replacement of animal models, Reduction of the number of
experimental animals used, and Refinement of the welfare of experimental animals),

approaches such as in vitro co-culture and ex vivo studies are on the rise.

On the other hand, ex vivo models of ED could present an alternative to in vitro and
in vivo studies that represent the best of both worlds. Ex vivo studies of endothelial
pathology rely on the isolation of the tissues or organs of interest from the

experimental animal, and growing and testing the isolated tissues or organs in the
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laboratory. Unlike EC culture, this type of experiment allows for the interactions
between the vascular endothelium and the surrounding microenvironment as it
contains different types of cells and maintains the tissue structure closer to the in vivo
environment 882 Moreover, ex vivo studies comply with the three Rs principle
allowing the use of fewer animals and omitting some of the harsh treatments used in
animal models such as injection with Lipopolysaccharides (LPS) to induce endothelial

damage.
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6. Spectroscopic imaging techniques to study endothelial cells

There are several spectroscopic imaging techniques that could be applied to assess the
state of ECs' health and disease. Some examples of spectroscopic imaging tools that are
commonly used for studying ECs include confocal microscopy, which is a widely used
imaging technique that uses a laser beam to focus on a single plane of the sample,
producing high-resolution, three-dimensional images. This technique is useful for
studying the structure and function of ECs, including their morphology and
organization, and can also be used for tracking the movement of molecules within these
cells . Additionally, Infrared (IR) microscopy is another powerful spectroscopic
imaging technique that can be used to study the composition of endothelial cells 84, This
technique is based on the measurement of the absorption of infrared light by molecules
within the cell, which can provide information about the chemical composition and

structure of the sample.

In the experimental work undertaken for the completion of this thesis, three powerful
and reliable spectroscopic imaging techniques are used for subcellular imaging of ECs
functionality and dysfunction in a complementary fashion, namely fluorescence
microscopy, transient absorption microscopy and Raman microscopy (explained in

more detail in the next chapter).

6.1. Fluorescence microscopy

Fluorescence microscopy is a powerful technique that allows for the visualization of
biological specimens at high resolution with exceptional specificity. The method is
based on the phenomenon of fluorescence, which happens when a molecule’s electrons
move to a higher energy level after being excited. They then move back to their ground
level producing photons with lower energies compared to the absorbed photons .
Fluorescence microscopy involves using fluorophores targeting specific structures in a
sample. The emitted light from the fluorophore is measured and used to create an image

of the sample.
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Fluorescence microscopy has reached the point of becoming an essential tool in
biological experiments. It is a powerful technique that allows researchers to study the
structure and function of cells with good spatial resolution 8. With an array of
developed fluorescent probes which offer a high degree of specificity in fluorescence
microscopic detection, subcellular structures such as the nucleus, ER, Golgi apparatus,
mitochondria, cytoskeleton, LDs, cell membrane and lysosomes, and key biomolecules
within cells and tissues including proteins, nucleic acids, lipids, carbohydrates and cell
metabolites like glucose could be identified and quantitatively analysed. One specific
application of fluorescence microscopy is the study of ECs organelles. By using
fluorescence microscopy, insights into the behaviour of ECs organelles, their
contribution to the overall health of the cardiovascular system, and the biochemical

changes associated with the development of ED and diseases could be identified.

One of the most important uses of fluorescence microscopy in the study of ECs is the
visualization of cellular organelles which could be targeted using fluorescence dyes that
specifically bind to certain components of the respective organelle. For example, the
use of Hoechst or 4',6-diamidino-2-phenylindole (DAPI) to selectively stain cellular
DNA and visualize cell nuclei &, as well as using stains such as MitoTracker, ER-
Tracker and LysoTracker to selectively target mitochondria, the ER and the lysosomes,
respectively %, as MitoTracker targets mitochondrial membrane potential, ER-Tracker
bind to its membranes and LysoTracker accumulates in lysosomes’ acidic environment.
Lipophilic dyes such as BODIPY (boron dipyrromethene), Nile red or Oil red O (ORO)

are routinely used to image the distribution of LDs in ECs .

Another application of fluorescence microscopy in the study of ECs is the use of
fluorescence-labelled antibodies to study the distribution and localization of specific
proteins within the cells ®. This technique, known as immunofluorescence, is
particularly useful for studying the distribution of signalling proteins and other
important molecules within the cells. One example of this is the immunostaining of
surface adhesion molecules such as ICAM-1 to shed the light on EC inflammatory

response to various stimulations %. By labelling these proteins with fluorescence-
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labelled antibodies, the determination of the distribution of these proteins within the
cells and their interactions with other cellular components could be investigated.

In addition to these traditional applications, fluorescence microscopy can also be used
to study the dynamic behaviour of cells in real-time. For example, by using techniques
such as fluorescence recovery after photobleaching (FRAP) and fluorescence loss in
photobleaching (FLIP), the behaviour of organelles and other cellular components as
they move and interact with one another could be studied. These techniques allow
researchers to gain insights into the dynamic behaviour of cells in real-time, providing
valuable information about the interactions between organelles and other cellular

components.

Despite its many advantages, fluorescence microscopy is burdened with limitations
including a limited overall number of dyes that could be used simultaneously, as usually
no more than three dyes could be used in a single cell or tissue sample, restricting the
number of cellular organelles or cellular processes to be studied simultaneously. It is
also worth noting that some dyes exert cytotoxic properties and so could not be used to
image live cells. Additionally, cell permeability is to be considered in this regard, as
some dyes require cell permeabilization too. Furthermore, many dyes hold the risk of

photobleaching and phototoxicity .

6.2. Transient absorption microscopy

Transient absorption microscopy is a cutting-edge technique used to study the dynamics
of photochemical and photophysical processes in a wide range of materials, including
biological systems, polymers, and semiconductors. The method is based on the
principle of transient absorption spectroscopy, which involves the measurement of

changes in the absorption of light by a sample over time following an excitation pulse
91

To perform transient absorption microscopy, a sample is first excited with a short,
intense laser pulse, typically in the ultraviolet or visible range. This pulse generates a

transient population of excited states within the sample, which can then be probed with
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a second laser pulse at a different wavelength and time delay °X. The resulting changes
in the absorption of the probe pulse are then detected using a highly sensitive detector,
allowing for the visualization of the spatiotemporal dynamics of the photoexcited

sample %,

One of the key advantages of transient absorption microscopy is its high temporal and
spatial resolution, which can provide insights into the ultrafast dynamics of energy and
charge transfer processes occurring within materials . The technique can also be used
to study the interaction of materials with light, including the absorption and scattering
of photons, as well as the formation and evolution of excited states.

However, transient absorption microscopy also presents some challenges, including the
need for highly specialized and sensitive instrumentation, as well as the difficulty in
accurately interpreting the complex data obtained from the technique. Additionally, the
use of high-intensity laser pulses can lead to photodamage of the sample, which must

be carefully controlled to avoid damaging biological specimens.

Despite these challenges, transient absorption microscopy is a highly valuable tool for
the study of photochemical and photophysical processes in a wide range of materials,
with potential applications in chemical and biological assessments of cells and tissues
%2 As new advances in technology and instrumentation continue to emerge, the
potential for transient absorption microscopy to reveal new insights into the dynamics

of light-matter interactions will only continue to grow.
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7. Raman Spectroscopy

The Raman effect was first theorized by Adolf Smekal and later proven experimentally
by C. V. Raman in 1928 °3%_ QOver the past 90 years, Raman spectroscopy has become
an increasingly popular field of study, with advancements in technology and

instrumentation making it a valuable tool for scientists in many different fields.

The measurement of inelastically scattered photons, originated when a light source
interacts with samples’ molecular vibrations is the basis of this powerful analytical
technique *°. The resulting scattered photons could have the same energy of the light
source, this represents Rayleigh scattering. If the photons’ energy is changed, this
indicates Raman scattering. There are two types of Raman scattered light: Stokes
Raman scattering, which has a lower frequency than the illumination source, and anti-

Stokes Raman scattering, which has a higher frequency °°.

Raman spectra are usually displayed in the wavenumbers scale, also known as the
Raman shift. A sample’s Raman spectrum could be helpful in identifying many aspects
including the sample's chemical composition and structure. Unknown samples can be
identified based on their unique Raman spectrum and the intensity of Raman bands can

determine sample’s concentration *.

7.1. Confocal Raman imaging

Confocal Raman microscopy, also known as Raman imaging is a very powerful tool
to investigate complex biological samples, such as cells. A Raman spectrometer and
a confocal microscope are joined (Figure 7.1), and a CCD camera is usually used to
record the Raman spectra from each measured pixel. A microscope lens is used to

focus the laser beam onto the sample, resulting in a good imaging special resolution
37,97
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Figure 7.1. Basic setup of a Raman microscope. The figure is adapted from Ref. [*'],
covered by CC BY 3.0 license allowing free sharing and adapting.

The collected Raman spectra could be integrated at specific spectral bands to

computationally produce a pseudo-colour image based on the relative intensity of the

selected band or bands at each measured pixel. This method allows for visualizing

subcellular compartments and for obtaining vital information on the biochemistry of

the cellular organelles of interest. Furthermore, this technique has been used in many

of the studies composing the experimental section of this thesis.
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The spatial resolution of Raman microscopy can range from several micrometres to
several tens of nanometers, depending on the specific instrument and experimental
conditions %. In general, the spatial resolution of Raman microscopy is lower than
that of some other imaging techniques, such as electron microscopy, but it offers the
advantage of the non-destructive, non-invasive analysis of a wide range of samples

including biological tissues and cells, without requiring staining or labelling.

A common way to estimate the spatial resolution of a Raman microscope is to use the
Rayleigh criterion, which states that the spatial resolution is determined by the
distance between the diffraction-limited spots of two-point sources *°. In other words,
the resolution is limited by the smallest distance between two points that can be

distinguished as separate features in the image.
The Rayleigh criterion is expressed mathematically as:
Ax =0.61A/NA

where Ax is the spatial resolution, A is the wavelength of the excitation laser, and NA
is the numerical aperture of the objective lens. This formula provides an estimate of
the minimum distance between two points in the sample that can be resolved by the

microscope %.

It is important to note that this formula is a theoretical approximation and does not
account for experimental factors such as sample preparation, signal-to-noise ratio, or
other sources of noise. In practice, the actual spatial resolution achieved by a Raman

microscope may be lower than the theoretical limit due to these factors *.

7.1.1. Label-free Raman imaging of cellular organelles

Imaging of subcellular structures and identifying the underlying chemical
properties and the biochemical changes and abnormities associated with disease
development has gained increasing popularity due to their potential in improving
our understanding of cellular processes and enhancing the diagnosis and treatment

of different conditions %, This is true in the case of ECs as identifying biochemical
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processes associated with endothelial inflammation and ED at the subcellular level
allows for a better understanding of endothelial health and disease and holds the
potential for developing novel therapeutic approaches for endothelial-related
pathologies. Selected mechanisms of ED and endothelial-related disease

progression are discussed in chapter 4.

As a label-free technique, one of the greatest advantages of Raman spectroscopy is
that it allows obtaining comprehensive information on samples’ biochemical
composition without relying on dyes. Imaging cellular organelles with a high spatial
resolution is one of the most popular applications of Raman imaging. This is
possible due to the possibility of identifying key biological compounds (such as
nucleic acids, lipids and proteins) based on their characteristic Raman bands
corresponding to the vibrational modes of their respective molecules. Details on the
label-free as well as labelled Raman imaging of cellular organelles is discussed in
chapter 10.2.
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8. Molecular Raman probes

As a label-free technique, Raman imaging could provide key information on the
distribution and, in some cases, the concentrations of important biomolecules in the
cells and tissues such as nucleic acids, proteins and lipids without relying on dyes. This
presents one of the advantages of Raman imaging as it excludes the undesirable effects
dyes might have on the samples (including in some cases cytotoxicity), moreover,
sample preparation time is cut short as the staining process is not necessary, and the
risk of photobleaching is eliminated %1, On the other hand, biological samples such as
cells are very complex systems with an array of different biomolecules whose
characteristic Raman bands could overlap limiting, to some extent, this technique’s
sensitivity and selectivity in identifying the changes in endothelial subcellular
structures associated with the development of ED 1°. Increasing the sensitivity and
selectivity of Raman microscopy techniques is one of the motivators leading to the

popularization of molecular Raman probes.

8.1. Concept, advantages and limitations

Molecular Raman probes is a term used to describe usually small molecules that have
the ability to target specific cellular organelles or specific molecules and improve their
Raman imaging. Raman probes normally contain two main parts; A targeting moiety
which contributes to the probes’ ability to mark a certain structure specifically, and a
Raman reporting moiety which improves the Raman signal from the targeted
structure. This signal improvement could be a result of signal enhancements (e.g.
providing resonantly enhanced Raman bands when excited with specific
wavenumber) or avoiding overlapping with other Raman bands (e.g. providing a band
in the Raman biologically silent spectral region [1800 — 2800 cm™]). Another
approach to molecular Raman probes is based on isotopically labelling specific
molecules which could help follow specifically interesting cellular mechanisms *°.

Indeed, many Raman probes have been shown to significantly improve the sensitivity
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and selectivity of subcellular Raman imaging. A selected summary of Raman probes
is presented in (Table 8.1).

Ideally, Raman probes should be relatively inert molecules that offer good signal
enhancement with minimal effects in the samples. Moreover, it is desirable for Raman
probes to have good selectivity and to exert no issues in solubility or cellular uptake.
With many molecular Raman probes coming close, none of them is ideal, with some
showing limitations related to poor solubility, reduced cellular uptake or

photosensitivity 1057,

Selected summary of Raman Probes
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Table 8.1. Summary of Raman probes. The table represents the names of Raman probes,
the chemical structures of their targeting and Raman reporting moieties, their subcellular
targets, their characteristic Raman bands positions, and the references where they were
studied. ER: endoplasmic reticulum. The table is reproduced from Ref. [1°], covered by CC
BY 4.0 license allowing free sharing and adapting.
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8.2. Label-free vs labelled Raman imaging of cellular organelles

As previously mentioned, label-free Raman imaging allows visualization of key
biological molecules such as nucleic acids, lipids and proteins with a good special
resolution (Figure 8.1). This would allow localizing of cellular organelles where these
molecules are most abundant. For example, following the Raman bands associated
with DNA vibrational modes (such as the Raman band at ca. 785 cm™ characteristic
for the vibration of phosphodiester bonds in DNA) allows visualizing the cell nucleus.
Similarly, imaging other subcellular structures could be accomplished by following
the Raman bands arising from the vibrational modes that are characteristic of each

cellular organelle (mentioned in detail below).

Alternatively, the use of molecular Raman probes could target specific molecules or
subcellular structures allowing their visualization with degrees of sensitivity and
selectivity that varies from one Raman probe to another, however, in most cases they
have been shown to improve Raman visualization of target structures (discussed in

details below).
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Organic Matter

Proteins

Nucleic Acids

Figure 8.1. Label-free Raman imaging biomolecules. In the middle: a bright field
image of a fixed HMEC-1, scale bar equals 10 um, surrounded by pseudo-colour
intensity images (scale bars equal 4 um) showing the distribution of all organic
compounds, lipids, proteins and nucleic acids, constructed by the integration of the
Raman spectra at 2800-3030 cm, 2830-2900 cm®, 996-1016 cm™ and 770-810 cm
! respectively.

8.2.1. Nucleus

Label-free Raman imaging of cell nuclei could be achieved by identifying the
Raman bands attributed to the vibrations of nucleotides and sugar—phosphate
backbones of DNA and RNA i.e. the Raman bands arising at ca. 785 cm™ and at ca.
813 cm™ attributed to phosphodiester bonds in DNA and RNA, respectively, as well

as the band at ca. 1095 cm™ associated with phosphodioxy (PO2") group vibration
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10116 ‘Based on this, Raman visualization of cell nuclei and identification of changes
related to various processes could be achieved. For example, in a Raman imaging
study of ECs, early apoptosis induced by in vitro incubation with Fas ligand (FasL),
an increase in the DNA Raman band at ca. 785 cm™* was observed 7. This effect,
studied using label-free Raman imaging, was believed to be due to chromatin
condensation in early apoptotic ECs.

There are different molecules that have been used as Raman probes for imaging cell
nuclei. Perhaps the most popular one of these is EdU, which is a thymidine analogue
with an alkyne tag (chemical structure in Table 8.1) that gets incorporated into
newly synthesized DNA 8, In order to fluorescently label EdU, a “copper(l)-
catalyzed azide—alkyne [3 + 2] cycloaddition” (CUAAC) reaction, known as “the
crown jewel of click chemistry”, is necessary between EdU and a fluorescent azide
119120 ' On the other hand, Raman identification of EdU could be achieved without
the “click chemistry” reaction (in a “click-free” fashion), due to its characteristic
alkyne band at ca. 2122 cm in the spectral silent region %, This makes EdU an
ideal molecular Raman probe for imaging cell nuclei. However, it specifically
probes DNA synthesis (evidenced by the disappearance of the EQJU Raman band in
EdU-tagged cells incubated with the DNA synthesis inhibitor hydroxyurea 1%°112),
thus could be employed as a Raman probe for DNA replication and cell

proliferation.

Similarly to EdU, 5-Ethynyl uridine (EU) could be used to selectively label RNA
121 " |sotopically edited EdU and EU have been used simultaneously for the SRS-
based imaging of DNA and RNA, respectively 11°. Both EdU and EU demonstrate
two key advantages over label-free Raman imaging of DNA and RNA; 1) the ability
to selectively image DNA alone (EdU) and RNA alone (EU), while it is very
difficult to isolate the label-free Raman signal of DNA and RNA due to their
proximity and possible overlapping in the Raman spectra of cells, and 2) the ability
to track DNA or RNA synthesis which gives important information on cellular
processes such as cell proliferation, a process that cannot be measured using label-

free Raman imaging.
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8.2.2. Mitochondria

Label-free Raman imaging of mitochondria could be achieved by the identification
of the Raman bands characteristic for the cytochrome complex at ca. 750, 1130,
1310 and 1590 cm™*. However, due to the relatively low mitochondrial content in
ECs and the overlapping of cytochrome Raman bands with bands associated with
more abundant intracellular proteins and lipids, label-free Raman detection of
cytochrome and imaging of ECs mitochondria is limited to resonance Raman
conditions (achieved by using a laser with an excitation wavelength below 550 nm)
122123 ‘Moreover, label-free Raman imaging of ECs mitochondria is often limited to

live-cell imaging.

For such an important cellular organelle whose label-free Raman imaging is
restricted to specific conditions, different mitochondrial labelled Raman imaging
approaches have been developed. One of which is based on the Raman probe
MitoBADY whose targeting moiety is a triphenylphosphonium cation (TPPY)
capable of targeting mitochondria due to its highly negative transmembrane
potential, and whose Raman reporting moiety is bis(aryl)butadiyne (BADY)
demonstrating a strong undisturbed Raman band at ca. 2220 cm™ in the silent region
102124 - Other Raman probes such as MitoAzo were developed by coupling the
mitochondria targeting moiety TPP™ with an azobenzene-based probe giving a
resonantly enhanced Raman band at 1375 cm™ %, Moreover, labelled Raman
imaging of mitochondria has also been performed using analogues of coenzyme Q
(AITQs) %, Examples of labelled Raman imaging of the mitochondria are
presented in (Figure 8.2A).

8.2.3. Lipid droplets

Label-free Raman microscopy is indeed a strong technique for studying lipids and
imaging the intracellular distribution of LDs. This is partly due to the existence of

long hydrocarbon chains in lipids structures causing a large scattering cross-section.
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Thus, lipids could be detected in different Raman spectral regions i.e. 3000 — 2800
cm™t (C—H stretching), 1500 — 1400 cm™ (CH. group scissoring), 1300 — 1250 cm
1 (CHs group twisting) and 1200 — 1050 cm™ (C-C stretching) 1052125126
Furthermore, characteristic chemical changes in LDs composition due to ECs
inflammation, resulting in an increased LDs content with unsaturated

characteristics, were studied using label-free Raman imaging %'

Label-free Raman imaging of lipids including in ECs is done relatively easily.
Nevertheless, specific molecular Raman probes could still offer improvements to
lipid detection and the underlying cellular mechanisms relating to lipids in the cells.
For example, the use of deuterated cholesterol (such as D-38 cholesterol) has been
used to track cholesterol accumulation in LDs with no effects on cellular processes
128 Moreover, the use of deuterated or alkylated fatty acids enabled the detection of

fatty acids transport and shed the light on their role in some cellular mechanisms
129-132

Finally, we introduced a new use for the naturally occurring carotenoid astaxanthin
as a Raman probe for subcellular lipidic structures in ECs, allowing the detection
of lipids with 10 times lower laser power than the one used in label-free Raman

imaging (explained in detail in the experimental section).

8.2.4. Lysosomes

Label-free Raman detection of lysosomes and alterations in their structures or
distributions is not possible. Therefore, a few approaches to labelled imaging of
lysosomes have been introduced. A Raman probe with  N,N-
dimethylethylenediamine as moiety sensitive to lysosomes, conjugated with
BlackBerry Quencher 650 (BBQ-650) was used for Raman imaging of lysosomes
benefiting from a signal enhancement based on using a laser with A =633 nm, close
to the range in which BBQ-650 absorbs light 1*°. Similarly, poly(deca-4,6-diyneoic
acid) (PDDA) was used to target lysosomes for SRS imaging applications %/
(shown in Figure 8.2.C).
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Figure 8.2 Labelled Raman subcellular imaging. (A) Labelled Raman imaging of
mitochondria using the Raman probes MitoBADY, AITQ2 and Mito-Azo (left) compared
to label-free Raman imaging of cytochrome c (right) in live Hela cells 102104105 (B)
Structures of EU-C,, EAU-13C, and 17-ODYA above their corresponding SRS images in
live HeLa cells, showing the distributions of RNA, DNA and fatty acids, respectively °,
(C) SRS imaging of lysosomes (P2), mitochondria (P3) and nucleus (p4) based on targeting
corresponding PDDA probes overlayed with lipids distribution (2850 cm™) %7, Scale bars
equal 10 um. The figure is reproduced from Ref. [*°], covered by CC BY 4.0 license
allowing free sharing and adapting.
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Introduction to the experimental section

The introduction section of the thesis highlighted the importance of the vascular
endothelium and the multiple functions that ECs play towards maintaining
cardiovascular homeostasis. Consequently, ED holds a great deal of significance
regarding the development of multiple diseases, where alterations occurring at the
subcellular level of ECs contribute to ED and the progression of various diseases.
Therefore, developing new methods of imaging ECs at the subcellular level and
understanding the biochemical changes associated with the development of ED is of
great importance. With Raman microscopy being one of the best tools to identify
biochemical alterations in a complex way within the cell, and the specificity and
enhancement that molecular Raman probes could offer in this regard, label-free and
labelled Raman imaging complemented with techniques such as fluorescence
microscopy and transient absorption (TA) microscopy were used to study in vitro and

ex vivo models of ED.

9.1. A novel approach to image lipids in endothelial cells based on astaxanthin labelling

With ECs activation and inflammatory response being a life-preserving strategy in
response aiming to eliminate pathogens and defective cells, prolonged ECs activation
and inflammation are interconnected with the development and progression of many
endothelium-related pathologies **. Stimulation of ECs with TNF-a. is considered one
of the most common models to study endothelial inflammation in vitro. Upon
incubating ECs with TNF-a, cells are activated through the NF-xB pathway 1271%,
Consequently, an increased expression of adhesion molecules including ICAM-1,
VCAM-1 and COX-2 is observed. Moreover, the resulting ECs inflammation leads to
alterations in ECs' lipids content, specifically LDs, where inflamed ECs are shown to

possess a higher number of LDs containing lipids of unsaturated characteristics 1057127,

Carotenoids are natural compounds found in algae, plants and animals. They are
structurally tetraterpenoids containing multiple carbon-carbon double bonds
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appearing in colours ranging from yellow to red $3413°, AXT is one of the compounds
belonging to the xanthophylls classification of the carotenoids group 3+, AXT is a
red pigment widely studied for its antioxidant and anti-inflammatory effects and is
suggested to exert anticancer and antidiabetic properties 136140, AXT absorbs the light
in the visible range coinciding with the excitation of most lasers used for Raman
imaging of cells, thus showing resonantly enhanced Raman bands at ca. 1520, 1159
and 1009 cmt 134140142 AXT has a high affinity towards lipids causing it to

accumulate in cells and tissues in specific lipidic structures 41,

A novel method to study the distribution of relatively small amounts of lipids in ECs
and identify the changes in ECs' lipid content upon inflammation, relying upon AXT

as amolecular Raman probe, is shown here as the first part of the experimental section.

9.2. Assessment of astaxanthin as a Raman probe for endothelial cells lipids, addressing

cells heterogeneity.

ECs demonstrate a great deal of heterogeneity across different organs in the body.
This heterogeneity allows ECs to carry out specific tasks related to the needs of each
organ. After establishing AXT as molecular Raman probe biosensing lipidic structures
in ECs, a study was conducted to test the hypothesis that AXT is a universal Raman

probe for studying lipids in ECs despite their origins.

With a lot of studies done on its effects on cellular mechanisms and a couple of studies
done on its use as a lipid probe, little is known about the excited-state dynamics of
AXT in cells. A transient absorption microscopy-based collaborative work with
Tingxiang Yang and Prof. Benjamin Dietzek of Leibniz Institute of Photonic
Technology (Leibniz-1IPHT) was performed in order to shed the light on the excited-
state dynamics of AXT in live cells and to clarify whether or not AXT exists in the

aggregated form in cells.

9.3. Studying the endothelial cells’ uptake of astaxanthin in free and encapsulated forms
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Liposomes are nanoscale vesicle structures assembled from non-toxic phospholipids
that have found wide application in cargo transport of both lipophilic and lipophobic
molecules into cells 1*3. Liposomal encapsulation has been used to solubilize, increase
bioavailability, and improve the stability of several bioactive molecules and natural
products while having the advantages of being customizable for different applications,
relatively biocompatible and biodegradable 43144,

Due to its chemical structure that consists of a long polyene chain and two terminal
rings, AXT is highly lipophilic, which limits its bioavailability and consequently its
use as an antioxidant dietary supplement. Liposomal encapsulation is one of the
methods shown to improve AXT bioavailability, antioxidant effect, stability and
solubilization. It was reported that both neutral and positively-charged liposomes

enhance the efficacy of AXT cytoprotective effects in vitro 145247,

The uptake and anti-inflammatory effects on ECs of free and encapsulated AXT (in
neutral liposomes and cationic lipoplexes) were investigated using Raman and

fluorescence microscopies.

9.4. A novel approach to assay endothelial cells’ proliferation and regeneration in in

vitro and ex vivo conditions

The phenotype of ED is usually interconnected with the inability of ECs to regenerate,
starting at the impairment of ECs proliferation capacity, resulting in failure to repair
ED %1%, Therefore, studying ECs proliferation and their capacity to regenerate is of
high importance. Moreover, applications of probing ECs regeneration are especially
important in in vivo and ex vivo conditions where the experimental environments are
closer to that of real life and interactions between ECs and other cell types are taken

into consideration.

There are different techniques utilized to assay cell proliferation, the majority of
which rely on monitoring changes in the number of cell populations over time. For
example, cell counting using viability dyes such as trypan blue or Calcein-AM can

provide both the rate of proliferation and the percentage of viable cells, Calcein and
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P1-DNA can be utilized for simultaneous fluorescence detection of viable and dead
cells 14°, Carboxyfluorescein succinimidyl ester (CFSE) is used to permanently label
cells and study their division based on the decrease in cell fluorescence **°. Metabolic
proliferations assays, such as MTT, XTT or WST-1 have been used to assess the
metabolic activity of the samples and indirectly assay proliferation. It’s also possible
to detect cell proliferation by utilizing specific monoclonal antibodies, for example

using antibodies against Ki-67 protein 1512,

Nevertheless, DNA synthesis proliferation assays, based on the detection of
incorporated labelled molecules into samples’ DNA, are usually the methods of choice
to probe the proliferation and regeneration of ECs. 3H-thymidine, BrdU and EdU
assays are examples of such approaches where a thymidine analogue or an isotope is
incorporated into cells’ DNA during replication, and proliferation is assayed based on
the cell count and the signal intensity from the used probe °3%°4, In this category, the
EdU assay is the most advantageous as it does not rely on radioisotopes (like the 3H-
thymidine assay), or antibodies (like the BrdU assay). Moreover, it does not require

DNA denaturation and uses relatively low molecular weight dyes.

5-ethynyl-2’-deoxyuridine (EdU) is a thymidine analogue that gets incorporated into
newly synthesized DNA and is used to assay cell proliferation after being labelled
with an azide fluorescent dye via a “click chemistry” reaction 11°12° (Figure 9.1A). On
the other hand, Raman identification of EdU could be done in a “click-free”” manner,
due to its characteristic alkyne Raman band at ca. 2122 cm™ in the spectral silent
region (Figure 9.1B) 1%, The advantage of such a Raman imaging-based approach is
that it does not rely on non-permeable dyes or the “click chemistry” with the cytotoxic
copper, allowing EdU imaging in live ECs. Raman imaging of EdU-labelled cell
nuclei was previously reported %1% However, a Raman imaging-based assay of ECs
proliferation in vitro, and more importantly of ECs regeneration ex vivo was reported
for the first time as part of the results obtained during the completion of this PhD
thesis.
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Figure 9.1. Fluorescence “click chemistry” vs Raman “click-free” detection of
EdU. (A) Basis of the fluorescence microscopy detection of EdU as EdU
incorporates into DNA, then a “click chemistry” reaction is used to fluorescently
label it. (B) A Raman spectrum of EdU (black) showing its alkyne (C=C) Raman
band in the cell spectroscopically silent region presented in an averaged cell
spectrum (red).

ECs proliferation assay using a Raman imaging-based approach was performed using
fluorescence imaging of EdU (after its “click chemistry” reaction with a fluorescent
dye) as a reference method. For the in vitro assays, ECs treated with cycloheximide
(CHX), a widely used protein synthesis inhibitor that inhibits cellular DNA synthesis
by stalling replication forks due to protein deprivation 6%’ were used as a model for
impaired cell proliferation. Another model was used based on Doxorubicin (DOX)
treatment. DOX is an anthracycline antibiotic limitedly used in cancer treatment due
to its cardiotoxicity that causes inhibition of cell proliferation as well %8, Moreover,
ECs regeneration ex vivo is studied in isolated murine aorta after induced mechanical

injury to the endothelium tagged with EdU.
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10. Imaging lipids in endothelial cells based on astaxanthin labelling

Part of the results reported in this chapter, obtained during the completion of the PhD

thesis, are already published and are available under Ref. [*’] and Ref [*%}].

“Radwan, B.; Adamczyk, A.; Tott, S.; Czamara, K.; Kaminska, K.; Matuszyk, E.;
Baranska, M. Labeled vs. Label-Free Raman Imaging of Lipids in Endothelial Cells of
Various Origins. Molecules 2020, 25 (23), 5752”.

“Czamara, K.; Adamczyk, A.; Stojak, M.; Radwan, B.; Baranska, M. Astaxanthin as a
New Raman Probe for Biosensing of Specific Subcellular Lipidic Structures: Can We
Detect Lipids in Cells under Resonance Conditions? Cell. Mol. Life Sci. 2021, 78 (7),
3477-3484”.

10.1. Obijectives of the study

With the significance and motivation of introducing a new method to study endothelial
subcellular lipid-rich structures discussed in previous chapters and the properties of
AXT, especially its high affinity towards lipids and its distinct Raman spectrum, the
study presented in this chapter was aimed at assessing the potential of AXT to be used
as a Raman probe for lipids in ECs. Moreover, this work was aimed at demonstrating
the time-dependent accumulation of AXT in lipid-rich cellular organelles, namely
LDs and ER, and for the first time the nuclear envelope (which has not been possible

until now to be imaged using label-free Raman techniques).

10.2. Materials and methods

10.2.1. Cell culture

For subsequent Raman measurements, HMEC-1 (ATCC® CRL-3243™, USA)
were seeded on calcium fluoride (CaF) slides, to reach their optimal confluency
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after 24h. HMEC-1 were cultivated in a complete MCDB131 medium (Gibco Life
Technologies) supplemented with “10 mM L-glutamine (Gibco Life Technologies),
1 ug/mL hydrocortisone (Sigma Aldrich), 10 mg/mL EGF (Sigma Aldrich), 10%
FBS (Gibco Life Technologies) and antibiotic antimycotic solution consisting of
10.000 U penicillin, 10 mg streptomycin and 25 pg amphotericin B per mL”.
HMEC-1 were either pre-treated with 10 ng/ml TNF-a (Sigma Aldrich) or kept in
a fresh medium for 24h. Subsequently, the cells were rinsed with PBS and exposed
to cell culture media that contained AXT (Sigma Aldrich) at a concentration of 10
uM for different durations such as 0, 30 minutes, 1h, 3h or 6h. The cells were then
fixed using 2.5% glutaraldehyde for 4 minutes and immersed in PBS, after which
they were preserved at 4°C until Raman imaging. Alternatively, samples of live
cells were pre-treated with TNF-a for 24 hours, cleansed twice with PBS, and then
subjected to a 6-hour incubation with AXT. They were subsequently washed and
immediately subjected to imaging using the Raman microscope.

10.2.2. Raman imaging

Raman measurements were conducted using a “WITec alpha 300 Confocal Raman
Imaging system” from “WITec GmbH in Germany”. The system was equipped with
a CCD camera (Andor), a UHTS 300 spectrograph, and a 63x water immersive
objective (Zeiss, NA = 1.0). A solid-state laser with an excitation wavelength of A
=532 nm was used in all measurements. Each measurement was taken twice, once
with a laser power of 3 mW ("low laser power") and once with a laser power of 30
mW ("high laser power"). The measurements employed 0.5 and 1.0 um step sizes

in the xy and xz dimensions, respectively, with an integration time of 0.5 s.

10.2.3. Quantification of ICAM-1 overexpression

HMEC-1 were seeded onto 96-well plates and left for 24 h to grow to the full
confluency, then the cells were treated with: AXT (10 uM, 3h), TNF-a (10 ng/mL,
24h), AXT with TNF-a simultaneously or AXT followed by TNF-a. Cells in fresh



68

MCDB131 medium and DMSO were considered negative controls. HMEC-1 were
fixed using 2.5% glutaraldehyde for 4 min, incubated in the dark with mouse anti-
human CD54-PE (BD Pharmingen) and stained with Hoechst 33342 (Life
Technologies) for 30 minutes. The overexpression of surface ICAM-1 and cell
nuclei were imaged by fluorescence microscopy (ScanR screening system). The
images were analysed using Columbus 2.4.2 Software (Perkin Elmer).

10.2.4. Data analysis

Raman spectra obtained from all samples were processed by a routine cosmic ray
removal and were baseline corrected using auto-polynomial of degree 2 (“WITec
Project Plus” software). Pseudo-colour Raman images were obtained by the
integration of the intensity of Raman bands in spectral ranges 1545-1495, 2900-
3030 and 3030-2830 cm™ corresponding to AXT, lipids and organic matter,
respectively. In order to study the time-dependence of AXT accumulation, the
intensity of the AXT band at ca. 1520 cm™ was normalized for all the cells as zero
value was set for the control (no AXT incubation) and the maximum set for the 6

hours incubation time group.

10.3. Results and discussion

10.3.1. Astaxanthin localization in endothelial cell lipid-rich organelles

Label-free Raman spectrum of a lipid droplet in an EC (Figure 10.1A),
demonstrated key characteristic Raman bands for lipids, such as the ones at ca. 3015
cm?t attributed to =C-H stretching, 2850 cm™ for C-H stretching, 1660 cm™
associated with C=C stretching, 1444cm™ attributed to -CH2 group scissoring, 1305
cm? connected with the twisting of the CH, and CHs groups, and 1250 cm™
characteristic for C—H bending. In order to obtain such spectrum identifying
characteristic Raman bands for LDs in ECs, a laser of 532 nm wavelength was used

to excite the samples, with a laser power of 30 mW at the cell samples was used.
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When the same laser was used to excite the samples but with a laser power of 3 m\W
(10 times lower than the one used to obtain spectrum A), a spectrum consisting of

noise with no identifiable Raman bands appeared (Figure 10.1B).

When ECs were incubated with 3,3’-dihydroxy-f,B’-carotene-4,4’-dione (AXT)
(Figure 10.1), and measured using relatively low (3 mW) laser power, characteristic
Raman bands of AXT (specifically at ca. 1520, 1159 and 1009 cm™* were observed
at the LDs in cells (Figure 10.1C). This Raman spectrum of an LD of an EC stained
with AXT and measured with low laser power correlated ideally with the spectrum
of AXT dissolved in castor oil (Figure 10.1D). Unlike the Raman spectrum shown
in (Figure 10.1E) of AXT powder which demonstrated a band at 1517 cm™, slightly

shifted compared to the ones of AXT dissolved in castor oil or ECs lipids.

Utilizing relatively lower laser power (3 instead of 30 mW) to acquire the Raman
spectrum of AXT is due to the fact that AXT is sensitive to higher laser power and
could undergo bleaching. However, this condition comes with great potential for
imaging LDs in ECs stained with AXT using lower laser power. This is especially

beneficial for more fragile samples such as live ECs.
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Figure 10.1. Label-free and AXT-labelled Raman spectra of EC lipids.
Structure of AXT above (A) Raman spectrum of a lipid droplet (LD) in an EC
measured using high (~30 mW) laser power. (B) Raman spectrum of an LD in an
EC measured using low (~3 mW) power. (C) Raman spectrum of an LD in an EC
subjected to AXT treatment (for 6h) and measured using low laser power. (D)
Raman spectrum of AXT solution in a non-polar solvent (castor oil). (E) Raman
spectrum of AXT powder.

The potential of AXT as a Raman probe for imaging lipid-rich cell organelles in

ECs was testes in HMEC-1, where cells were incubated with AXT for different
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times of incubation. Each cell was measured twice; First with lower laser power (3
mW), and then the same cells were measured with higher (30 mW) laser power, to
image the distribution of AXT and lipids, respectively. The Raman spectrum of
AXT showed resonantly enhanced Raman bands when excited with a 532 nm laser.
The integration of the Raman spectrum of AXT's most intense band around 1520
cm? allowed for the detection of AXT distribution in ECs, whereas lipids'
distribution was imaged by integrating the characteristic bands for lipids due to CH2
stretching vibrations. AXT was found in the LDs of ECs starting from the 30-minute
incubation group, with time-dependent accumulation in lipid-rich organelles. For
shorter incubation times of 30 minutes and 1 hour, AXT accumulated in the LDs of
ECs. The area of cells occupied by the ER, an organelle rich in phospholipids,
showed AXT when incubated for 3 hours. Additionally, longer incubation times of
3 and 6 hours showed a clearer distribution of ECs lipids than the integration of
Raman spectra for lipid bands (approximately 2850 cm™), producing images with

enhanced contrast that also showed the nuclear envelope.

Inflammatory conditions induced by pre-incubation with the proinflammatory
cytokine TNF-a led to changes in ECs' lipid content, resulting in an increase in
intracellular lipids. AXT was used to image lipids in healthy (untreated) and
inflamed (TNF-a treated) ECs. Figure 10.2 demonstrates increased AXT
distribution in inflamed ECs, highlighting AXT's potential to image ECs' lipids and
track changes in lipid distribution during pro-inflammatory treatment.
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Figure 10.2. Time-dependent AXT accumulation and AXT-labelled Raman imaging
in healthy and inflamed HMEC-1. Raman visualization of the distribution of organic
matter, lipids, and AXT using high and low laser power (approximately 30 mW and 3 mW,
respectively). The integration of Raman spectra obtained from designated regions in the
figure was used to image these compounds in both control and AXT-labelled HMEC-1
cells at different time points (30 min, 1h, 3h, and 6h). In addition, a group of cells were pre-
incubated with TNF-a for 24h to induce inflammation (labelled inflamed).

The results of the Raman imaging of AXT distribution in ECs lipid droplets are
presented in (Figure 10.3). A comparison of images obtained using high and low
laser powers revealed the distribution of lipids in the cell only in the image obtained
with high laser power (Figure 10.3D). The integration of the Raman spectra in the
spectral region associated with lipids (2900 — 2830 cm™) measured using low laser
power did not allow for the detection of the distribution of lipids in the cell (Figure
10.3B). However, the distribution of AXT (and consequently lipids) was clearly
visible in the image obtained with low laser power (Figure 10.3C), but disappeared

when measured with high laser power (Figure 10.3E) due to the bleaching of AXT.

These findings support the idea of AXT localization in ECs lipids, as demonstrated
by the matching distribution seen in the figure’s C and D images showing the
distribution of AXT and lipids, respectively. Moreover, Figure 10.3F revealed that
AXT accumulated in LDs and was present in the lipid-rich cellular area around the

nucleus. Extracted Raman spectra from the same area (an LD) when measured with
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low and high laser power demonstrated AXT bands (in the former) and lipids bands
(in the latter) (Figure 10.3G).
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Figure 10.3. AXT shows colocalization with lipids in ECs. (A) Raman images of organic
compounds (3030-2830 cm™t) with the arrow indication the area from which the spectra in
(G) were obtained. (B and C) Raman images of lipids (2900-2830 cm™) and AXT (1545-
1495 cm™) were obtained using low (3 mW) laser power. (D and E) Raman images of
lipids were obtained using high (30 mW) laser power. (F) merged image showing DNA
(800-775 cmt, red) and AXT (blue) distributions. (G) extracted Raman spectra of an LD
obtained using low and high laser power.

10.3.2. Live-cell imaging, the advantage of using low laser power

AXT allows visualization of lipids in ECs using laser power that is 10 times less
than the one used for label-free Raman study of lipids. The benefit of using lower
laser power appears when samples that are relatively fragile or that could be
affected by a higher power laser are considered. Live ECs are an example of such

samples which could benefit from being imaged using lower laser power. Live



74

imaging of AXT-labelled HMEC-1 is shown in (Figure 10.4), where AXT
distribution in the cells and hence lipids distribution is displayed with good contrast.

Moreover, live cell imaging is especially beneficial when monitoring cell processes
is desired. In this context, AXT holds the potential of labelling lipidic subcellular
structures in live cells and monitoring changes in lipids distribution, formation of

LDs changes in ER or the integrity of the nuclear envelope (e.g. during apoptosis).

S5um

Figure 10.4. AXT allows labelled live cell imaging with low laser power. Raman
images of 5 different live HMEC-1 showing the distribution of AXT (1545-1495
cmt) obtained using low (3 mW) laser power. Cells were pre-incubated with TNF-
a (24h), then treated with AXT for 6h.

10.3.3. Visualizing the nuclear envelope

To confirm that AXT accumulates in the nuclear membrane and allows its
visualization, 3D Raman imaging-based depth profiling of AXT-labelled HMEC-
1 was carried out. (Figure 10.5) shows 3D Raman imaging of the area around the
cell nucleus, where the lipid-rich nuclear membrane is located. The images (Figure
10.5A and B) constructed by the integration of the Raman spectra to show the
distribution of AXT indicate that AXT indeed accumulated in the area around the
nucleus attributed to the nuclear envelope. While offering a tool for visualizing LDs
and ER in EC samples, visualizing the nuclear membrane is another advantage for
AXT-labelling, a feature that could not be achieved using label-free Raman imaging

techniques.
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It is noteworthy that the isolation of the signal of AXT originating from its
accumulation in the nuclear envelope, and the ones from LDs or ER is difficult.
Figure 10.5C shows the isolated Raman spectrum of the AXT characteristic band
at ca. 1520 cm™ from the nuclear envelope and LDs. The signal from the nuclear
envelope was slightly wider with shoulders, with its peak at ca. 1522 cm™. Whereas,

the Raman bands extracted from LDs had a peak at ca. 1524 cm™. Importantly, such

distinction requires further investigation such as spectral modelling.

st
~
wn
-

>
=
3
c
7]
z
£

Raman intensity

AXT in water

1560 1540 1520 1500
Wavenumber / cm

M AXT in nuclear envelope
@ AXT in lipid droplets

Figure 10.5. AXT allows visualizing the nuclear membrane of ECs,
revealed by 3D Raman imaging. (A) Raman images showing intensity
projection of AXT marker band at ca. 1520 cm™ in the xy plane of an
HMEC-1 pre-incubated with TNF-a (24h) and labelled with AXT (3h). (B)
Imaging of the section indicated by the green line constructed from layers
in the z-direction with 1 pm step size. (C) Characteristic AXT band at ca.
1520 cm™ from AXT in DMSO and water (grey), LDs (red) and the nuclear
envelope (blue).
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10.3.4. Astaxanthin as an anti-inflammatory agent

One of the widely used markers used to study ECs inflammation is the
overexpression of the intracellular adhesion molecule ICAM-1. To assess whether
or not AXT contributes to ECs inflammation, fluorescence microscopy was used to
measure ICAM-1 expression in HMEC-1 in the presence or absence of TNF-a pre-
treatment. Figure 10.6 shows a significantly higher expression of ICAM-1 in the
group of cells incubated with TNF-a for 24h. This pro-inflammatory effect is
attenuated when TNF-a incubation is preceded (labelled AXT + TNF-a) or
followed by AXT treatment (labelled TNF-a + AXT), with no significant change in

the expression of ICAM-1 between these two conditions.

AXT incubation alone did not contribute to ECs inflammation, which is a useful
quality when considering a new molecular probe, as it is desirable for it to not exert
harmful or proinflammatory effects on the samples. Interestingly, while AXT
treatment decreased ICAM-1 expression in ECs, it did not cause significant changes
to the LDs content of the cells (results regarding this are presented in Chapter 12).
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Figure 10.6. AXT anti-inflammatory effect on HMEC-1, a fluorescence
microscopy quantification of ICAM-1 expression. ICAM-1 expression
per cell in HMEC-1 presented as means + SEM for the groups: control
(untreated), DMSO (cells incubated with the solvent used for AXT), TNF-
o (24h), AXT (3h), and AXT treated groups before and after TNF-a
incubation.

10.4. Conclusions

This chapter presented AXT as a novel Raman probe for lipidic subcellular structures
in ECs. Specifically, AXT labelling could provide information on the distribution of
LDs, ER and the nuclear envelope while using relatively low (3 mW) laser power to
excite the samples. This is especially beneficial for live ECs imaging and when
imaging biological processes such as LDs formation or changes in the integrity of the
nuclear membrane such as during apoptosis. Furthermore, the effects of the pre-
incubation with the pro-inflammatory cytokine TNF-a on the distribution of LDs in
ECs were studied using AXT labelling.
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In both healthy and inflamed ECs, AXT demonstrated a colocalization with areas in
the cells attributed to LDs, and ER. Moreover, the accumulation of AXT in the area
around the cell nucleus was attributed to the nuclear envelope. AXT showed a time-
dependent accumulation in the lipidic structures in the cells where AXT-labelled
Raman imaging could be used for the visualization of LDs solely at the shortest
incubation time (30 min), LDs and ER after being subjected to AXT labelling for 1h
or LDs, ER and the nuclear envelope for longer (3 and 6h) incubation times. Finally,

AXT does not contribute to the inflammation of ECs.

Altogether, AXT labelling is a novel approach to Raman imaging of lipids in ECs that
proposes an alternative or a complementary technigue to label-free Raman imaging of
lipids, opening the door for future directions with great potential. An example of that
could be benefiting from AXT's resonantly enhanced signal for fast detection of
intracellular lipids using techniques such as SRS or CARS.
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11. Astaxanthin as a Raman probe for lipids in endothelial cells of different origins.

Part of the results reported in this chapter, obtained during the completion of the PhD
thesis, are already published and are available under Ref. [*]

“Radwan, B.; Adamczyk, A.; Tott, S.; Czamara, K.; Kaminska, K.; Matuszyk, E.;
Baranska, M. Labeled vs. Label-Free Raman Imaging of Lipids in Endothelial Cells of
Various Origins. Molecules 2020, 25 (23), 5752”.

Transient absorption microscopy measurements were done in collaboration with
researchers from the Leibniz Institute of Photonic Technology (Leibniz-IPHT), under

the framework of LogicLab ITN. Results are reported in Ref. [**°]

“Yang, T.; Chettri, A.; Radwan, B.; Matuszyk, E.; Baranska, M.; Dietzek, B.
Monitoring Excited-State Relaxation in a Molecular Marker in Live Cells—a Case Study
on Astaxanthin. Chem. Commun. 2021, 57 (52), 6392-6395".

11.1. Obijectives of the study

Although they form a continuous monolayer of cells, ECs are considerably
heterogenous, showing differences depending on their local environments and the
organs from which they originate. This chapter aims to assess AXT as a universal
Raman probe for lipids in ECs of various organelles. Moreover, the label-free Raman
imaging of lipids is compared to the previously presented AXT-labelled approach to
image lipids in ECs showing the advantages and limitations of each method. Finally,
the excited state dynamics of AXT in live cells are studied to determine whether or

not AXT exists in a conjugated form within cellular lipids.



80

11.2. Materials and methods

11.2.1. Cell culture

For this work, three different endothelial cell lines were used; Primary HAOEC,
HCAEC and HBEC-5i to represent ECs from three different organs; the aorta, the

heart and the brain, respectively.

The HAOEC and HCAEC cell lines were cultured in a complete EGM-2MV
medium that contained various supplements, including L-glutamine (10 mM),
hydrocortisone (1 pug/mL), EGF (10 mg/mL), FBS (10%), and antibiotics (1%).
HBEC-5i cells were cultured in DMEM: F12 medium supplemented with FBS
(10%), antibiotics (1%), and endothelial cell growth supplement (40 pg/ml). All
cells were incubated in a humidified cell culture incubator at 37°C and 5% CO..
For Raman measurements, cells were seeded on CaF slides and allowed to reach
optimal confluency overnight. A group of cells was pre-treated with TNF-a to
induce inflammation, while the other cells were incubated with their respective

medium. Cells were then treated with AXT for varying durations, fixed using

11.2.2. Raman imaging

Raman imaging was carried out using a “WITec alpha 300 Confocal Raman
Imaging system” with a 532 nm excitation laser and a 60x water immersion
objective (Nikon Fluor, NA = 1.0). Measurements were done twice with low and
high laser powers (similar to the previous chapter), and integration time and step

size were set at 0.5 s and 0.5 um, respectively.

11.2.3. Transient absorption microscopy

MCEF-7 cells were incubated in RPMI 1640 medium with FBS (10%) and antibiotics
(1%), and treated with AXT for 24h before being washed with PBS. Afterwards,
cells were incubated with AXT (10 uM) for 24h and washed with PBS. Cells were
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either fixed with 4% formaldehyde (Carl Roth, Germany) or were subjected to
transient absorption microscopy measurements directly. The transient absorption
spectroscopy instrumentation was demonstrated in detail in Ref [*%°], and the
transient absorption microscopy setup for obtaining the excited-state kinetics of
AXT in cells in Ref [*®1].

11.2.4. Data analysis

Raman spectra obtained from all samples were processed by a routine cosmic ray
removal and were baseline corrected using auto-polynomial of degree 3 (“WITec
Project Plus” software). Cluster analysis (CA) was performed with the k-means
method (k-means cluster analysis, KMCA) using the Manhattan distance was
utilized to obtain spectra of the cells. Origin Pro 2020b (OriginLab Corporation)
software was used for normalizing and presenting the spectra. Cell spectra were
obtained by averaging at least 5 different cells (n=5) from each group and presented

with their respective standard deviations (SD).

11.3. Results and discussion
11.3.1. Label-free vs astaxanthin-labelled Raman imaging of endothelial cell lipids

To assess the two approaches to imaging lipids in ECs i.e. label-free Raman
imaging of lipids compared to the newly presented AXT labelling-based Raman
imaging of lipids in ECs, every cell measurement was done twice; first using low
(ca. 3 mW) and then using high (ca. 30 mW) laser power. In the AXT-labelled cell,
low laser power provided the distribution of AXT in the cells, based on the relative
intensity of AXT marker Raman bant at ca. 1520 cm™. AXT distribution was used
as an indicator of the distribution of different lipidic structures in the cells i.e. LDs,
ER and the nuclear envelope. AXT intracellular distribution could be imaged using

a laser power which is 10 times lower than the one used for label-free Raman
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Imaging using the same instrumentation (mentioned in the materials and methods

part).

Figure 11.1 demonstrates the two approaches; AXT-labelling allows imaging ECs
lipids with relatively low laser power, producing good contras images and proving
information not possible to obtain with label-free technique (imaging the nuclear
membrane). Whereas, label-free Raman imaging could provide information on the
ECs lipids composition i.e. the unsaturation of lipids in the cell by following the

characteristic band for the =C—H stretching vibration at ca. 3015 cm™.

Since inducing inflammation caused by incubation with the pro-inflammatory
cytokines such as TNF-a results in an increase in LDs, especially with unsaturated
characteristics, both the distribution of LDs and their degree of unsaturation could

be considered key information in determining the inflammatory state of ECs.

Organic matter

Organic matter
Lipids
(1502-1535cm)  (2900-2830 cm'?) (3030-2800 cm'?)

AXT

Lipids Lipids
(3030-3000cm!) (2900-2830cm?) (3030-2800cm'?)

Unsaturated

Figure 11.1. Label-free vs AXT-labelled Raman imaging of lipids in ECs. Raman
images of HAOEC with and without TNF-a pre-treatment (24h) and incubated with AXT
for 0 (no AXT), 1, 3 or 6h, showing the distribution of organic matter, lipids, unsaturated
lipids or AXT by Raman spectral integration at the spectral regions mentioned in the figure.
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To assess the spectral differences between the normal and inflamed states of ECs
from different origins; namely ECs from the aorta (HAOEC), from the heart
(HCAEC), and from the brain (HBEC), averaged cell spectra from each group were
extracted using K-means cluster analysis (KMCA). The spectra presented in (Figure
11.2) showed that there is not significant difference appearing between the different
cell lines. However, cells that were pre-treated with TNF-a for 24 hours showed an
increased signal in the marker band for lipids unsaturation at ca. 3015 cm™. This
alteration in the cellular lipids composition was apparent in HAoEC, HCAEC and
HBEC similarly.
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Figure 11.2. Spectral profiling of different ECs in normal and inflamed conditions.
Raman spectra (presented as averaged spectra + SD) of HAoEC (red), HBEC-5i (blue) and
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HCAEC (grey) with the TNF-a treated inflamed cells spectra presented in the respective
darker colour.

11.3.2. Astaxanthin visualizing lipids in endothelial cells of different vascular beds

ECs from different organs may present changed uptake or metabolic activities for
different molecules based on the high degree of heterogeneity they possess. In the
last chapter, AXT was presented as a Raman probe for lipids in HMEC-1, the ECs
from human microvasculature. Here, there different cell lines from the aorta, heart
and brain (HAoEC, HCAEC and HBEC-5i, respectively) were selected to assess

AXT labelling as a Raman probe of lipids in ECs from different organs.

Figure 11.3 presents the distribution of AXT and of cellular lipids after O (control),
1, 3 or 6h of being subjected to AXT labelling (incubating cells with AXT in their
cell culture media). Cells in their normal conditions (Figure 11.3A) demonstrated
an overall lower number of LDs compared to cells pre-treated with TNF-a to induce
inflammation (shown in Figure 11.3B). Overall, there are no significant differences
in cells' response to pro-inflammatory treatment, with all three cell lines showing

increased numbers of LDs after being subjected to TNF-a pre-treatment.

Furthermore, the three different cell lines show similar uptake of AXT. The AXT-
labelled Raman imaging of lipids in HAOEC, HCAEC and HBEC followed similar
trends such as; AXT accumulated in the lipid-rich are of the cells cytoplasm in a
time-dependent manner, demonstrating at first accumulation in LDs (after being
treated with AXT for 1h), then less lipidic structures (ER and the nuclear envelope)
for longer (3 and 6h) incubation times. Intracellular AXT content appeared to be
dependent on cellular lipids content as with increased intracellular lipids (in
inflamed cells presented in Figure 11.3B) AXT showed increased accumulation in
cells and improved contrast of the intensity images.
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Figure 11.3. Assessment of AXT as a molecular Raman probe for lipids in ECs of
various origins. Raman images of normal (A) and inflamed (TNF-a-pre-treated) cells (B)
of HAoEC, HBEC-5i and HCAEC visualizing the distribution of organic matter (3030-
2800 cm™), lipids (2900-2830 cm™) and AXT (1535-1502 cm™). Scale bars indicated at
each image equal 5 um.

11.3.3. Does astaxanthin exist in isolated or aggregated form in cellular lipids?

Complementary information from transient absorption microscopy

Previously presented Raman data (see Figure 10.1) demonstrated a shift observed
in the characteristic Raman band of AXT when it appeared in different
environments; i.e. AXT showed a band at 1517 cm™ in the solid state compared to
when AXT was dissolved in castor oil or ECs lipid droplets (demonstrated a band
at 1520 cm™?). This slight shift observed with Raman spectroscopy could indicate
that AXT might exist in the aggregated form in cellular lipids. However, such a
conclusion needed to be confirmed or disputed using another technique.
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Transient absorption microscopy was used to study the excited state dynamics of
AXT in solution (DMSO) as well as in live and fixed cell samples. Firstly, transient
absorption spectra of AXT (in DMSO) were collected upon excitation of its S; state
at 510 nm to determine the suitable conditions for the measurement of the excited-
state dynamics of AXT in cells. As shown in (Figure 11.4A), a strong excited-state
absorption was detected between 545 and 780 nm, leading to the consideration of
the probe-wavelength of 625 nm for the transient absorption microscope

measurements in cells.

The intracellular distribution of AXT is shown in (Figure 11.4B), similarly to
Raman data (although Raman imaging presented much-improved contrast) AXT is
shown to accumulate in the lipid-rich areas around the nucleus. Finally, the S;
lifetimes of AXT were determined in DMSO, fixed and live cells (Figure 11.4C) to
be 5.3, 5.3 and 5.7 ps, respectively. This similarity in the lifetime of AXT in cells
and DMSO solution demonstrated that the transient absorption signal of AXT in
cells comes from isolated AXT, as AXT aggregates have significantly longer S;

states 162163,
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Figure 11.4. Transient absorption microscopy revealed that AXT does not aggregate
in cells’ lipids. (A) Transient absorption spectra of AXT in DMSO (pump wavelength =
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510 nm) at the delay times of (0.2, 1.0, 5.0, 8.0 and 15 ps) with the spectrum of filled and
scale-inverted steady-state absorption referencing ground-state bleaching. (B) Phase image
and transient absorption microscope image (pump and probe wavelengths = 470 and 625,
respectively) of an MCF7 cell. (C) The kinetic traces of AXT in solvent (DMSO), fixed
and live cells with the insert showing the spectra from the first and second runs of the
experiment. The figure is adapted from Ref. [**°] with the permission of the Royal Society
of Chemistry.

11.4. Conclusions

This chapter presented the label-free compared to the AXT-labelled Raman imaging
approaches to identify lipids distribution in ECs of various origins. Imaging of lipids
using label-free Raman microscopy could shed the light on key biochemical aspects
relating to the composition of LDs in the cells, such as the distribution of unsaturated
lipids and it allows the acquisition of the spectral profiles of intracellular lipids.
Whereas AXT serving as a Raman probe for lipids in ECs allows imaging of lipid-
rich subcellular structures (LDs and ER) in a time-dependent manner, moreover, AXT
allows the visualization of the nuclear envelope, which is not possible using the label-
free approach. It is also worth noting that in cases where higher laser power could
negatively affect the samples (for more fragile samples such as live ECs), AXT allows
visualization of ECs lipids using laser power 10 times lower than the one used for
label-free imaging.

AXT demonstrated similar uptake by ECs from different organs i.e. the aorta, heart
and brain (HAoEC, HCAEC and HBEC-5i, respectively). AXT accumulated in the
lipids of ECs from different organs in a time-dependent manner. Moreover, AXT
showed an increased accumulation when the intracellular lipid content increased i.e.
in inflamed ECs where an increase in the number of LDs is observed due to altered
lipids content. These results show the great potential of AXT to be considered as a
universal Raman probe for ECs lipids regardless of their origins.
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Finally, the transient absorption microscopy data clarified that AXT existed in the
isolated form as opposed to forming aggregates in the lipids of cells, complementing

the Raman imaging information on the state in which AXT is situated in cells.
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12. Astaxanthin uptake by endothelial cells in free and encapsulated conditions

The results reported in this chapter have not been previously published elsewhere,

however, a manuscript presenting part of the results is already submitted to the journal.

Radwan, B.; Prabhakaran, A.; Rocchetti, S.; Matuszyk, E.; Keyes, T. E.; Baranska, M.
Uptake and anti-inflammatory effect of liposomal astaxanthin on endothelial cells
studied by Raman imaging (Submitted to Chemical Communications, Elsevier)

Part of the results reported in this chapter, obtained during the completion of the PhD

thesis, was presented in an international conference Ref. [164]

“Radwan, B.; Matuszyk, E.; Rocchetti, S.; Prabhakaran, A.; Keyes, T. E.; Baranska,
M. Multimodal Imaging of Endothelial Pathology Models in Vitro and Ex Vivo. In the
7th International Conference on Molecular Sensors and Molecular Logic Gates
(MSMLG 2022); Dublin, Ireland, 2022”.

12.1. Objectives of this study

In this chapter, the aim is to follow ECs uptake of free and encapsulated AXT using
Raman microscopy. Furthermore, this study aims to investigate the effects of AXT
and AXT-loaded neutral liposomes, and cationic lipoplexes on inflammatory ECs
and the resulting alterations in lipids distribution and composition. This would
ideally shed the light on the potential of bimodal (Raman and fluorescence) imaging
to investigate cellular uptake and anti-inflammatory effects of relatively small
molecules, specifically the newly established Raman probe for lipids AXT, in its

free and encapsulated forms.
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12.2. Materials and methods

12.2.1. Preparation of astaxanthin-loaded liposomes and lipoplexes

Liposomes and lipoplexes were prepared by the hydration extrusion method
followed by the reconstitution of AXT. DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine) lipid was used for the preparation of liposomes and a mixture of
DOPE/DOTAP  (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine and  1,2-
dioleoyl-3-trimethylammonium-propane) was used for lipoplex preparation. The
chloroform solution of the lipid was dried under nitrogen flow to get a lipid film in
a 1.5 mL glass vial and it was kept under a high vacuum for 30 min to ensure the
complete removal of the solvent. The lipid film was hydrated with 1 mL phosphate
buffer saline of pH 7.4 and vortexed for 60 s to get the suspension of lipid in the
buffer. This suspension was extruded at least 11 times through a polycarbonate
membrane of 100 nm. 10 uM AXT was reconstituted into the liposomes/lipoplexes
by 30 min incubation. Any unbound AXT was removed by 5 hours of dialysis using
a pur-A-lyzer kit. DPPC was extruded at 45 °C, above the phase transition

temperature.

The hydrodynamic diameters of the samples were measured using dynamic light
scattering (DLS) on Malvern Zetasizer Ultra. UV-vis spectra were measured using
Jasco V670 UV/Vis spectrophotometer, and fluorescence was measured in quartz

cuvettes of 1 cm pathlength (Varian Cary Eclipse spectrophotometer).

12.2.2. Cell culture

For subsequent Raman measurements, primary HAOEC were seeded on CaF:
slides, and for fluorescence imaging, cells were seeded on glass-bottom 96-well
plates to reach their optimal confluency after 24h. HAOEC were cultured in a
complete EGM-2MV medium (Lonza, Basel, Switzerland) that had the following
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supplementations: “10 mM L-glutamine (Gibco Life Technologies), 1 pg/mL
hydrocortisone (Sigma Aldrich), 10 mg/mL EGF (Sigma Aldrich), 10% FBS
(Gibco Life Technologies) and 1% of antibiotics (streptomycin, penicillin and
fungison, Gibco Life Technologies)”. Cells were either pre-treated with 10 ng/ml
TNF-a (Sigma Aldrich) or kept in a fresh medium for 24h. Afterwards, cells (except
for the control group) were treated with cell culture media containing 1 uM AXT
(Sigma Aldrich), dilution of liposomes or lipoplexes solutions (to reach the same
AXT final concentration, 1 puM) for 30 minutes, lh, 3h or 24h. After AXT
treatment, cells were fixed either with 2.5% glutaraldehyde for 4 minutes, kept in
PBS (Gibco Life Technologies) at 4°C until Raman imaging, or fixed with 4%
paraformaldehyde for 10 minutes and underwent the staining process prior to

fluorescence imaging.

12.2.3. Raman imaging

Raman imaging was carried out using a “WITec alpha 300 Confocal Raman
Imaging system” with a 532 nm excitation laser and a 60x water immersion
objective (Nikon Fluor, NA = 1.0). An excitation A = 532 nm using a solid-state
laser was implemented in all the measurements. Each measurement was done twice;
once with a laser power of 3 mW “low laser power” and once with a laser power of
30 mW “high laser power”. Low laser power measurements were done using a 0.5
s integration time and high laser power measurements were done using a 0.2 s

integration time, a 0.5 um step size was used for both.

12.2.4. Staining and fluorescence imaging

Fixed HAOEC were permeabilized using 0.1% Triton-X 100 solution in PBS for 5
min, washed with PBS and blocked using 5% Normal Goat Serum. Afterwards,
samples were incubated with ICAM-1 Monoclonal Antibody (Invitrogen, 1:250) at
4°C overnight. Then, samples were washed with PBS and stained with Alexa Fluor

647 goat-anti-mouse (Immunoresearch Laboratories, 2:600) in the dark at room
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temperature for 30 minutes and then, washed with PBS. BODIPY 493/503
(Invitrogen) was used according to the manufacturer’s instructions to stain neutral
lipids. Finally, Hoechst 33342 (Thermo Scientific, 1:1000) was used to stain cell
nuclei for 10 minutes in the dark. After washing, cells were kept in PBS and imaged
immediately. The Confocal Quantitative image cytometer (CQ1, Yokogawa) was
used for fluorescence imaging.

12.2.5. Data analysis

Pre-processing of all the Raman spectra was carried out using the “WITec Project
Plus” software including the removal of the cosmic spikes and background
correction. Afterwards, K-means clustering was done using the Manhattan distance
in the same software to obtain averaged spectra of the lipids classes in each cell
sample. Finally, spectra were extracted, normalized and presented using Origin
2022b Pro software.

Fluorescence images acquired after staining against ECs nuclei, neutral lipids and
ICAM-1, were analysed using ImageJ (National Institutes of Health;
http://rsbweb.nih.gov/ij/) and Columbus software. Counting the cells was based on

the Hoechst signal from their respective nuclei. LDs count based on BODIPY
staining and the intensity of ICAM-1 signal were calculated. Statistical significance
determination was carried out using two-sample t-tests on Origin 2022b Pro

software.

12.3. Results and discussion
12.3.1. Astaxanthin-loaded liposomes characterized by Raman spectroscopy

In this study, two different types of large unilamellar vesicles (LUVs) of diameter
100 nm were used; neutral liposomes of DPPC lipid (1.3623 mM in PBS, and


http://rsbweb.nih.gov/ij/
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cationic lipoplexes of DOTAP (0.2719 mM) and DOPE (0.27726 mM in PBS).
Both types of LUVs were loaded with AXT at the same concentration (10 uM). It
has been previously shown that there is a slight shift in the C=C stretching Raman
band of AXT from ca. 1516 cm™ for the solid state to ca. 1520 cm™ for AXT
dissolved in lipids °’. The Raman spectra in (Figure 12.1A) demonstrate a similar
shift in the mentioned band between AXT powder and when it is encapsulated in
DPPC liposomes. As shown in (Figure 12.1B), AXT absorbs light in the visible
range coinciding with the 532 nm laser, which is usually used for cell
measurements, and thus offers pre-resonance enhancement noticeable in the Raman
spectrum of AXT. Specifically, resonantly enhanced Raman bands of AXT are
observed at ca. 1009,1159 and 1520 cm* corresponding to CHs group wagging, C—

C stretching and C=C stretching vibrations, respectively.
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Figure 12.1. Characterization of astaxanthin-loaded liposomes. Structure of
AXT and (A) Raman spectra of AXT powder (red) and in DPPC liposomes (blue).
(B) The absorption spectrum of AXT in CH3Cl. (C) The emission spectrum of AXT
in CHsCI.
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12.3.2. Time-dependent uptake of astaxanthin and astaxanthin-loaded liposomes

by endothelial cells

After ECs incubation with AXT and AXT-loaded liposomes and lipoplexes using
different incubation times, Raman spectra from AXT within the cells were visible
only after 30 mins of incubation. As expected, AXT was present in the cytoplasm
of cells, specifically in the lipid-rich cellular organelles i.e. LDs, ER and the nuclear
envelope. As shown in (Figure 12.2), AXT accumulation in cellular lipids was time-
dependent. At shorter incubation times (30 and 60 minutes), AXT was found in
lipid-rich areas in the cytoplasm. Starting from 3h of incubation, AXT distribution
demonstrates a clear colocalization with lipids in ECs, determined by comparing
the Raman maps of AXT (integration of the Raman spectra around 1520 cm™) and

lipids (integration of the Raman spectra around 2865 cm™).

While the uptake and distribution of free AXT did not differ much from that of
encapsulated AXT, it was noticeable that positively charged lipoplexes showed an
enhanced uptake by HAOEC, demonstrated by a higher intensity of AXT marker
bands, compared to neutral liposomes. A similar effect has been previously reported

in human corneal epithelial cells (HCECs) 146,

Control AXT AXT in Liposomes AXT in Lipoplexes

Organic matter

Lipid:
(1502-1535 cm?) (2830-2900 cm?) (28003030 c?)

AXT

Figure 12.2. ECs uptake of AXT-loaded liposomes studied by Raman imaging.
Representative images of HAOEC, control and cells incubated with AXT, AXT-loaded
liposomes or lipoplexes (for 30 minutes, 1, 3 and 24 hours) constructed by integrating the
Raman bands in the following spectral regions: 3030-2800 cm™ (C-H stretching), 2900-
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2830 cm™ (lipids), and 1535-1502 cm™ (AXT). Raman imaging was carried out once with
low laser power (3 mW) to detect AXT Raman bands and once with high laser power (30
mW) to detect bands associated with lipids. Scale bars indicated on the first image of each
group (3 -5 pum).

12.3.3. Effects of liposomal encapsulation on astaxanthin anti-inflammatory activity

in endothelial cells

Both the number and the composition of LDs in EC have been previously shown to
change when ECs are activated using TNF-a 27, This same effect can be seen in
(Figure 12.3A); when control HAOEC is compared with TNF-o pre-treated group,
a higher number of LDs are observed. Moreover, LDs in the TNF-o pre-treated
group consist mostly of unsaturated lipids, evidenced by a higher intensity of the
Raman band at ca. 3015 cm™ (associated with the stretching modes of =C—H),
which is characteristic of unsaturated lipids.

Following ECs activation, cells were incubated with AXT, AXT-loaded liposomes
or AXT-loaded lipoplexes for different durations. Compared to the control, cells
that were pre-incubated with TNF-a for 24h contained more LDs rich in unsaturated
lipids, as shown in the third row of (Figure 12.3A). The prevalence of unsaturated
LDs in inflamed cells that were later treated with AXT, either free or encapsulated,
is shown to decrease, highlighting the effect of AXT in both free and encapsulated
forms to attenuate the impact of TNF-a pre-treatment on ECs. Furthermore,
encapsulated AXT in liposomes or lipoplexes shows a stronger effect compared to
free AXT. KMCA was utilized to extract the spectra of the class of lipids in each
cell. By comparing the averaged lipid spectra of each group, shown in (Figure
12.3B), a twofold increase in the intensity of the unsaturated lipids band at ca. 3015
cmtin the group of cells subjected to TNF-o pre-treatment was observed. This band
is shown to decrease to the control level following incubation with AXT and AXT-
loaded liposomes and lipoplexes, showcasing the capability of Raman imaging to
detect AXT accumulation and the uptake of free and encapsulated AXT. Moreover,
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the data indicate changes in the lipid composition of the ECs in the cases of

inflammation and anti-inflammatory treatment.
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Figure 12.3. The effects of free and encapsulated AXT on activated ECs lipids, studied
by Raman imaging. (A) Raman images of HAOEC, other than the control group, all the
presented groups were pre-incubated with TNF-a for 24h and then incubated with AXT,
AXT-loaded liposomes or lipoplexes (for 1, 3 or 24h). Pseudocolour images constructed
based on the relative intensities of the Raman bands at 2800-3030 cm, 2830-2900 cm?,
3000- 3030 cm™ and 1502-1535 cm™ (AXT), corresponding to organic matter, lipids,
unsaturated lipids and AXT, respectively. Imaging was carried out once with low laser
power (3 mW) to detect AXT Raman bands and once with high laser power (30 mW) to
detect bands associated with lipids. Scale bar indicated on the first image of each group (3
- 5 um). (B) Averaged Raman spectra (high wavenumber range) of the lipids cluster of the
control (black), TNF-a pre-treated group (grey), TNF-a pre-treated then incubated with
AXT (red), AXT-loaded liposomes (blue) and lipoplexes (purple). n =6 cells in each group,
3 independent experiments were performed.

To quantify the anti-inflammatory effect and changes in LDs content induced in
activated ECs by AXT, AXT-loaded liposomes and lipoplexes, fluorescence
imaging was utilized as a reference method. Expression of ICAM-1, a well-known
marker of EC inflammation, was compared among the different groups. A
significant ICAM-1 overexpression was seen following activation with TNF-a
compared to control, reflected in the relative ICAM-1 expression of the TNF-a pre-
treated cells which was 119.2 £ 4.6% of the control (Figure 12.4A). This
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overexpression was significantly decreased to the control level when cells were
treated with free or encapsulated AXT. Moreover, this anti-inflammatory effect is
stronger in cells treated with AXT-loaded liposomes and lipoplexes, as the relative
ICAM-1 expressions of activated EC treated with free AXT, AXT in liposomes and
AXT in lipoplexes were 106.6 +2.4%, 99.9 + 1.8% and 100.5 +2.6% of the control
respectively.

A significant increase in the number of LDs per cell in the group of cells incubated
with TNF-a was observed (Figure 12.4B). While the number of LDs decreased after
treatment with free AXT, this effect was not significant. On the other hand, when
activated ECs were treated with encapsulated AXT in liposomes or lipoplexes, the
number of LDs per cell decreased by 22% and 24% respectively compared to TNF-

a incubated cells that were not subjected to anti-inflammatory treatment.
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Figure 12.4. Fluorescence-based quantification of free and encapsulated AXT anti-
inflammatory effects. (A) ICAM-1 expression, and (B) lipid droplets (LDs) per cell; of
control, and TNF-a pre-treated groups (labelled as inflamed), that were later treated with
AXT, AXT-loaded liposomes or AXT-loaded lipoplexes. The circles and whiskers
represent means + SD from 3 independent experiments, * P < 0.05, ** P <0.01 and *** P
<0.001.
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12.4. Conclusions

The results of two complementary methods, Raman and fluorescence microscopies,
clearly indicate that the anti-inflammatory effects of AXT on ECs can be enhanced
by encapsulating AXT both in neutral and positively charged liposomes.
Interestingly, while free AXT did indeed significantly lower ICAM-1 expression in
inflamed ECs, AXT treatment did not significantly affect the number of LDs in the
cells. This shows one more advantage of AXT as a Raman probe for lipids in ECs,
as it attenuates the anti-inflammatory effects without significantly changing the
number of LDs in cells.

This study examined the uptake of AXT encapsulated in neutral liposomes and
positively charged lipoplexes by Raman microscopy with the support of
fluorescence microscopy. Raman imaging provided insight into the uptake of free
and encapsulated AXT by ECs in healthy and inflamed states. ECs incubated with
TNF-o showed alterations in LDs composition towards more unsaturated lipids, a
feature previously linked to ECs inflammation. Moreover, the anti-inflammatory
effect of AXT-loaded liposomes and lipoplexes has been demonstrated by Raman
imaging, highlighting a decrease in the unsaturated lipids content in activated ECs

subjected to anti-inflammatory treatment.

Similarly, fluorescence imaging showed a significant anti-inflammatory effect of
AXT-loaded liposomes and lipoplexes on activated ECs, manifested by a
substantial decrease in ICAM-1 overexpression and the number of LDs per cell.
While free AXT treatment resulted in a significant decrease of ICAM-1 expression,
it did not have as significant an effect on LDs as encapsulated AXT.

In conclusion, Raman imaging provided information on AXT uptake and
accumulation and changes in ECs lipid composition, whereas fluorescence imaging

allowed quantification of the anti-inflammatory effects of encapsulated AXT.
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13. Imaging endothelial cell proliferation and regeneration: a novel approach based on

Raman imaging

Part of the results reported in this chapter, obtained during the completion of the PhD
thesis, was already published and are available under Ref. [18]

“Radwan, B.; Rocchetti, S.; Matuszyk, E.; Sternak, M.; Stodulski, M.; Pawlowski, R.;
Mlynarski, J.; Brzozowski, K.; Chlopicki, S.; Baranska, M. EdU Sensing: The Raman
Way of Following Endothelial Cell Proliferation in Vitro and Ex Vivo. Biosens.
Bioelectron. 2022, 216 (August), 114624,

13.1. Obijectives of the study

An important aspect of ECs' function is their ability to regenerate when they are
subjected to damage or injury to repair the resulting dysfunction. ED is often linked
to alterations in the capacity of ECs to regenerate resulting in their inability to heal
and recover. Therefore, imaging of ECs proliferation and regeneration in both in
vitro and ex vivo conditions holds great importance. EAU click chemistry-based cell
proliferation assay is usually the method of choice to study ECs proliferation due
to its great advantages of not relying on antibodies and not requiring the vigorous
step of DNA denaturation. However, it still requires the use of a copper catalyst
(which is cytotoxic) and relies on fluorescent dyes that are usually not cell
membrane permeable, thus requiring cell fixation and permeabilization.
Alternatively, Raman detection of EdU is done in a “click-free” manner allowing
live cell imaging of cell proliferation.

This chapter presents a novel Raman imaging-based approach to EdU cell
proliferation assay in vitro, using two models of impaired cell proliferation;
incubation of ECs with cycloheximide (CHX) or doxorubicin (DOX). Fluorescence

imaging of EdU (stained with Alexa Fluor azide dyes) was used as a reference
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method. Finally, this approach was applied to image ECs and SMC regeneration ex
vivo in isolated mice aorta after being subjected to mechanical injury.

13.2. Materials and methods

13.2.1. Cell culture

For the in vitro ECs proliferation assay done using Raman and fluorescence
microscopies, HMEC-1 was chosen. HMEC-1 cells were grown in a complete
MCDB131 medium supplemented with 10 mM L-glutamine, 1 pg/mL
hydrocortisone, 10 mg/mL EGF, 10% FBS, and an antibiotic antimycotic solution.
For Raman imaging, HMEC-1, HAoEC, and HCAEC were seeded on CaF2 slides
and incubated overnight to reach optimal confluency. For fluorescence imaging,
cells were cultured in 96-well plates. EdU labelling was performed by incubating
cells with EdU (20 uM) for 3 or 24 hours. Cells were either subjected to live cell
imaging in warmed-up PBS or fixed using 2.5% glutaraldehyde for 4 minutes and
stored at 4°C before Raman imaging. To assess cell proliferation, HMEC-1 cells
were preincubated with CHX in 1 or 10 pg/mL for 1 hour or incubated in fresh
medium as a control. Additionally, cells were treated with DOX (0.1 — 1 uM) for
24 hours. Cells were then washed and incubated with EAU (10 — 20 uM) for 1, 3,
or 24 hours. HMEC-1 cells were then washed and fixed using 2.5% glutaraldehyde
for 4 minutes for Raman measurements or 4% paraformaldehyde for 10 minutes for

fluorescence imaging.

EdU-labelled Raman imaging of ECs DNA was also performed in two other ECs,
Primary HAoOEC and HCAEC, which were both independently cultured in a
complete EGM-2MV medium supplemented with 10 mM L-glutamine, 1 pg/mL
hydrocortisone, 10 mg/mL EGF, 10% FBS, and 1% antibiotics. All cells were
incubated in a cell culture incubator at 37 °C with 5% C02/95% air.
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13.2.2. Aortic rings sample preparation

All experiments performed on animals mentioned in this chapter had the approval
of the “Local Jagiellonian University Ethical Committee on Animal Experiments”
in agreement with the “Guidelines for Animal Care and Treatment of the European

Community”.

Wild type male mice (C57BI/6) between 8 and 12 weeks were selected for this
experiment. Animals were subjected to intraperitoneal injections of EdU at the dose
of 150 mg/kg three times in a span of a week (every 48h). Before aortae isolation,
animals were anaesthetized using xylazine and ketamine 10 mg/kg and 100 mg/kg,
respectively applied intraperitoneally. The thoracic aortae samples were isolated
and then moved to a Krebs—Henseleit buffer. They were cleaned from the
surrounding tissue before being cut into rings of 1 to 2 mm. While the control group
was left intact, a sharp object was used to induce injury to the endothelium layer in
the “injured group”. Afterwards, isolated aortic rings were incubated ex vivo in
MEM with the supplementations of “20% FBS, 1% MEM vitamins, 1% antibiotics
mixture of penicillin 10,000 U/mL and streptomycin 10,000 pg/mL, and 1% non-
essential amino acids” in the presence or absence of VEGF for 48h. Aortic rings
were then cut open and glued to glass (for later fluorescence microscopy) or CaF:
windows (for later Raman microscopy) measurements. Cell-Tak® was used to fix
the aortic rings into the slides. Aortic rings were subjected to fixation with 4%
formalin or 4% paraformaldehyde. For subsequent Raman imaging, washing with
PBS after fixation and storing at 4°C was sufficient without the need for staining,
while the aortic rings meant for fluorescence imaging were subjected to a staining

process beforehand.

For subsequent fluorescence imaging, aortic rings were subjected to the process of
immunostaining, starting with blocking with TNB blocking buffer “0.1 M Tris-HCI
pH 7.5, 0.15 M NaCl, and 0.5% (w/v) blocking reagent, PerkinElmer FP1020” for
4h. Then, en face aortae were subjected to permeabilization with “0.5% Triton-X
1007, washed with PBS, and were subjected to the “click chemistry” reaction with
Alexa Fluor® 555 azide for fluorescently labelling EAU.
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After a few steps of washing with PBS, samples were subjected to incubation with
anti-CD31 antibody (Abcam) in TNB blocking buffer and left at 4°C for the night.
Afterwards, samples were washed with PBS and incubated with Alexa Fluor 647
goat-anti-rabbit (Immunoresearch Laboratories, 1:200) at 24°C protected from the
light for 3h. Finally, Hoechst 33258 (Sigma Aldrich; 1:1000) was used to label
samples’ nuclei. En face aortae samples were covered with glass coverslips, kept
away from direct light, and were imaged using CQ1 Confocal Quantitative Image
Cytometer (Yokogawa). The process of the animal experiment is simplified in
(Figure 13.1).

EdU injection (IP)  Aorta Mechanical
isolation injury

y ¢
—_— |II — I
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Immunohistﬁw\
l Raman
imaging

Fluorescence
imaging

Figure 13.1. The method used for studying ex vivo regeneration of
ECs.

13.2.3. Raman imaging



103

Raman measurements were conducted using a “WITec alpha 300 Confocal Raman
Imaging system”. The microscope was equipped with a UHTS 300 spectrograph, a
CCD camera (Andor), and a Nikon Fluor water immersive objective with an NA of
1.0. For all measurements except for those done on DOX-treated ECs, a solid-state
laser with an excitation wavelength of 532 nm was used. For DOX-treated ECs, a
488 nm laser was implemented. The measurements had an integration time of 0.5 s

and a step size of 0.5 um.

To perform Raman imaging-based cell proliferation assays on a larger area, a Zeiss
water immersion objective with an NA of 1.0 and a 40x magnification was utilized
with an integration time of 0.3 s and a sampling density of 2 um. En face aortae
imaging was also done using the same spectrometer and a 60% objective with an

integration time of 0.3 s.

13.2.4. EdU fluorescence labelling

To visualize the incorporation of EdU, HMEC-1 cells were incubated with the
compound and then subjected to a "click chemistry” reaction, which uses
fluorescent dyes to stain and image the cells. After fixing the cells, they were
washed with a solution containing 3% BSA in PBS and permeabilized with 0.5%
Triton-X 100, followed by additional washing with PBS. The cells were then treated
with Alexa Fluor® 488 azide, CuSO4 and Na ascorbate for 30 minutes to perform
the "click chemistry" reaction, protected from light. After thoroughly washing the
cells with PBS, they were stained with Hoechst 33342 to visualize the nuclei, and
then washed and left in PBS for fluorescence imaging using the same cytometer as

mentioned before.

13.2.5. Data analysis

To prepare the Raman spectra for analysis, pre-processing was performed using the
"WITec Project Plus" software, including the removal of cosmic spikes and
background correction. Afterwards, K-means clustering was done using the
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Manhattan distance in the same software to obtain averaged spectra of the nuclei
classes in each cell sample. Finally, spectra were extracted, normalized and
presented using Origin 2022b Pro software. To assay EC proliferation based on the
Raman microscopy approach, EdU-positive ECs were determined based on the
presence of a band at ca. 2120 cm™, while the total number of cells was determined
by Raman imaging of the DNA characteristic band at ca. 785 cm™.

Fluorescence images acquired after staining against ECs nuclei, neutral lipids and
ICAM-1, were analysed using ImageJ (National Institutes of Health;
http://rsbweb.nih.gov/ij/) and Columbus software. Counting the cells was based on

the Hoechst signal from their respective nuclei. The EdU-positive cell population
was determined based on Alexa Fluor-labelled EdU. Statistical significance
determination was carried out using two-sample t-tests on Origin 2022b Pro

software.

13.3. Results and discussion
13.3.1. EdU-labelled Raman imaging of endothelial cell DNA

Labelling ECs DNA and Raman imaging of ECs nuclei based on the detection of
the most intense Raman band of EdU (its band associated with the CC vibration)
presented in the spectroscopically silent region at ca. 2122 cm™ (Figure 13.2A) was
possible after incubation with EAU for 3h. Increased intensity of EdU characteristic
Raman band and improved Raman imaging was possible upon incubation with EdU
for 24h (Figure 13.2B).

Addressing the heterogeneity of ECs 151 pesides ECs from microvascular ECs
(HMEC-1), ECs from the aorta and coronary artery (HAoEC and HCAEC) were
used. As shown in (Figure 13.2B), EdU labelling improved the Raman imaging of
ECs nuclei resulting in nucleus images with better contrast compared to the Raman

imaging based on the label-free detection of the DNA Raman band at ca. 788 cm™.


http://rsbweb.nih.gov/ij/
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EdU-labelling improved Raman imaging of cell nuclei for HMEC-1, HAoEC and
HCAEC independently.
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Figure 13.2. EdU-labelling improves Raman imaging of nuclei in ECs of different
origins. (A) EdU’s chemical structure and Raman spectrum of the pure compound. (B)
Raman images of HMEC-1, HAoEC and HCAEC showing the distribution of organic
matter (3030-2800 cm™), nuclei acids (810-770 cm™) and EdU (2132-2112 cm™) in ECs
labelled with EdU for 0, 3 or 24h.

13.3.2. Live cell imaging, the advantage of the Raman imaging approach

As imaging live ECs presents the potential for studying underlying cellular

processes associated with the development and progression of ED. Fluorescently



106

labelling EdU-tagged cells usually requires cell fixation to allow for the click
chemistry reaction catalysed by the cytotoxic copper. However, as seen in (Figure
13.2) Raman detection of EdU could be done in a click-free manner, thus it could
permit live ECs imaging. It is worth noting that fixation also causes a decrease in
several Raman bands reducing the contrast of obtained images. For instance,
glutaraldehyde fixation caused a decrease in the intensity of the characteristic
nucleic acid bands at ca. 785 cm™ and ca. 1096 cm™ 7, Live ECs Raman imaging
was performed in HMEC-1 (Figure 13.3). EdU-labelling provided an improved
image of EC nuclei (Figure 13.3A). The alkyne band of EdU localized in cell nuclei
was easily detectable in the silent region of the Raman spectrum of the cell (Figure

13.3B).
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Figure 13.3. Raman-based EdU imaging could be done in live ECs. (A) Live
HMEC-1 images with and without EdU labelling, showing the distribution of all
organic matter, nucleic acids, EJU and cytochrome c by the integration of the
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Raman spectra at the respective spectral regions presented in the figure. (B)
Averaged Raman spectra of the nucleus of EdU-labelled (red) and control cell
(grey) showing the alkyne band at 2122 cm™.

13.3.3. Endothelial cell proliferation assay based on Raman imaging, and

fluorescence imaging as a reference method

To evaluate the utilization of the Raman imaging-based approach to detect changes
in ECs proliferation based on EdU signal, an in vitro model for inhibited DNA
synthesis based on pre-incubating HMEC-1 with CHX was used. CHX-treated cells
have been shown to demonstrate a lower number of EdU-positive cells due to CHX
inhibition of cell proliferation 1°. Here, cells (except the control) were incubated
with CHX (1 or 10 pg/ml) for 1h prior to their incubation with EAU (20 uM) for
24h. Raman images of control cells showed an apparent localization of EAU in ECs
nuclei based on EdU characteristic alkyne band at ca. 2122 cm™ (Figure 13.4A). A
decrease in the intensity of the EAU Raman band was apparent in the groups of cells
that received CHX pre-treatment, especially in the group of cells pre-treated with a
higher CHX concentration (10 ug/ml) where some of the cells did not display EdU
signal at all (Figure 13.4A).

Through cluster analysis with KMCA, averaged spectra from cell nuclei belonging
to different groups were extracted. As presented in (Figure 13.4B) a decreased
intensity of the EdU marker band at ca. 2122 cm™ was apparent in the groups of
cells incubated with CHX. This decrease was concentration-dependent with the
group of cells that received treatment with a higher concentration of CHX (10
ug/ml) showing a greater decrease in EdU signal. Interestingly, label-free
characteristic Raman bands for DNA, such as the one at ca. 788 cm™ did not change
with CHX treatment, thus this DNA synthesis inhibition effect exerted by CHX
treatment was only detectable using the EdU-labelling approach.
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Figure 13.4. CHX pre-treatment effects on HMEC-1 studied by EdU-labelled Raman
imaging (A) Raman imaging of HMEC-1 tagged with EdU that either did not receive
(control) or received CHX pre-treatment at lower (1 pg/ml) and higher (10 pg/ml)
concentrations, showing the distribution of all organic matter, nucleic acids, and EdU. (B)
averaged spectra of the HMEC-1 nuclei class from each group. Inserts showing the DNA
band at 788 cm™ and the EdU band at 2122 cm™.

To apply the novel approach of EdU-labelling Raman imaging-based EC
proliferation assay, quantification of the EdU-positive and EdU-negative cell

population was carried out. This was performed by imaging a larger area of the cells
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and judging each cell for the presence or absence of EdU signal (ca. 2122 cm™)
from their respective nuclei (Figure 13.5). The characteristic DNA band that
appeared in all cells despite the presence or absence of EdU was used as a reference
to quantify the total number of cells. By analysing the Raman spectra and the
corresponding Raman images of EdU-labelled ECs, a significant decrease in the
number of EdU-positive cells was detectable in the group pre-treated with a higher
concentration of CHX (10 pg/ml). Whereas, cells that received a lower
concentration CHX treatment (1 pg/ml) presented a lower percentage of EdU-
positive cells compared to the control but the effect was not as prominent. These
results, presented in (Figure 13.5B) demonstrated that Raman imaging-based EC
proliferation assay based on EdU sensing was sensitive to antiproliferative effects
caused by CHX.
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Figure 13.5. Raman imaging-based ECs proliferation assay based on EdU sensing. (A)
Raman imaging of HMEC-1 labelled with EdU, that received CHX pre-treatment at 0
(control), 1 or 10 ug/ml. The images show the distributions of organic matter (blue), nucleic
acids (green), EdU (red) and composite images (overlapped EdU and DNA signal in
yellow), Scale bars = 30 um. (B) EdU-positive cells (ECs expressing a band at ca. 2122
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cm™) compared to all ECs (based on the label-free DNA band at ca. 788 cm™) shown as
percentages (means = SD) obtained in 3 independent experiments, n= 50 cells per group.
** P <0.01 vs. control.

To confirm the results obtained using the presented novel approach for assaying
ECs proliferation using Raman imaging, fluorescence imaging of Alexa fluor®
488-stained EdU was used in the same conditions as described earlier. Hoechst
staining of all cell nuclei was used to quantify the total number of cells while the
EdU-positive cell population was counted based on Alexa fluor® 488 signal. Figure
13.6A demonstrates a decrease in the EdU-positive cell population with CHX
treatment, while the total number of cells is not affected. Declines in both the
percentage of EdU-positive cells and the intensity of EAU (Alexa fluor® 488) were
observed (Figure 13.6A and B). The decline in both signal intensity and the
percentage of EdU-positive cells were significant in HMEC-1 pre-treated with the
higher concentration of CHX (10 pg/ml). These results of fluorescence microscopy
are in line with the results obtained from Raman microscopy based on the click-free
detection of EdU.
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Figure 13.6. Fluorescence imaging of EdU confirms the Raman imaging results. (A)
Fluorescence images showing EdU-positive HMEC-1 nuclei (green), all cell nuclei based
on Hoechst staining (blue), and composite images of EdU-labelled cells that received CHX
pre-treatment at O (control), 1 or 10 pg/ml. Scale bars = 100 um (B) EdU-positive ECs
percentage. (C) Averaged fluorescence signal intensity from Alexa fluor® 488-stained
EdU. Results are presented as means + SD, experiments were repeated 3 times, * P < 0.05,
** P <0.01 vs. control.

13.3.4. EdU labelled Raman-based detection of doxorubicin effects on endothelial

cells

Doxorubicin (DOX) has been shown to exert cytotoxic effects on ECs at the
nuclear, cytosolic and membrane levels %8170 A prominent feature of doxorubicin
endothelial toxicity was presented in DOX accumulation in ECs nuclei causing
increased nuclear area. The effect of the increased nuclear area caused by DOX
accumulation in the cells could be detected using label-free Raman imaging of the
nucleus (based on the DNA band at ca. 788 cm™) and by detecting the elevation of
background in the high wavenumber range of the Raman spectra (ca. 4200 — 3800
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cm™) caused by DOX treatment. As shown in (Figure 13.7), these effects were
detectable in HMEC-1 labelled with EdU. Moreover, the effect of DOX on ECs
proliferation is also presented in (Figure 13.7C). Raman imaging of EdU-labelled
ECs after DOX treatment demonstrated a partial inhibition of cell proliferation
when a lower concentration of DOX (0.1 uM) was used, while a complete block of

cell proliferation was detected in cells treated with the higher DOX concentration
(1 uM).

Interestingly, in control ECs and in ECs treated with the lower concentration of
DOX (0.1 uM), EdU-labelling resulted in clear imaging of cell nuclei based on the
integration of the Raman spectra around 2122 cm™, while higher DOX
concentration (1 pM) impaired the signal detection due to its pronounced
cytotoxicity. These results suggest that EdU-labelled Raman imaging could allow
studying morphological changes in ECs nuclei as well as the detection of altered

cell proliferation.
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Figure 13.7. EdU-labelled Raman imaging is sensitive to Doxorubicin-induced effects
on ECs. (A) Raman spectrum of DOX and its chemical structure. (B) Averaged area of the
HMEC-1 nuclei in different conditions, presented as means +£SD * P < 0.05 vs. control. (C)
EdU-positive HMEC-1 percentage. (D) Raman imaging of EdU-labelled control and DOX
pre-treated (0.1 and 1 uM, 24h) HMEC-1 showing the distribution of organic matter,
nucleic acids, EJU, and DOX (presented by an elevated spectral background in the range

of 4200 — 3800 cm™). Scale bars = 5 pum.

13.3.5. Ex vivo imaging of endothelial cells and smooth muscle cells regeneration in

the isolated murine aorta

The applicability of the Raman and fluorescence imaging-based detection of ECs

regeneration, in situ aortic rings from isolated murine aorta were subjected to

mechanical injury or left intact (control). Afterwards, aortic ring samples were

incubated ex vivo in the presence or absence of VEGF. Following 48h of incubation

with EdU, aortae samples were prepared for Raman or fluorescence imaging to
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detect EdU signal and consequently ECs proliferation and regeneration following
the induced mechanical injury.

As presented in (Figure 13.8A), aortic ring samples which were incubated without
VEGF did not show significant EdU incorporation. Whereas, samples in VEGF-
supplemented media showed a noticeable EdU signal. EdU-positive cells were
mostly detected in aortic rings subjected to mechanical injury, however, they were
also detected to a lesser degree in the non-injured group with VEGF
supplementation. To detect if the EdU signal originated from the endothelium or
the from underlying cells (e.g. smooth muscle cells, SMC), PECAM-1
(“platelet/endothelial cell adhesion molecule-1”, CD-31) immunostaining, which is
widely used for ECs differentiation, was used. EdU-positive cell population
constituted of both CD-31-positive cells and CD-31-negative cells that had the
morphological characteristics of SMC. Therefore, both the regeneration of ECs and
SMC were detected.

Raman imaging of en face aortae demonstrated a small number of EdU-positive
cells without the need for additional staining (Figure 13.7B). Imaging of en face
aortic rings using Raman imaging was previously demonstrated. However, the
differentiation between proliferating and non-proliferating cells and studying the
regenerative ability of cells in isolated aortae was only detectable by the presented
EdU-labelling approach.
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Figure 13.8. ECs regeneration in intact and injured en face murine aorta studied by
Raman and fluorescence microscopies. (A) Fluorescence microscopy of isolated mice
aortae samples with intact (control) or injured endothelium, with or without the
supplementation of VEGF. Images show staining against CD31 marker for ECs (red),
Hoechst (blue) and EdU (yellow). (B) Raman images of EdU-labelled en face aorta
demonstrating the distributions of organic matter, elastin, nucleic acids and EdU (spectral
regions indicated in the figure). The averaged spectra of two cells exhibiting EAU bands
are shown below.

13.4. Conclusions

The results presented in this chapter demonstrate a novel approach to assay ECs
proliferation using EdU-labelled Raman imaging. This presented method allowed
obtaining comprehensive information on EdU incorporation into ECs DNA signalling
cell proliferation. It was possible to investigate alterations in ECs' proliferative
capacity when they received antiproliferative treatment with (CHX or DOX). The
results obtained from the Raman imaging approach to EdU sensing and assaying ECs
proliferation were confirmed using the already established method based on
fluorescence detection of EdU after its “click chemistry” with a fluorescent azide.
Moreover, the Raman imaging-based approach allowed for EdU detection in a click-
free manner, permitting live cell imaging of proliferative ECs, showing an advantage
over the fluorescence microscopy-based method as it usually requires sample fixation

and permeabilization.
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Raman and fluorescence imaging of EdU-labelled nuclei was shown to be applied to
the ex vivo murine aortae model of injured endothelium. In this context, Raman
imaging of EdU-labelled aortae samples was done for the first time, however, the
sensitivity of this technique is relatively weak and in need of optimization. One
approach (presented in more detail in the later chapter) is to utilize new Raman probes
offering enhanced signal based on the click chemistry with EdU-tagged DNA.
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14. Summary and final conclusions

In this thesis, two novel approaches were presented; one to study ECs lipid-rich cellular
organelles (LDs, ER and the nuclear membrane) based on Raman detection of AXT,
and the other to study ECs proliferation and regeneration based on EdJU Raman sensing.
The presented novel demonstrated several enhancements over the previously
established approaches to study certain processes in the endothelium in both in vitro
and ex vivo conditions. Furthermore, the results of the labelled Raman imaging
approaches presented here were always complemented with other microscopy
techniques such as label-free Raman imaging, fluorescence imaging and transient

absorption microscopy.

AXT labelled Raman imaging of lipids allowed visualization of lipidic substructures in
ECs using a laser power 10 folds lower than the one usually used for label-free Raman
microscopy of ECs (3 mW instead of 30 mW). Furthermore, due to the pre-resonance
enhancement of the AXT Raman signal when excited with a 532nm laser, clear images
with enhanced contrast of the distribution of the lipids in cells could be acquired, thus
improving Raman imaging of lipids. Moreover, AXT allowed visualization of the area
around the nucleus, attributed to AXT accumulation in the lipidic nuclear envelope.
Visualization of the nuclear envelope is not possible using the label-free Raman
imaging approach, presenting an advantage in the AXT-labelled approach to Raman

imaging of ECs lipids.

Alterations in lipids distribution due to the pro-inflammatory phenotype of ECs were
detectable using both label-free and AXT-labelled Raman imaging in a complementary
manner. AXT was demonstrated to be a universal Raman probe for subcellular lipidic
structure in ECs of various organs as it was tested in ECs from the microvasculature,
the aorta, the heart and the brain giving similarly enhanced imaging of cellular lipids in
control and inflamed ECs. Transient absorption microscopy results revealed that AXT
presented itself in the isolated form rather than forming aggregates in the intracellular

lipids.
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Raman and fluorescence microscopies were used to assess free and liposomal AXT
uptake by ECs, and their respective anti-inflammatory effects. It was shown that both
cellular uptake and the anti-inflammatory effects of AXT could be improved by
encapsulation in neutral or cationic liposomes and lipoplexes. AXT in its free form
exerted its anti-inflammatory effects on ECs by reducing the expression of the surface
adhesion molecule ICAM-1 without causing significant changes in ECs lipids content,

adding to its list of benefits.

The work done on AXT reviewed its potential as a molecular Raman probe providing
resonance or pre-resonance enhancement to detect lipids in ECs in the forms of LDs,
ER and the nuclear envelope in ECs of various origins. It showed that AXT uptake and
its therapeutic potential against ECs inflammation could be improved through

liposomal encapsulation.

EdU was utilized for a novel approach based on Raman imaging to assay ECs
proliferation and regeneration in in vitro and ex vivo conditions. The Raman imaging-
based approach does not depend on the “click chemistry” reaction to label EJU with
any dye (it could be achieved in a “click-free” manner), permitting live cell EdU
detection in ECs. Following the EdU signal in the spectroscopically silent region due
to its Raman band at ca. 2122 cm™, presented a clear visualization of ECs nuclei in
different ECs (from the microvasculature, the aorta and the heart) presenting an
advantage over label-free Raman imaging of cell nuclei done by following the

characteristic DNA band at ca. 788 cm™ which is prone to signal interference.

The newly presented Raman approach to study the proliferation of ECs was sensitive
to the antiproliferative treatment of CHX, allowing quantitative analysis of the resulting
decrease in EdU signal and in the number of proliferative ECs. These results were
confirmed using fluorescence imaging of EdU labelled with Alexa fluor® azide dyes
via click chemistry. Moreover, Raman imaging of EdU-labelled DNA in ECs subjected
to the cytotoxic effects of DOX allowed the detection of both morphological and
antiproliferative effects of DOX presented in an increased nuclear area and a decreased

EdU signal, respectively. Studying the antiproliferative effects and the state of newly
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synthesized DNA in ECs is not possible using label-free Raman imaging techniques,
demonstrating the advantage of the presented approach.

Finally, Raman and fluorescence imaging of EdU-labelled ECs and SMC in isolated
murine aorta revealed the applicability of the presented approach to study cell
regeneration ex vivo. ECs and SMC have been shown to regenerate in ex vivo conditions
to repair and restore the endothelium layer after induced mechanical injury. Raman
imaging of EdU was utilized to detect cell proliferation in isolated aortae samples for

the first time.

The presented EdU-labelling approach could benefit from signal enhancement of the
characteristic EdU Raman band. One example of such future direction could be the
development of azide Raman probes with enhanced Raman spectra for click chemistry

applications with EdU, improving its Raman imaging in cells and tissues.
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15. Limitations

It is worth noting that the presented techniques have their limitations that should be
taken into consideration while utilizing one of them. For instance, it is already known
that fluorescence microscopy is burdened with the restriction of the overall number of
dyes to be used simultaneously, as usually no more than three dyes could be used in a
single cell or tissue sample, limiting the number of cellular organelles or cellular
processes to be studied. It is also worth noting that some dyes exert cytotoxic properties
and so could not be used to image live cells. Additionally, cell permeability is to be
considered in this regard, as some dyes require cell permeabilization too. Furthermore,
many dyes hold the risk of photobleaching and require special treatment with the

samples such as working in the dark at all times.

Label-free Raman imaging is a powerful technigue to study biological samples without
the need for introducing dyes. However, it holds some limiting properties as well. For
instance, the acquisition of the Raman image requires scanning the sample in a time-
consuming fashion (most presented Raman images of a single cell take around 30 min
each), which makes it difficult to acquire a big number of measurements. Moreover,
Raman bands attributed to specific cellular structures or molecules in complex samples

often overlap with one another causing difficulties in interpreting some information.

AXT-labelled Raman imaging approach presents various improvements over the label-
free technique, however, it is not possible to differentiate the different types of lipids in
the cells relying solely on AXT images, as AXT accumulates in all lipids species in
ECs. For instance, Raman imaging of AXT could be used to visualize the nuclear
envelope, however, it is not possible to image the nuclear envelope alone using AXT
labelling, as AXT would be always also present in LDs and the ER. Due to the
resonance effect of AXT, it is challenging to accurately quantify the cell content of
lipids or their composition using the Raman spectra dominated with AXT resonance
bands. Using AXT-labelled and label-free Raman imaging in a complementary manner

to study lipids in ECs is a great workaround to detect cellular lipids content and
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composition, however, it is a time-consuming approach requiring every cell to be

measured twice; Once with low and once high laser powers.

The Raman-based approach to assay ECs proliferation based on the detection of EdU
has proven to be time-consuming, with Raman imaging allowing measurement of
multiple cells at once but with lower image contrast or longer acquisition times, and the
need to image a substantial number of cells to allow their statistical analysis. There have
also been reports of EdU-induced cytotoxic and mutagenic effects, especially when
used with high concentrations or long incubation times /%172, Finally, EdU signal while
being easily detected in the Raman spectra of cells and allowing enhanced imaging of
cell nuclei, EdU detection in isolated aortae samples is challenging and would benefit

from enhancement of the EdU signal.
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16. Future directions

ECs uptake of AXT was demonstrated here to be improved through encapsulation in
liposomes or lipoplexes. This liposomal encapsulation allowed AXT to increase its
uptake to ECs and improve its anti-inflammatory effects. AXT-loaded liposomes could
be used as an alternative to free AXT when an increased uptake is desired or when

lower concentrations of AXT are needed to be used.

16.1. Non-linear Raman imaging techniques

Addressing the time-consuming properties of the Raman imaging techniques
presented in this thesis, benefiting from faster Raman imaging-based techniques such
as stimulated Raman scattering (SRS) microscopy or coherent anti-stokes Raman
scattering (CARS) microscopy could offer the advantages of Raman microscopy
without the need to spend longer times for image acquisition. SRS or CARS could be
utilized for the presented labelled Raman imaging techniques to study ECs lipids or

ECs proliferation based on the detection of AXT or EdU, respectively.

Although being considered a strong tool to investigate biological samples and provide
comprehensive information on the biochemical processes, spontaneous Raman
scattering is a relatively weak effect. Furthermore, Raman imaging based on
collecting the full Raman spectrum from each pixel and integrating the Raman spectra
to obtain images of samples such as cells and tissues is considered a time-consuming
technique. With the scientific advancements relating to lasers and Raman
spectrometers, new techniques involving Raman-active molecular transitions and

based on nonlinear effects emerged and were developed substantially 172,

Unlike spontaneous Raman spectroscopy, SRS spectroscopy is a non-linear and
coherent technique that relies on two synchronized pulsed lasers referred to as the
pump and the stokes beams "4 SRS probes molecular vibrations similar to
spontaneous Raman, however, it offers signal detection that is several orders of

magnitude greater than spontaneous Raman scattering 1’°. Moreover, SRS is
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advantageous for its ability to time-resolve vibrational motions. This makes SRS
microscopy a great technique for subcellular imaging and for identifying molecules

and biochemical interactions of interest with high sensitivity and speed.

While spontaneous Raman scattering techniques rely on the detection of the stokes
Raman scattering, CARS spectroscopy is based on the detection of the anti-stokes
shift. CARS is a third-order nonlinear optical process that offers substantial
enhancement of the signal compared to spontaneous Raman scattering 176, It provides
spectroscopic information relevant to that of Raman-active resonance while offering
several orders of magnitudes higher signal and shorter acquisition times 1. Despite
its drawbacks such as having a non-resonant background at the anti-Stokes frequency,
CARS remains a great technique for imaging applications, especially imaging of cells

and tissues 173177,

16.2. Development of novel Raman probes for click chemistry applications

EdU labelled Raman imaging of ECs regeneration in en face aortae samples could
benefit from EdU signal enhancement. This could be achieved through the
development of azide Raman probes for click chemistry application with EdU
following in vivo application or ex vivo incubation. This approach presents great
potential in monitoring vital biological processes such as angiogenesis (the formation

of new blood vessels from pre-existing ones) without the need for additional dyes.

“Copper(l)-catalysed azide-alkyne cycloaddition” reaction (CUuAAC, “click
chemistry”) is used for many applications in various fields due to its high yield,
working in different conditions and being unaffected by the groups attached to the
alkyne and azide 1"®17°, One of the applications for CUAAC is the fluorescence-based
detection of cell proliferation by fluorescently labelling DNA tagged with EdU using

an azide dye 119120,

It is possible to detect EAU in complex biological environments such as cells because
of the alkyne band that EQU exerts in the spectroscopically “silent region”, where the

signal from EdU would not be interfered with by other signals from biological
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compounds %, Although Raman detection of EdU-labelled DNA could be done in a
“click-free” fashion i.e. without the need for any additional dyes, the Raman band of
alkyne-tagged EdU in cells is relatively weak, resulting in the need for longer
incubation times and relatively higher concentration of EdU (at least 3 hours of
incubation with 20 uM EdU was needed *°), compared to fluorescence subsequent
imaging (ca. 1h of incubation of 10 uM EdU). Therefore, a Raman probe that gives
an enhanced Raman signal, especially for ex vivo Raman imaging, could be of great

value.

Here, two concepts of Raman probes for click chemistry applications are presented;
One with the potential of improving Raman-based detection of EdU through
resonance enhancement, and the other offers signal enhancement in the spectroscopic

silent region.

16.2.1. Resonance Raman enhancement

As is the case with AXT (presented in the previous chapters), resonantly enhanced
Raman bands could be achieved, resulting in an intense Raman signal easily
observable in the Raman spectra of complex samples such as cells. EdU
incorporates into cellular DNA during replication, and a click chemistry reaction
could be used to label intracellular EAU allowing enhanced imaging of cellular
DNA, particularly of newly synthesised DNA and cell proliferation. Utilizing click
chemistry to improve Raman detection of cellular DNA; by following the intense
characteristic bands of a resonance Raman probe labelling EdU-tagged DNA is the

concept behind this proposed approach (Figure 13.9).
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Figure 16.1. “Click chemistry” for Raman detection. The concept of Raman
microscopy detection of EdU as EdU incorporates into DNA, then a CuAAC
reaction “click chemistry” is used to enhance the EdU signal.

Retinol presents a resonantly enhanced Raman spectrum when excited with a 532
nm laser, with the most intense Raman band presented at ca. 1593 cm™ (Figure
13.10). For its potential to enhance Raman imaging of EdU via click chemistry, the
retinol structure was modified to accommodate a terminal azide. The resulting
compound of the click chemistry reaction between EdU and modified retinol
showed a clear resonance enhancement detected with Raman spectroscopy when

the sample was excited using a laser with an excitation wavelength of 532 nm.
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Figure 16.2. The “click chemistry” reaction between EdU and the azide Raman reporter,
with the spectra of the azide reporter (yellow), and EdU (red) on the right side compared
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the relative intensity of their respective characteristic bands. On the left side, the Raman
spectrum of the end product (EdU-A1)

16.2.2. Enhancement of the Raman band in the silent region

Similarly to a previously reported method, a potential azide Raman probe with two
(C=C) bonds was synthesized for the purpose of enhancing the Raman imaging of
EdU-labelled cell DNA. The multistep organic synthesis scheme shown in (Figure

13.11A) demonstrates in steps how the potential Raman probe was produced.
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The resulting compound demonstrated significantly enhanced alkyne Raman bands
compared to EdU, evidenced by the Raman spectra collected for both molecules in
solid state and when dissolved in DMSO. The resulting molecule showed two
overlapping alkyne Raman bands with peaks at ca. 2193 and 2209 cm™* as opposed
to EdU which demonstrates an alkyne Raman band at ca. 2122 cm™ (Figure 13.12).
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Figure 16.4. Enhancement of the Raman signal using a potential click chemistry
Raman probe. (A) Structure of the synthesis final product and EdU. Raman spectra of the
product (blue) and EdU (black) in solid state (B) and dissolved in DMSO (10 mM, C).

These potential Raman probes (presented in chapter 13.5) are aimed at enhancing
the Raman signal of EdU following their click reaction with EdU-labelled DNA,
especially in cells and tissues. To assess their applicability for such applications,
their permeability through the cell membrane and the outcome of the click
chemistry reaction performed in cellulo should be studied by the means of Raman

microscopy.
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16.3. Multiplex Raman imaging

Finally, a proof of concept study presented multiplex Raman imaging of ECs
organelles, specifically nucleus, mitochondria and ER through labelling the same
sample with EdU, MitoBADY and falcarinol, respectively (representative image
shown in Figure 16.1). Multiplex labelled Raman imaging of subcellular structures
could be utilized to investigate alterations in multiple cell organelles or changes in

multiple cellular processes associated with disease development.
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Figure 16.5. Multiplex labelled Raman imaging of cell organelles. HMEC-1 labelled
with EdU, MitoBADY and falcarinol to image the nucleus, mitochondria and ER,
respectively, showing their composite image and the distribution of all organic matter for
reference. On the right side cropped Raman spectra of the nucleus (red) showing EdU
alkyne band, and of the cytoplasm (blue) showing the alkyne bands of MitoBADY and
falcarinol. The figure was adopted from Ref. [**].
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2022).

e Performed multistep organic synthesis of potential Raman probes, and the
characterization of the synthetic products using NMR and MS.

e Trained in liposomes preparation through lipid extrusion and electroformation,
and characterization using DLS and confocal fluorescence microscopy.

e Collaborated on a study to assess the liposomal encapsulation of AXT on AXT

uptake into ECs and its anti-inflammatory effects.

(2) Internship at the Institute of Nuclear Physics Polish Academy of Sciences (PAS) —
Research Intern (October 2021).

e Trained in surface-enhanced Raman scattering (SERS) microscopy, atomic
force microscopy, Nano-IR, Fourier transform IR spectroscopy and RT-PCR

techniques.
(3) Internship at the Institute of Physical Chemistry PAS — Research Intern (October 2021).

e Trained in SERS microscopy and the production of silver and gold substrates
for SERS.

e Trained on bacteriological culture.

e Was introduced to chemometrics and multivariate analysis using Unscrambler
software.
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