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"Non quia difficilia sunt non audemus, sed quia non audemus,
difficilia sunt."

It is not because things are difficult that we don’t dare, it is because
we don’t dare that things are difficult.

- Seneca, Epistuale Morales 104.26






ABSTRACT

Vascularization in complex human tissues remains a challenge in the field of tissue engineering.
A functional vascular network, capable of providing oxygen and nutrients and the removal
of metabolites, is mandatory for the regeneration of large organs. Recent research on whole
organ decellularization has showcased advantages regarding biocompatibility and structural
integrity on the resulting extracellular matrix. In this work, we explored the possibilities of
two different scaffold building techniques, plant decellularization and fibre electrospinning,
as natural and synthetic alternatives for the issue of vascularization. Tetragonia tetragonioides
(Pallas) Kuntze, Spinacia oleracea L. and Phaseolus vulgaris L. leaves were successfully decellu-
larized, with a nucleic acid reduction of 89 + 11 %, 99.0 + 1.0 % and 99.6 + 0.4 % respectively.
The structural integrity was highest for T tetragoniodes. Re-seeding of the leaves with 3T3
fibroblasts and endothelial cells by conventional seeding and a perfusion re-cellularization
for S. oleracea with 3T3 cells were also achieved. In parallel, we were able to produce poly-
caprolactone scaffolds interleaved with open channels and evaluate their cellular adhesion
and proliferation. A three channel scaffold alongside thick polycaprolactone layers provided
the best results. The scaffolds studied in this work may provide effective re-vascularization

strategies upon incorporation in large-scale scaffolds for organ regeneration.

Keywords: Tissue engineering, ECM, 3T3, endothelial cells, PCL, PEO, Phaseolus vulgaris L.,

Tetragonia tetragonioides (Pallas) Kuntze, Spinacea oleracea L., SDS, Triton X-100.
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RESUMO

A vasculariza¢io em tecidos humanos complexos permanece um desafio no ramo de enge-
nharia de tecidos. A existéncia de uma rede vascular que providencie oxigénio e nutrientes,
bem como a remogio de metabolitos ¢ essencial a regeneragio de orgaos. Desenvolvimentos
recentes acerca da descelulariza¢io de orgaos tém demonstrado vantagens relativamente a
biocompatibilidade ¢ integridade estrutural da matriz extracelular resultante. Neste trabalho,
exploramos as possiblidades de duas técnicas de fabricagio de scaffolds, a descelularizacio
vegetal e a electrofiacio de fibras, como sendo alternativas naturais e sintéticas ao problema
da vasculariza¢ao. Folhas de Tetragonia tetragonioides (Pallas) Kuntze, Spinacia oleracea L. ¢ Pha-
seolus vulgaris L. foram descelularizadas com sucesso, com uma reducio de contetudo de acidos
nucleicos de 89 + 11 %, 99.0 £ 1.0 % ¢ 99.6 + 0.4 % respectivamente. A integridade estrutural
foi superior para T. tetragonioides. Foi possivel efetuar o seeding de folhas com fibroblastos 313
¢ cclulas endoteliais por seeding convencional bem como por perfusio de folhas deS. oleracea
com células 3T3. Em paralelo, foram produzidos scaffolds de policaprolactona intercalados
com canais abertos ¢ avaliada a sua adesiao e proliferacio celular. Os melhores resultados foram
obtidos para um scaffold de trés canais juntamente com camadas espessas de policaprolactona.
Os scaffolds utilizados neste trabalho poderio ser uma estratégia eficaz de re-vascularizagio

quando incorporandas em scaffolds de larga escala para a regeneragio de orgaos.

Palavras-chave: Engenharia de tecidos, 3T3, c¢lulas endoteliais, ECM, PCL, PEO, Phaseolus

vulgaris L., Tetragonia tetragonioides (Pallas) Kuntze, Spinacea oleracea L., SDS, Triton X-100.
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Anastomosis
Angiogenisis

Angiosperm

Atheroma

Cotyledonary

Dicot

Hypanthium
Hyperplasia
Hypoxia

Parenchyma
Patency

Proatherogenic

Protoxylem

GLOSSARY

A connection made surgically between adjacent blood vessels or other
channels of the body.

Process through which new blood vessels form from pre-existing ones, often
associated to a particular organ or tissue.

A plant of a large group that comprises those that have flowers and produce
seeds enclosed within a carpel, including herbaceous plants, shrubs and
grasses.

An abnormal accumulation of material, mostly macrophages and debris,

in the inner layer of the arterial wall.

Respective to the cotyledon, meaning an embryonic leaf in seed-bearing
p Yy & Y &
plants, one or more of which are the first leaves to appear from a germi-

nating seed.

Abbreviation of dicotyledon, meaning a flowering plant with an embryo
that bears two cotyledons. Typically, they have broad stalked leaves with

net-like veins.

An enlarged cup or rim of tissue in flowers.
Increase in the amount of organic tissue, resulting from cell proliferation.

Process where there is an inadequate oxygenation of the blood.

A type of tissue in plants, typically soft and succulent, characterized by
cells with thin walls and found mainly in the softer parts of leaves etc.
The condition of being open or unobstructed.

That promotes the formation of atheromatous deposits.

The part of the primary xylem that develops first in a plant organ, consist-

ing of narrow, thin-walled cells.
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GLOSSARY

Saphenous vein

Scaffold
Seeding
Senescence

Thrombus

Xenotransplantation

Large superficial vein of the leg.

Cell growth support structures composed of biocompatible materials, es-
pecially designed for cell atctachment.

To disperse or transfer cells onto a designed scaffold.

Also known as biological aging, it refers to the condition or process of

deterioration with age.

A stationary blood clot along the wall of a blood vessel, frequently causing

vascular obstruction.

Also known as hetero]ogous transp]am, it consists on the transp]antation

of living cells, tissues or organs from one species to another.
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CHAPTER

INTRODUCTION AND OBJECTIVES

HE interdisciplinary field of tissue engineering aims for the restoration,
improvement or replacement of human tissues. As to achieve it, a scaf-
fold must be biocompatible, in order to avoid unwanted host immune
responses, allow for cellular attachment, migration, proliferation and

differentiation and be controllably biodegradable in order to aid tissue

construction. The material should also support the formation of the
ECM (extracellular matrix) by promoting cellular mechanisms, provide biomolecular signals
and have adequate mechanical properties in order to arrange a good cellular environment
for the normal transit of cell factors and molecules [1]. It is then implanted onto the patient
and degrades at an adequate rate as the cells proliferate in number, leaving, at last, a solely
cellular tissue with no toxic degradation by-products. Although skin and cartilage tissues
designed in vitro are already Commerciaﬂy used, Whole—organ engineering is still far from
safely transplantable in patients [2]. However, recent years have allowed for large scientific
advances in biomaterials, stem cells, growth and differentiation factors and the creation of
biomimetic environments, allowing for new scaffolds, new cellular techniques and an expo-
nential growth in attempts at engineering living tissues. Nevertheless, major challenges still
remain such as the need for more complex systems and the inability to produce functional

and stable vascularized systems.



CHAPTER 1. INTRODUCTION AND OBJECTIVES

1.1 Vascularization

Blood vessels allow for the transportation of nutrients and oxygenated blood to cells as
well as the removal of waste through a network that is subdivided into small capillaries. It
plays a pivotal role on the cellular viability of the implanted tissue, especially in regards to
parenchymal cells, co-determining their behaviour. This mechanism is limited by the fact
that diffusion can only transport oxygen and nutrients at a distance of 100-200 gm from the
nearest blood vessel. Although some neovascularization processes occur post implantation,
as a reaction to hypoxia [3], this growth is limited to tens of micrometeres per day, a rate too
low for an organ to be feasible unless previously vascularized [4].

In order to enhance vascularization several strategies have been investigated in vitro and in
vivo, with methodologies such as pre—vascularization with or without the usage of angiogenic

factors and scaffold design.

1.1.1  In Vivo Pre-vascularization

In vivo pre-vascularization is a technique based on a non-vascularized construct that
follows a two-step programme. Firstly, a porous acellular scaffold is attached to the patient’s
artery, side to side, becoming vascularized post-implantation through cellular infilcration on
the scaffold. After a time period of a few weeks, a microvascular network will be formed that
can then be harvested an explanted to the host’s target site.

This process allows for the scaffold to be immediately perfused after implancation. How-
ever, two separate surgeries are required and, since the vascular axis has to be removed from
the first surgery’s site, cells will have to reseed on the second surgery site, a process that can

be tricky thanks to nutrient limitations that arise post implantation [5].

1.1.2  In Vitro Pre-Vascularization

In wvitro pre—vascularization aids time management as vessels only need to grow into
the outer regions of the vessel construct. However, as they cannot be surgically connected
to the host’s vasculature, perfusion occurs at a slower rate when compared to in vivo pre-
vascularization [6]. Co-cultures using endothelial cells and, optionally, other cell lincages
such as myoblasts and fibroblasts can be used as a way to initiate vascularization in a variety
of tissues. In this technique, the cells are introduced into the desired tissue through either 3D
multicellular spheroids or simple culture mixing, thus constructing a rudimentary vascular
network that can be connected with the existing vasculature of the host’s tissue, a process

named anastomosis [7] [8]. The usage of a combined culture of both endothelial cells and
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fibroblasts has been found to be particularly useful as fibroblasts have also been shown to

modulate the formation of an endochelial cellular network [9].

1.1.21 Angiogenic Factors

Angiogenisis consists of the process where new blood vessels are formed, branching out-
wards from pre-existing ones in a deeply dynamic process comprised of several steps. Angio-
genic factors arise from different sources, being produced by host cells due to an inflammatory
response to tissue injury at the moment of or after implantation [10].

These factors can and have been successfully added to designed scaffolds in order to
enhance vascularization. In fact, the formation of new vessels can be increased by factors
such as VEGF (vascular endothelial growth factor) and bFGF (basic fibroblast growth factor)
which stimulate the mobilization and recruitment of progenitor cells, thus accelerating the
activation of the host’s microvasculature at the implantation site [11]. In order to deliver
them to the implantation site, growth factors are entrapped within a scaffold such as collagen,
alginate and PLGA (poly(lactic-co-glycolic acid)). However, induced vessels have been found
to be often disorganized, hemorrhagic and unstable [12], thus still requiring optimization.

Protein modification techniques have also been applied in scaffolds, by binding domains
for angiogenic factors through fusion proteins. Although successful, issues were found regard-
ing the delivery of pro-angiogenic factors towards a specific region. This issue has lead to
the exploration of drug-delivery techniques such as loaded microspheres incorporated onto
scaffolds. Still, as this process is highly dependant on cellular response, to date, it is seen as

better suited as for conditions where these factors can be easier to control [13].

1.1.3  Scaffold Design

Scaffold design deeply affects the rate of vascularization post implantation as it influ-
ences its inherent characteristics. Druecke et al. has shown that vessel ingrowth rate into a
poly(ether ester) block-copolymer scaffold is influenced by pore size, where the rate for small
diameter pores is lower than the one for pores with a diameter between 200-300 pm [14].
The way pores interconnect with each other also plays a pivotal role as cell migration, and
thus, vascularization, will only occur when pores are connected [15]. Although its shape and
size can be varied through different fabrication techniques, their organization will remain
random, leading to obstructed and partially connected pathways that could limit nucrient
supply for the seeding cells as well as vessel ingrowth [16].

Currently, scaffold fabrication can be done through several methodologies such as phase
separation, freeze-drying, self-assembly, gas foaming, rapid prototyping, electrospinning and

tissue decellularization [17]. Organ decellularization has showcased advantages regarding
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biocompatibility and structural preservation. The complexity of the microstructure of a de-
cellularized ECM cannot be reproduced by any of the current scaffold fabrication methods,
either alone or in combination thus making it an interesting approach to the issue of vascular-
ization. Also, plant ECM holds several characteristics similar, to a certain extent, to animal

ECM.

1.2  The Extracellular Matrix

The ECM is a fairly stable scructural component whose main function is to provide phys-
ical scaffolding for cell growth and prolifertion. Nonetheless, it plays other important roles,
by triggering key biochemical and biomechanical cues, required for tissue morphogenesis
and differentiation profiles. It is a highly dynamic structure which is frequently remodelled
via both enzymatic and non-enzymatic processes. Each tissue has an individual composition
that differs between cellular lineages in a markedly heterogeneous fashion though their main
composition remains the same throughout [18]. Cell adhesion and communication is also

influenced by the ECM.

1.21 The Animal ECM

The Animal ECM is a complex network composed of three main types of molecules:

proteoglycans , fibrous (substrate adhesive) proteins and structural components.

Laminin

Proteoglycan

Figure 1.1: Pictorical representation of the ECM molecular organization. Fibrous proteins contain
binding sites for each other as well receptors such as integrins which are located at the cell surface. The
presence of proteoglycans is of great importance since they occupy the majority of the extracellular
space. Adapted from Karp [19].
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1.2.1.1 Proteoglycans and other glycoprotcins

Proteoglycans are complex macromolecules, mainly comprised of GAG (glycosamino-
glycans) chains covalently bound to a polypetide side chain. Their strong anionic charge
allows them to attract counter-ions as well as water molecules in tissues, giving them their
characteristic hydration properties and force-resilience [20] [18] [21].

Glycoproteins are comprised of olygosacharide chains covalently bound to a polypepride
side chains which, contrary to proteoglycans, are not negatively charged. Laminins are a group
of heterotrimetric glycoproteins that play an important role both in cell adhesion and several
other processes such as cellular differentiation and migration via their integrins. Integrins
compile a family of cell surface receptors which mediate cell-matrix interactions by binding
ECM fibrils and associating with actin filaments through cytoskeletal linker proteins. Each
component of the linkage transmits forces that activate a plethera of signaling pathaways for
cell survival [22]. Laminins also have the ability to bind to minor collagen species [23] [24]
[25].

1.2.1.2  Fibrous proteins

I. Collagen

Collagen is the most common fibrous protein in humans, with an estimated 30% of
all protein in the human body being Collagen Type L. It is arranged into fibrils in a
triple-helical organizational fashion, which consists of three separate @ chains, each of
them twisted in the form of a left-handed helix. These chains wrap around each other
in a highly ordained way, similar to a rope, producing the tight molecular structure
which is then stabilized by inter-chain hydrogen bonds. Its structure gives collagen
the ability to help maintain tissue integrity by giving the ECM the tensile strength
required to endure mechanical stress as well its resistance to protease actacks. Collagen
also plays a role in other mechanisms such as cellular adhesion and migration [24] [26]
[21].

II. Elastin
Elastin’s role relies on providing tissues its resilience and e]asticity. Its structure com-
prises single tropoelastin subunits (precursors) that bind to each other, forming the
fibre. Elastin fibres are covered by fibulin and fibrillin micro fibrils that play a role on

its scructural integrity [27] [24] [18].
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I11. Fibronectin
Fibronectin is a highly elastic glycoprotein located within the basement membrane
of the ECM. It exists in two different forms depending on their solubility; soluble
plasma and less-soluble cellular fibronectin. Its roles are diverse though it is intimately
connected to ECM organization and the mediation of cell actachment and migration.
It also has the ability to bind to other ECM components such as collagen, fibrin and

heparan sulphate proteoglycans [28] [24] [18].

1.2.2 The Plant ECM

Over the last couple of decades, some biologists have adopted the term "extracellular
matrix"as a way of assess the dynamic structure of the plant cell wall. The cell wall is mostly
comprised of polysaccharides, such as cellulose, xyloglucans and pectins; glycans, lignin and
proteins, all organized onto a paracrystalline lactice with ratios that vary between tissues,

plant types, cellular differentiation state and environmental factors [29] [21] [30].

Cellulose microfibrils Cross linking glycans

Cell wall negative
charges

ngtenge A Ay N
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SE & Pectin layer SN @ge, Pectins
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Figure 1.2: Schematical representation of the ECM of an angiosperm. Cellulose microfibrils (grey)
intertwine with cross-linking glycans (green) forming an environment with a negative net charge that
fronteirs the middle lamella through a pectin layer (red). Image adapted from Guimaries et al.[30]
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1.2.21 Polysaccharides

I. Cellulose
Cellulose, (CgH1¢Os),, is a fibrous water-insoluble polisaccharide that comprises the
majority of the cell wall. Structurally, it is comprised of repeating glucose monomers
attached end-to-end. It is bonded through its hydrogen, forming micro-fibrils which
wind together, Forming threads that coil around each other, creating a rope—like struc-
ture named macro-fibril. Micro-fibrils are then embedded onto a cross-linked matrix

of hemicelluloses, pectins and glycoproteins [21] [31].

II. Hemicellulose
Hemicelluloses combine a diverse group of non-crystalline glycans which are bound
to the cell wall, with xyloglucans accounting for the most predominant. Structurally,
xyloglucans are similar to cellulose, only containing short side chains of xylose, galactose
and sometimes a terminal fucose. They are tightly linked through hydrogen bonds with

cellulose micro-fibrils, playing an imporant role in cell growth regulacion [21] [31].

ITI. Pectins
Pectins are a family noncellulosic polysaccharides, containing galacturonic acid residues.
They are highly hydrophilic, allowing to water to enter the cell wall, modulating its
stretching ability. Nonetheless, they serve many purposes, playing an important role in
ion transport and inducing the activation of defence responses and the accumulation

of protease inhibitors [21].

1.2.2.2  Structural Proteins

Holding a predominant spot as the main proteic content, structural proteins hold key
functions such as contributing for the control of cell wall assembly, hydration and perme-
ability. Depending on their enrichment in certain amino acids and the presence of repeated
sequence motifs, they can be classified into two groups; hydroxyproline-rich proteins and

glycine-rich proteins that cross-link with the cell wall polissaccharides [30].

1.2.2.3 Lignin

Lignin is a hydrophobic polymer with differcing compositions depending on the plant
source, particularly abundant in the cell wall of woody trees. It is rich in aromatic subunits
which fills the spaces between cellulose, hemicellulose and pectin by being covalently bound
to hemicellulose, cross-linking with the remaining polysaccharides. This fact turns lignin
into a largely important in vascular and support tissues such as xylem tracheids and vessel

clements, conferring the cell wall its strength [32].
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1.3 Plant Leaf Anatomy

Apex
Margin
Veins |- Blade

Midrib

Base

Petiole

Adaxial

Stipule Abaxial

Figure 1.3: Plant leaf anatomy. A. The petiole attaches the leaf blade to the stem. Its dimensions vary
between species. B. Adaxial vs Abaxial leaf surface. Image adapted from [33]

As to use the plant ECM for vascularization purposes, it is important to understand the
anatomy of plant leaves. Although some differences can be found between plants, leaves
possess basic features that are universal. Within the blade, commonly known as the leaficself,
nutrient transportation is delivered through the veins, comprised of vascular tissue. Secondary
veins connect in a major vein named midrib, in a fashion that mimics the relationship between
large animal vessels such as arteries and veins and their branching towards arterioles, venules
and capilaries. Connecting the veins to the plant stem is the petiole, a thin stalk that can be

absent in some plant species and allows for nutrients to be delivered from the plant stalk to

the leaf.

1.3.1 Leaf Tissues

Leaves are highly organized structures, Comprised of three different main tissues, the

epidermis, the mesophyll and vascular tissue.

1.3.1.1 Epidermis

The epidermis consists of a single layer of tightly packed barrel—shaped cells which covers
both surfaces of the leaf blade. It is involved by a continuous waxy layer of cutin named
cuticle, which protects the leaf from dehydration due to transpiration. Special cells named
guard-cells, regulate plant-environment gas-exchanges. In several species, trichomes can grow
out of the epidermis, creating an irregular surface that, in some cases, helps protect the leaf

from uninvited herbivores or insects through processes like stinging, or trapping [34].
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Trichome

Chloroplasts
(within mesophyll cells)

mesophyll
Lower epidermis
Cuticle

Air space
Phloem

Guard cells

Figure 1.4: General representation of adicot epidermis. The epidermal tissue includes several differen-
tiated cell types such as epidermal cells (most numerous and least specialized, typically less elongated
in dicots), guard cells, subsidiary cells, and epidermal hairs (trichomes). Adapted from Carlson [35].

I. Cuticle
The cuticle comprises two main lipidic components; insoluble cutin/cutan and soluble

waxes.

Cutin is a polyester polymer of variable size, structurally comprised of Cy¢ and Cyg
hydroxy and hydroxy—epoxy fatty acid monomers. Cutan is an alternative highly insol-
uble polymer with an unclear molecular structure. It differs from cutin with its ability
to withstand alkaline hydrolysis. Together, they form the cuticle matrix. Depending on
the plant species, the matrix can be formed by cutin, cutan or both at different weight

percentages.

Cuticle waxes can be epicuticular or intracuticular, depending whether they are de-
posited on the surface or embedded onto the matrix. Together, they represent the

plant’s main barrier to water and solute transportation across the cuticle [36].

Currently, the cuticle is regarded asa 1ipidie layer that only interacts physicaﬂy with the
cell wall in short distances. The cutin matrix is embedded with intracuticular waxes
and phenolic compounds throughout the cuticle, whereas polysaccharides populate
only the cuticular region that interacts with the cell wall. Additionally, a layer of waxes
on the cutin matrix creates the interface between the leaf and the involving atmosphere

[37] [34].
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II.

Trichomes

Trichomes consist of a series of different outgrowths or appendages that come in a
variety of shapes and sizes and can serve various functions. Mainly, trichomes have been
found to have a protective role against insects, mostly due to its chemical secretions.
As an example, bean leaves were used in the Balkan countries as a way to entrap bed

bugs, being thrown on the floor and later burnt [34] [38].

1.3.1.2 Vascular Tissue

The plant vascular network allows for the transportation of nutrients and water through-

out the plant, ending on the leaves. It comprises two main conductive tissues; the xylem,

main]y involved in water and ions conduction from the soil, and the phloem which takes care

of the transportation of water and organic molecules. This network will be taken advantage

of in the present work.

I. Xylem

II.

The xylem allows for the transportation of water and some ions under negative pressure.
[t can classified onto two types; the primary and the secondary xylem, depending on
the stage and origin of growth. Additionally, it is comprised of tracheary elements,
parenchyma cells and supporting cells, also named fibres. Regarding the tracheary
clements, two types exist in the xylem; the tracheids and the vessel elements, comprised

of the cell walls of dead cells arranged onto a "pipe-like"scructure [39] [40] [34].

Phloem

Contrary to the Xylem, the phloem isa living tissue which has the abi]ity to transport,
by an active mechanism, the organic compounds produced during the photosynthetic
process. Living cells allow for the osmotic gradient to be maintained and protects
the vascular system from leakage by the underlying pressure. It is comprised of sieve
clements, parenchyma cells and supportive cells. Between the tube members there are

sieve plates which are pores that regulate said transport [41].
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1.4 Blood Vessel Anatomy

Tunica media
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Figure 1.5: Anatomical structure of blood vessels. a. Schematic representation of an artery wall. Smooth
muscle cells allow for it to withstand high physiological pressure. b. Structural comparison between
arteries, veins and capillaries. In veins, valves help blood return to the heart from places where gravity
has a bigger effect such as the saphenouos vein. Contrary to arteries, Capillaries are less resistant to
pressure since they are made of a single layer of endothelial cells. Adapted from Blausen and staff [42].

Blood vessels are key parts of the peripheral vascular system including all the vessels
outside of the heart, which transport blood throughout the body. It is comprised of arteries
and arterioles that transport oxygenated blood from the heart, veins and venules that cransport
low oxygenated blood to the heart, and capillaries which are branched out vessels. Structurally,
they differ slightly, with arteries having thicker walls in order to withstand the high pressure
pumped from the heart. However, both arteries and veins possess a wall composed of three
tissue layers; the tunica intima (thinnest layer, comprised of a single layer of endothelium
supported by a subendothelial one), the tunica media (thickest layer, contains smooth muscle
cells, elastic fibers and connective tissue arranged in a circular fashion) and the tunica adventia
(external layer made of connective tissue). In addition, all vessels possess a hollow space

named lumen where the blood flows [43].
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1.5 Tissue decellularization
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Figure 1.6: Advantages of in vitro recellularization when compared to other techniques. Decellular-
ization hclps reduce the risk ofpaticnt immune rejection since it can be seeded with autologous cells.
The usage of an in vitro recellularization technique prior to implantation has also been known to
reduce the risk of complications such as thrombus formation and calcifications with the added bonus

of inducing the recruitment of progenitor cells in vivo. Image adapted from Moroni et al. [44]

Tissue decellularization aims for the isolation of the components of the ECM while keep-
ing their structural integrity, through the removal of the tissue’s inherent cells. The efficacy of
the decellularization process can be assessed through different techniques such as histological
staining with nuclei markers like DAPI, hematoxylin and eosin and the quantitative measure-
ment of DNA [45]. These methods base themselves on the assumption that the removal of
intracellular, membranous molecules and DNA are equally efficient. Also, since intracellular
and membrane components possess surface antigens, the removal of these components allows
for the reduction of a possible immune rejection due to xenotransplantation.

In order to decellularize an organ, in this case, plant leaf; several techniques can be used

which fall onto the categories of physical, chemical, enzymatic and combined.

12



1.5. TISSUE DECELLULARIZATION

1.5.1 Chemical Decellularization Agents

1.5.1.1 Acids and Bases

Solutions with an extreme pH value can improve the efficacy of cellular removal through
the catalysis of biomolecular hydrolytie degradation. Acids such as per-acetic have been used
in order to remove residual nucleic acids where they have been found to solubilize cytoplas-
matic components with no relevant structural disturbance on the ECM. This happens because
even though collagen is partially removed, the sulfated GAGs are generally not affected [46].
However, since a balance between the removal of structural protein such as collagen and the
removal of other components needs to occur, it is important to optimize both the concentra-
tion and exposure time to such agents.

Bases are commonly used for sample processing such as the removal of hair from skin
samples [47]. Commonly used bases such as ammonium hydroxide, sodium sulfide and sodium
hydroxide work by denaturing DNA. However, since they remove important growth factors
and highly decrease the mechanical properties of the ECM through the disruption of collagen

crosslinks, they are a more disruptive method than acids [48].

1.5.1.2  Detergents

Detergents are effective decellularization agents that work by solubilizing cell membranes
and dissociating DNA from proteins. However, their common use in protein extraction
procedures infers that they will also be disrupted from the ECM, thus having a negative effect
on its structural integrity. This con can be managed by lowering both the concentration and

exposure time as well as combining detergents with different agents.

[. Tonic Detergents

Figure 1.7: Chemical structure of SDS. The combination of its hydrocarbon tail with a terminal po]ar
group gives this detergent its amphiphilic properties.

lonic detergents such as SDS, Triton X-200 and sodium deoxycholate are highly efh-
cient detergents that solubilize cytoplasmatic membranes, lipds and DNA [49]. The
utilization of SDS comes from the fact that it is frequently used in order to aid the
denaturation of proteins in SDS-PAGE electrophoresis, by interfering with both the

hydrophobic interaction and the hydrogen bonds. In fact, SDS has been shown to
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I1.

achieve an adequate cell removal in animal tissue while retaining proteins such as glyco-
proteins and collagens as well as retaining fiber orientation, making a huge difference
regarding decellularization efficiency when compared with other agents. However, it is

associated wich a high GAG and growth factor removal and some structural disruption.

Triton X-200 has a greater structural disruption when compared to SDS, though it can
only effectively work on thinner tissues, being more commonly used as a final agent

[45].

Non-lonic Detergents

Figure 1.8: Chemical structure of Triton X-100. It is Comprised of a hydrophilic polyethylene oxide

chain and an aromatic hydrocarbon lipophilic group.

I1I.

Non-ionic detergents are mainly used when it is pivotal to maintain as much of the
structural protein integrity and enzyme activity as possible. They work by disrupting
DNA-protein, lipid-lipid and lipid protein and, to a lesser extent, protein-protein
interactions. Nonetheless, this lowers the eﬁieieney of the process. Practical uses
include tissue de-lipidation and the removal of cellular residues as a last step for tissues

such as valve conduirts [50].

In this category of detergents, Triton X-100 stands out in preference for decellulariza-

tion procedures, due to its low structural disruption and high GAG removal [51].

Zwitterionic Detergents

Fairly less used, zwitterionic detergents own their name to the neutral charge in their
hydrophilic groups, allowing them to protect the native state of proteins. Nonetheless,
this characteristic does not come without cost, as their efficiency is much lower, thus
only being used in thinner tissues such as the lung [52] or combined with ionic deter-
gents [53]. Amongst this category lie detergents such as CHAPS, SB-10 and SB-16 [54],
cach with their own set of pros and cons. In fact, while SB-10 and SB-16 have been
shown to better preserve the structure of ECM and remove cells when compared to

ionic detergents [53], CHAPS improves collagen, GAGs and elastin retention [55] [56].

14



1.5. TISSUE DECELLULARIZATION

1.5.1.3 Alcohols

Alcohols are mainly used as dehydrating and lysing agents, since, when permeabilized,
their hydroxyl groups can diffuse into the cell, replacing the intracellular water thus lysis
the cell by a process of dehydration [57]. Oxidized phospholipids are proinflammatory and
proatherogenic agents which can contribute to prosthesis calcification in valves and conduits
[58]. Alcohols help fix this issues since they are known lipid dissolvers. However, alcohols
such as ethanol and methanol can precipitate proteins and damage the ECM structure by

altering the collagen structure through crosslinking [59].

1.5.1.4 Chelators

EDTA and EGTA bind divalent metal cations, mainly Ca?* and Mg2+, helping with the
cellular dissociation from ECM proteins. As aresult, they are particularly used in combination

with trypsin and detergents in order to ensure a maximum cellular removal [48] [57] [60].

1.5.2  Enzymatic Methods

Enzymes are highly specific agents for the removal of cell residues and unwanted ECM
components when accompanied by other methods. Nonetheless, special care must be held
in order to remove enzyme residues which can hinder recellularization or induce an adverse
immune response.

Examples used in decellularization protocols include endonucleases (eg. DNase, RNase),
proteases (eg. trypsin, collagenase) and esterases (eg. phospholipase A2) which work in dif-
ferent ways. DNase and RNase catalyse the hydrolysis of the interior bonds of the nucleotide
chains, while exonucleases catalyse the "exterior"terminal bonds, leading to the degradation
of DNA or RNA. As such, they are mainly used as an additive to detergents in order to help
remove residual DNA [61]. Since endonucleases cleave nucleotides mid-sequence, they are
thought to be more effective than exonucleases at fragmenting DNA. Also, following this
logic, non-site specific endonucleases would be more effective compared to site-specific ones
[45].

Trypsin (EC 3.4.21.4) is perhaps, the most used enzyme in decellularization protocols. It
is a serine protease which cleaves proteins on the carboxyl side of arginine or lysine unless the
following residue is proline, detaching cell adherent proteins from the surface [62]. While
trypsin has been shown to be effective as an adjuvant, long exposure times have been reported
to damage the collagen matrix [47]. When compared to detergents, trypsin has a bigger
impact on the structural integrity of elastin and Collagen and a slower rate of cellular removal.

However, it allows for a better preservation of GAGs [63] [64].
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Other enzymes used include collagenase, dispase, thermolysin and lipase, which vary in

structural disruption properties.

1.5.3 Physical Agents

1.5.3.1 Freeze—thaw cycles

Multiple freeze-thaw cycles have been shown to effectively lyse cells within tissues. How-
ever, its intracellular and membranous content are not eliminated unless they are processed
afterwards [65] [66]. Freeze-thaw also produces minor disruptions on the ECM structure,

with no significant alterations on its mechanical properties [67].

1.5.3.2 Agitation and Immersion

Perhaps the most commonly used techniques for tissue decellularization, protocols re-
garding the immersion of tissue in a solution with mechanical agitation have been published
for different tissues such as the bladder [60], trachea [68], cartilage [69], dermis [48], and
heart valves [70]. This technique allows for endless combinations of conditions which can
be adapted to different tissues. For example, thin tissues such as the urinary bladder can be
decellularized over a short period of time of a couple of hours of exposure to peracetic acid,
when used a re]ative]y aggressive agitation [71]. On the other hand, denser tissues such as the
trachea or dermis require a longer exposure time and a combination of different solutions of

alcohols, enzymes and/or detergents.

1.5.3.3 Perfusion

The process of perfusion decellularization consists on the usage of pressure gradients
though the vascular system of the tissue or organ in order to improve the efficiency of the
chemical decellularizing agents and facilitate the elimination of cellular debris, making it
particularly useful for hollow tissues such as blood vessels.

Though used in tissues, the work of Wainwright et al has demonstrated the viability of
perfusion based methods in the decellularization of porcine heart. For this, a retrograde
coronary perfusion tactic was used, requiring the usage of trypsin and detergents, in cycles
as well as a progressive increase in pressure [72].

In the work of Montoya et al [73], umbilical veins decellularized by luminal perfusion at a
flow rate of 50 mL/min were compared to a simple rotary agitation of 100 rpm, showcasing
a complete cellular removal and a diminuished cellular component retention with minimal

damage to the ECM structure . Also, a combination of both perfusion and immersion can be
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used in order to ensure a maximum removal of cellular content, as used by Wagner et al [74]

in lungs.

Figure 1.9: Decellularized human umbilical vein. a. Tissue decellularized through luminal perfusion.

b. Tissue decellularized through agitation. Contrary to perfusion, some loss of rigidity is noticeable.
Work and image published by Montoya et al. [73].

1.5.4 State of the art

1.5.4.1 Decellularization of cardiovascular components

Arteries have long been decellularized successfully. In 2003, Uchimura et al. have effec-
tively decellularized porcine carotid artery and rat aorta using a 1g/mL PEG solution and
DNase and re-sceded with rat vascular endothelial cells with a seemingly good conservation
of mechanical properties [75].

Also in 2003, Dahl et al’s work on porcine arteries has tested three decellularization
methods. The one consisting of a two-step process presented the best results in terms of
cellular content and structural properties, with a maximum stress pressure lowering from
6.6 £ 1.7 MPa for native arteries to 2.1 = 0.7 MPa for the decellularized version. Step one
consisted of a solution blend of 8mM CHAPS, 1M NaCl and 25 mM EDTA in constant
agitation for a period of 11h. Step two swapped the zwitterionic detergent with an anionic
one, SDS at a 1.8mM concentration for the same period of time. Both steps were performed in
agitation in a 10% CO; environment at a temperature of 37°C. The scaffold was later rinsed
with PBS and seeded with PKH-26-labeled porcine vascular SMCs, showcasing no obvious
cytotoxicity [76]. The protocol has since been repeated by several groups such as Quint et al.
[77] in 2011 who used a porcine carotid artery which was then implanted as an end-to-end
graft and recellularized in vivo, showcasing good patency and collagen retention.

Porcine heart valves have also been successfully decellularized in 2008 by Liao et al. [78]
by using 0.1% SDS followed by 0.5% Trypsin and 1% Triton X-100 and in 2012 by Dijkman et
al. [79], using a solution blend of 0.25% sodium deoxycholate and 0.02% EDTA, both followed
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by nuclease digestion. Both methods showcased little alteration on collagen content and
mechanical properties with a preserved function.

Likewise, veins have suffered decellularization through several protocols, though not as
popular as arteries. An example is a protocol used by Schaner et al. [80] in 2004 where human
greater saphenous veins were decellularized through immersion with different SDS concen-
trations of 0.01, 0.025, 0.05 and 0.075% , the later having the best results. The resulting
scaffolds possessed a 94% decellularization yield with similar in vitro burst strenght and colla-

gen content to native veins, functioning properly with no dilation or rupture after 2 weeks

of perfusion.

o, / b RV

1% SDS in deionized water, 77.4 mm Hg, 20 °C

Figure 1.10: Decellularization process on rat heart. After 12h the heart becomes more translucent as
the cellular material is removed through the right ventricle. HE staining showcases the conservation
oflarge vasculature conduits (black asterisks). Ao, aorta; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle. From Ott et al. [81]

Perfusion is a common technique especially in regard whole-organ decellularization. A
great example was published in 2008 by Ott et al. [81] where rat hearts were decellularized
by coronary perfusion of 1% SDS for 12h followed 1% Triton-X-100 for 30 minutes and an
antibiotic solution for 124h. The scaffold was later reseeded with rat aortic endothelial cells
with either intramural injection or perfusion into the vascular conduits, resulting in a bio-

compatible matrix with a perfusable vascular tree capable of being implanted.

1.5.4.2 Plant decellularization and blood vessels

Being an casily available and highly vascularized system, with a functional architecture
similar to animal tissues, plant leaves are a promising ethically sustainable and environmen-
tally friendly material regarding their possible use as a pre-vascularized scaffold for tissue
engineering applications. Moreover, their high hidrophilicity allow for cellular expansion
through long periods of time in a way that conforms to the microstructure of the plant’s
framework.

The idea of plant derived decellularized scaffolds is not new, starting to take a stand in

the 2010%s. The works of Modulevsky et al. have been especially featured, with the analysis of
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Figure 1.11: Decellularization timclapse in spinach leaf. After 5 days the leaf reaches a translucent
green hue which is removed when a 10% sodium chlorite solution is added (image d.). Work and image

published by Gershlaka et al. [82].

the properties of native hypanthium (floral tissue) of apples. Firsty, in 2014, the scaffold was
successfully seeded with NIH3T3 fibroblasts, mouse C2C12 muscle myoblasts and human
HeLa epithelial cells, remaining viable for up to 12 weeks [83]. Its ability to work as an
implantable cellulose scaffold was later confirmed in 2018. The developed scaffold showcased
an immune response that gradually disappeared as of the 8th week post implantation, with
an active migration of fibroblasts and blood vessel formation [84].

However, the usage of p]ant decellularization techniques as a way to build vascularization
was first shown by Gershlaka et al In their article published in 2017, spinach leaves were
treated with hexanes and later decellularized using a 10% SDS solution perfused through can-
nulas for 5 days after which a solution mix of 0.1% Triton-X-100 and 10% sodium chlorite
bleach was perfused for an aditional 48h, both at a constant pressure of 152 mmHg. Post decel-
lularization, the scaffolds retained patency and were capable of transporting microparticles.
Later, they were reseeded with human mesenchymal stem cells and human pluripotent stem
cell derived cardiomyocytes which adhered to the outer surfaces of the plant leaf. Particularly
cardiomyocytes showcased their contractile and calcium handling properties over the course
of 21 days [82].

Though not currently optimal, this brand new approach to the problem of vascularization
has thus shown an immense array of possibilities for its usage since plant material is casy to
get in a high quantity and its decellularization process is relatively cheap. Decellularized
leaves can also be further enriched for optimal mechanical properties and enhanced animal

cell adhesion.
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1.6  Electrospinning

E]ectrospinning is 2 common technique where a high]y viscous synthetic or natural po]y—
meric solution is made into solid fibres, having a diameter between a few micrometers and a
few nanometers, with the help of an electric field. The solution emerges at the end of a blunt
needle or capillary tube to which a high voltage (usually between 10 and 30 kV) is applied.
The interplay between surface tension and coulombic repulsion between like charges leads
to the formation of a conical shape commonly named Taylor cone from which a solution
jet emerges. The solution whips and elongates as it travels towards the collector due to the
clectrostatic repulsions between the surface charges, the Couloumbic force exerted by the

external electrical field and solvent evaporation. [85] [86].
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Figure 1.12: Basic electrospinning aparatus. The Clcctrospinning techniquc allows for the production
of non-woven nanofibers using an electric force to draw charged polymeric threads towards a moving
or static collector. SEM image represents non-oriented fibres of PVP. Adapted from Li et al. [86].

These fibres can be aligned with the rotation of a cylindrical collector at a high speed since
when the linear speed of the rotating cylinder matches that of the evaporated depositions, the
fibres align in a circumferential manner. Thus, higher speeds will result at a tighter alignment
whereas lower speeds will decrease the alignment.

In order to achieve this, a setup is placed consisting of a high voltage power supply, a

syringe pump, a syringe, a spinneret (blunt tip metallic needle on which the voltage is applied)
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and a grounded metallic collector. Also, optimization can be achieved through the manipula-
tion of several different parameters. These include solution properties such as conductivity,
viscosity and surface tension; environmental parameters such as air humidity, velocity and
the temperature of the solution and process parameters such as the electric potential, flow
rate, needle-collector distance, collector composition and its geometry [87].

The flexibility of the electrospinining technique allows it to be used with several different
polymers, as long as they can be charged and have the necessary viscosity to be elongated

towards the collector. In the present work two polymers will be used, PCL and PEO.

1.6.1 Polycaprolactone

PCL is a hydrophobic, semi-crystalline polymer, belonging to the poly(a-hydroxy) ester
family that can be prepared through two different paths; the ring-opening polymerization of
the cyclic monomer e-caprolactone by a catalyst such as stannous octoate and the polyconden-
sation of 6-hydroxyhexanoic acid [88]. Due to its biocompatibility and easy processing (low
melting point and solubility in a wide range of organic solvents and miscibility with different
polymers), PCL has turned into one of the most commonly used polymers for biomedical
purposes [89]. In fact, PCL can be mixed with other polymers as a way to improve its char-
acteristics, such as adhesion and stress crack resistance [90] and is known to be soluble in
chloroform, carbon tetrachloride, benzene, toluene and dichloromethane at room tempera-

ture with a low solubility in acetone and acetonitrile and total insolubility in alcohol [91].

Figure 1.13: Chemical structure of PCL. P\csulting from the ring opening polymcrization of e-
caprolactone, PCL is a biodegradable polyether widely used in tissue engineering due to its mechanical
properties.

Regarding its biodegradability, PCL can be degraded by micro-organisms such as bacteria
and fungi in a span of months to years depending on the conditions, its molecular weight
and degree of crystallinity. However, though some hydrolysis can occur [92], the polymer’s
degradation rate when implanted is very low since there is a lack of suitable enzymes in
vivo. The hydrolytic degradation of this type of polymers occurs in two main steps. Firstly,

water diffuses into its amorphous regions resulting in the cleavage of ester bonds and mass
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loss. Once most amorphous regions are degraded, the actual hydrolytic degradation of the

crystalline begins [93].

1.6.1.1  State of the art: polycaprolactone in blood vessel engineering

Throughout the last 15 years, several articles have been published regarding the usage of
PCL in blood vessel engineering.

In 2004, Jeong et al. [94] have fabricated tubular, elastic and biodegradable scaffolds from
poly(l-lactide-co-e-caprolactone)(PLCL) at a 50:50 ratio which were seeded with smooth
muscle cells and implanted onto mice, displaying an "excellent tissue compatibiiity”. The
scaffolds have also displayed a high elasticity, being able to withstand an extension of up to
210% with a 97

Figure 1.14: PLCL scaffold implanted into athymic mice. a. Scaffold before implantation. b. Explanted
scaffold (black asterisk) after 8 weeks. Adapted from Jeong et al. [94]. Scale not provided.

Reaching 2005, muiti—layered tubular scaffolds have been produced, such as the one made
by Vaz et al. [95] containing an inner layer of PCL and an outer layer of a stiff polymer named
poly-lactic acid (PLA), fabricated layer by layer through electrospinning. The resulting struc-
ture contained micro and nanofibers interconnected by pores of an average 10 pm, mimicking
the natural anatomy of the blood vessel. Their mechanical properties were found to be ac-
ceptable, with a composite Young’s modulus much higher than that of simple PCL.

In 2008, Nottelet et al. [96] produced electrospun PCL scaffolds averaging between 500-
2500 nm diameter, creating 2 and 4 mm vessels. They showcased promising mechanical
properties, with tensile stress values up to 7.4 MPa, much higher than the ones for native
human blood vessels (1.4 MPa).

In 2009, Tillman et al. [97] analysed the stability of electrospun PCL/collagen scaffolds in
a rabbit aortoiliac bypass model. After implantation in vivo, their results indicate an ability

to support the adherence and growth of vascular cells and retain a high degree of structural
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integrity and patency when exposed to physiological conditions. Also, the matrices were
found to resist the adherence of platelets when exposed to blood.

However, in 2012, Valence et al’s long-term in vivo study using electrospun PCL tubes in
rat aorta for a period 18 months, has raised questions regarding the viability of PCL as an
implantable scaffold. Though results seemed promising by the 6 month mark, with a rapid
colonization of fibroblasts and macrophages and wide neovascularization, after 6 months,
tissue regeneration began to regress with an increase of calcification, a reduced vascularization
and both macrophage and fibroblast count and a cell regression in the hyperplasia of the tunica
intima [98], a result that contradicts the previously published by Pektok et al. in 2008 [99].

Since then, PCL has been mainly used in conjunction with other materials such as collagen

[100], gelatin [101] and alginate [102] [103].

1.6.2  Polyethylene Oxide

PEO (CH,CH,0),, is a polyether compound best known for its hydrophilic properties to
which terminal hydroxyl groups contribute. However, its ether oxygens along the backbone
must be considered in order to understand polymer/water interactions [104]. It can also be
named PEG, which is applied to a lower molar mass, suggesting a glycolic chemical nature

due to the significant contributions from the terminal hydroxyl groups [105].

HO H
O
N

Figure 1.15: Chemical structure of PEO. Also known as PEG depending on its molecular weight, PEO
is a hydrophilic po]yether polymer with a high solubi]ity in water which is largely used for various
industries and applicabilities.

This polymer is soluble in both water and nonpolar solvents, being used in several different
applications such as industrial, ion conduction in electrolyte batteries and biological, aiding
the crystallization of macromolecules and coating metal surfaces in biomedical devices [104],
since it has the ability to alter the interactions of cells and proteins with water and each
other [106]. It can also be used as a surfactant since they are more biodegradable than the
alkylphenol-based counterparts [104]. Its degradation in aqueous and organic solutions is
accelerated by UV light, certain oxidizing agents, heavy metal ions and strong acids and occurs

primarily through a process of autoxidation since hydroperoxides lead to chain cleavage [107].
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1.7 Work plan and Objectives

The work presented concerns the development of a vascular network by taking advantage
of the already existing transport complex characteristic of plant leaves. In order to achieve
it, a decellularization technique will be used, a process that will be optimized throughout
the presented work. Plant decellularization is a cheap and practical way of using the leaf’s
vasculature system without an immune response since the nuclear content is removed and
both materials and reagents are casily available in large quantities.

Several approaches have been used in the past for the resolving of the problem of tissue
vascularization. Thus, we have found important to compare this bio-approach to already
known materials. Because of its well-known and proved behaviour, we have decided to test
PCL as the main synthetic polymer. Its performance will be upgraded with the conjunction
with PEO, due to its easiness to dissolve in water and low cytotoxicity, as to produce pores
that can serve as aids for cellular migration.

The work at hand will aim to reach several objectives. Firstly, "Papo de Rola'common
bean Phaseolus Vulgaris L. (CB), New Zealand spinach Tetragonia tetragonioides (Pallas) Kuntze
(NZ), Winter Giant (WGS) and Viroflay (VS) spinach Spinacea oleracea L., Rumex crispus
(RC) and common sowthistle (CST)Sonchus oleraceus L. will be grown in different conditions
and selected considering their growth characteristics and decellularization behaviour. The
decellularization process will then be optimized for the different leaf types available and
its success assessed in terms of DNA quantification, mechanical properties and structural
integrity. The fabrication of synthetic PCL/PEO scaffolds will also be optimized. All scaffolds
will be seeded with mammalian cells, specifically 3T3 fibroblasts, Vero and endothelial cells
(EC). Lastly, the adhesion, proliferation and spatial discribution will be analysed for the

different scaffolds as to pinpoint the best option.
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MATERIALS AND METHODS

2.1 Plant Leaf Decellularization

2.1.1 Plant germination and growth

2.1.1.1  Plant germination

New Zealand spinach (Tetragonia tetragonioides (Pallas) Kuntze), Winter giant (Spinacia
oleracea L.) and common "papo de rola"bean (Phaseolus vulgaris L.) seeds were both incubated
and not incubated at 4°C for 7 days pior to germination in order to optimize a decrease in
latency periods. Afterwards, the seeds were placed onto a Petri dish coated with humid paper
along with the ones of common sowhistle (Sonchus oleraceus L.), and curly dock Rumex crispus

L. and left to germinate.

2.1.1.2  Plant growth

After germination the above mentioned plants were transferred onto vases with a potsize
14 x 14.6 cm with a mixture of 1:1:1 soil, peat and sand and divided into 3 growth conditions;
Plant Chambers, Lumigrow and Temperature—controlled conditions.

Plant Chambers: A FitoClima (AraLab Fitoclima 700 EDTU) plant chamber was set with
a 12h/12h photoperiod (night/day) and a temperature amplitude of 17-22°C at 55-60% relative
humidity.

Lumigrow: A room was illuminated with a Lumigrow Pro 325 ™ light set with a spectral

output of 20% blue light (400-500nm), 5% green light (501-600nm) and 75% red light (601-700
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nm) and set with a 12h/12h photoperiod (night/day) and a temperature amplitude of 17-22°C.
The relative humidity was controlled at an amplitude of 50-60%.

Temperature-controlled conditions: Some of the remaining seedlings were placed onto
a temperature controlled room set between 24-28°C.

All plants were watered with 50 mL of nutritive solution twice a month and regular
water twice a week. Their growth was monitored in terms of leaf number and height and leaf

dimensions measured 3 times a week.

2.1.1.3 Nutritive solutions

All solutions are adaptations from the ones published by D.I Arnon and D.R Hoagland
[108] [109].

IM Macro Solution: 500 mL of solution were prepared with 100 mM KNO3 (Merk),
30 mM Ca(NO3),.4H,0 (Sigma-Aldrich), 20 mM anhydrous MgSOy (Fluka) and 20 mM
NaH, POy (Fluka).

A4100x Solution: 25 mL were prepared with 9 mM H3BO3 (Merk), 2 mM MnCl,.4H,0
(Riedel de Haén), 0.4 mM ZnSO4.7H,0 (Merk) and 10 mM Fe(I1)-EDTA (Sigma-Aldrich).

B6 10 000x Solution: 10 mL were prepared with 3 mM of CoSO4.7H,0O (Merk), 0.7 mM
(NH4)6M07054.4H,0 (Riedel de Haén), 0.5 mM K5, CryO7 (Merk), 2 mM NH4 VO3 (Merk),
5 mM CuSOy4.5H,0 (Merk) and 2 mM NiSO4.7H, 0O (Fluka).

The final nutritive solution was prepared with a ratio of 100 mL Macro + 1 mL A4 + 100
uL. B6.

2.1.2  Plant leaf conservation and transportation

2.1.2.1 Conservation assays

Five solutions were tested in terms of conservation potential for native leaves incubated
at 4°C.

Adapted Euro-Collins: The prepared solution was adapted from the protocol published
by Yamazaki et al. [110]. A 4x stock solution was prepared with 960 mM of D-glucose
(Ducheta), 3 mM Mg.SO4.6H, O (Fluka), 40 mM KHCO3 (Merk), 116 mM K,HPO4 (Merk),
117 mM KH,PO4 (Merk), 168 mM C,H3KO, (Merk), 40 mM NaCl (Panreac) and 20 mM
KCI (Sigma-Aldrich). The pH was set to 7.4 by using HCl 1M and the solution sterilized .

PEG 10% + Glucose: A 250 mL solution was prepared by using 2.5g of PEG 4000 (Fluka)
and 10.8g D-Glucose (Ducheta) for a final glucose concentration 0f 240 mM and later sterilized
by autoclave.

PEG 15% + Glucose, PEG 20% + Glucose and PEG 15% were prepared in a similar fashion.
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2.1. PLANT LEAF DECELLULARIZATION

Bean leaves were divided in sets of 4 (2 fully developed and 2 smaller, younger leaves) and
placed in bags, cach with 50 mL of the prepared solutions and left in the dark at 4°C. The

conservation state of the leaves was visually monitored for 11 days.

2.1.2.2 Pigment Quantification

Sample weigh-in: The previously tested leaves, along with regular ones were cut into
sections (while avoiding nerves), excess water removed with a paper towel and weighed.

Determination of water content: The weighed samples were divided onto two groups,
one of which was incubated at 60°C. After 2 weeks, the samples were weighed again.

Pigment quantification protocol: Each sample was macerated on an iced mortar and
placed onto an eppendorf tube where they were once more macerated with cold 90% acetone
(Sigma-Aldrich) at a ratio of 4.5 mL per gram of fresh material. 1 mL of the supernatant was
transferred onto another tube and centrifuged (Eppendorf Centrifuge 5415 R) for 10 min
at 12 000 x g and 4°C. Once again, the supernatant was removed and placed onto another
tube of which the absorvance was measured at 663, 645 and 470 nm in a Shimadzu UV-1603
UV-Vis spectrometer.

The formulas used were adapted Ramalho et al. [111] and Lichtenthaler [112] and corrected

to yg.mg_l.cm_Q.

Chlﬂ = 12'25Ab5663 — 2.79Ab5645 (21)
Chlb = 21.50Ab5645 - 5'10Abs663 (22)
Chl(ﬂ + b) = 7'15Ab5663 + 18.71Ab5645 (23)

1000Absyyo — 1.82Chla — 85.02Chlb
99

Car(x+c) =

2.1.2.3  Plant transportation

After being grown, the plants were harvested for their leaves which were transported in

bags containing a 15% PEG 4000 solution at a constant temperature of 4°C.
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2.1.3 Plant leaf decellularization

All plant leaves tested were treated before the decellularization process as to remove
cuticular waxes. In order to achieve it, a p.a solution of chloroform or acetone was used in
repetition cycles of 10 or 15s and its effects on the leave’s structural integrity assessed.

In all decellularization protocols, the samples were immersed in destilled water for a

period of 7-15 days and the water was changed every other day.

2.1.3.1 Immersion protoco]s

Leaves were placed onto a glass crystalizer with 100 mL of decellularization solution and
agitated at a rate of 100 rpm until transparency.

Conditions tested:
Table 2.1: Immersion decellularization conditions for SDS and Triton X-100. All samples were im-
mersed in a SDS + Triton X-100 solution with varying concentrations. Total time displays the amount

of days passed until the end of the assay, let it be for reaching full transparency or problems such as
microbial contamination.

Plant SDS Triton X-100 Total time Condition

(%) (%) (days)
1 5 34 PD1
VS&CB 5 1 72 PD2
1 10 72 PD3
3 3 70-71 PD4
VS 5 3 75 PD5
CB 5 3 68-73 PD6
5 5 63-76 PD7
NZ 5 1 76 PD8
5 3 50 PD9
1 5 62 PD10
WGS 5 3 62 PD11
10 - 62 PD12
5 1 42 PD13
RC 1 5 45 PD14
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Table 2.2: Mixed immersion decellularization conditions. Under parenthesis is represented the
amount of days passed with that particular concentration. Concentrations with the same days dis-

pl'clyCd I'CpI'CSCl’lt a l’l’llXCd solution O{"thOSC COI’l’lpOU_HdS.

Plant SDS Triton X-100 NaCl Bleach Step Time Condition

(%) (%) M @) (days)
5 0.5 - - 1 18 PDI5
- - - 0.5 2 6
Vs 5 1 16
- 3 - 0.5 2 6 PD16
- 3 0.2 - - 19 PD17
CB 1 3 0.2 - - 64 PD18
- 5 0.2 - - 19 PD19
- 1 0.2 - - 45 PD20
RC 5 0.2 - - 19 PD21
1 5 0.2 - - 19 PD22
2 3 0.2 - - 45 PD23

Table 2.3: Detergent-free decellularization conditions. Condition 24 is seeded onto an acetate buffer
made with 100 mM C,H3NaO; (Sigma-Aldrich) and 100 mM CH3COOH (Sigma-Aldrich) per 100
mL of solution. Condition 25 is seeded onto a potassium bicarbonate buffer built with 84 mM KHCO3
(Sigma—Aldrich) per 100 mL of solution.

Plant Ethanol pH Bleach Total Time Condition

(%) (%) (days)
4 4 - 7 PD24
VS 4 8.5 - 7 PD25
- - 0.5 7 PD26

2.13.2  Perfusion protocols

Two perfusion methods were tested where pressure came from either gravity or a pump.

Gravity-based perfusion: Leaves were perfused through a blunt needle along the petiole
with a decellularization solution p]aced atal5m height difference. The samples were p]aced
onto two sets of four which lead through plastic tubes, to two different flasks containing 1L
of different decellularization solutions. The leaves are immersed onto a glass tin containing
1L of the respective solution. In order to improve the usability of the solution, two tubes
were placed at the specific tin height where the solution reaches a 1L volume and connected

to two peristaltic pumps which revert the excess solution to the flasks above.
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Figure 2.1: Gravity-based decellularization setup. The chosen decellularization solution is perfused
through plastic tubes onto blunt needle tips towards the leaves, which are also immersed onto the
same decellularization solution inside glass tins. Setup built at FCT-UNL.

Pump-based perfusion: Likewise, the leaves were immersed and set onto the support in a
similar fashion. A peristaltic pump circulates the decellularization solution from the tin to
the leaves. A sensor was placed underneath the pump pressure converted to a voltage value,
read by a multimeter. The sensor setup used was built by Ana Padua [113] and allowed for
the calculation of the pressure exerted onto the leaves by a simple calibration curve between
pressure and voltage. The pressure was found to oscillate slightly along the process between
81 and 100 mmHg.

2.1.4 Plant histology

Decellularized and native leaves were stained using an adapted version of the protocol
proposed by Tolivia [114]. The safranin solution was made using a ratio of 75 mL ethanol p.a
(Panreac), 25 mL H,O, 1 g Safranin O (Sigma-Aldrich), 1 g sodium acetate (VWR chemicals)
and 2 mL formaldechyde.
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2.1.5 Optimization of the decellularized material

2.1.5.1 Gelatin coatings

Epichlorohydrin (ECH) treatment: Decellularized leaves were cut onto circular sections,
10 mm in diameter. The samples were immersed in 10mM ECH (Sigma-Aldrich) solution
containing 67mM NaOH and incubated for 2h at 50°C. They were then removed from the
solution and rinsed with distilled water until neutral. The used protocol was retrieved from
Zeng et al. [115].

Gelatin solutions: Bovine skin type B (Sigma-Aldrich) and porcine skin (Sigma-Aldrich)
gelatin solutions were produced at a concentration of 0.5, 2, 4 and 5% in water and sterilized
by autoclave at 120°C. 500 pL of the 0.5, 2 and 5% solutions were added to the scaffolds
placed on 24-well microplaques and left overnight. The solutions were later removed and

washed with PBS and seeded according to the protocol shown in section 2.3.1.

2.1.6 Mechanical Tests

Plant scaffolds were cut into sections and their dimensions measured. The samples were
then mounted in a tensile testing machine from Rheometric Scientific using a load cell of 20

N. Load was applied at a rate of 1 mm/min with a clamps separation of 2 mm.

2.1.7 Scaffold DNA assessment

2.1.71 DNA extraction and quantiﬁcation

Samples of regular and decellularized CB, VS and NZ were cut onto approximately 0.3g
aliquots while avoiding the petiole and vein area, frozen with liquid nitrogen, throughly
macerated and placed onto 2 mL microcentrifuge tubes. The following protocol was adapted
from Keb-Llanes et al. [116].

Extraction Buffer A (EBA): 50 mL were prepared with the following concentrations:
100 mM Tris-HCI buffer (pH 8.0), 20 mM EDTA (Sigma-Aldrich), 1.4 M NaCl (Panreac),
4% (w/v) polyvinylpyrrolidone (PVP) (Merk) and 0.1 % (w/v) ascorbic acid and autoclaved.
2% (w/v) hexadecyltrimethylammonium bromide (CTAB) (Sigma-Aldrich) and 30 pL of -
mercaptoethanol (Sigma-Aldrich) were added the day of the experiment.

Extraction Buffer B (EBB): 50 mL were prepared with the following concentrations: 100
mM Tris-HCl buffer (pH 8.0), 50 mM EDTA (Sigma-Aldrich) and 100 mM NaCl (Panreac)
and autoclaved. 30 puL of f-mercaptoethanol were added the day of the experiment.

TE Buffer: 100 mL were prepared using 10 mM of Tris-HCl (pH 8.0) buffer and 1 mM
EDTA (Sigma-Aldrich).
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Firstly, 300 uL of EBA, 900 uL of EBB and 100 uL of SDS 20% (Sigma-Aldrich) were
added to the tubes containing the samples and further ground with a tube pestle. The tubes
were spun on vortex for 2 min and incubated at 65°C for 15 min. Afterwards, they were placed
on ice and 410 uL of cold 5M potassium acetate solution (Merk) were added. The tubes were
mixed by inversion and placed on ice for 5 min, after which they were centrifuged at 16 000
X g for 15 min in a refrigerated (4°C) Eppendorf 5415R centrifuge. 1 mL of the supernatant
were then transferred to a new microcentrifuge tube, added 540 uL ofice cold isopropanol
(Riedel del Haén) and incubated in ice for 40 min. The tubes were again centrifuged at 16
000 x g for 15 min and the pellet washed with 500 pL of 70% ethanol (Scharliau). The dry
pellet was again ressuspended using 600 pL of TE and 500 p of ice cold isopropanol and again
centrifuged, discarded the supernatant washed with ethanol and left to dry. Once dried, the
pellets of regular CB and VS were resuspended with 50 yL TE and the remaining ones with
30 pL.

DNA quantification was performed using a NanoDrop ND-2000C spectrofotometer.

2.1.7.2  Agarose Gel

The extracted samples were loaded onto a 1% (w/v) agarose (Seakem) gel in 1x TAE (Tris-
Acetate-EDTA buffer) added with Gel Red Nucleic Gel Stain 10 000 x, using 5 uL. OFsample
diluted onto 5 pL of loading solution (Sigma-Aldrich). A Gene Ruler™ DNA Ladder Mix
ready to use marker was used.

The gel was run for 30 min at 100 V and observed with a BioRad GelDocT™™ XR+ Imaging

System.
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2.2 Electrospinning

2.2.1 Condition screening

2211 PCL

A 10% (w/w) PCL (Sigma-Aldrich)in chloroform solution was electrospun using different
combinations of flow, needle to collector distance, tension and rotation velocity.
Conditions tested: Flow: 0.5, 0.7 and 1 mL/h
Distance: 15 and 20 cm
Tension: 12 kV
Velocity: 200, 400, 600, 800, 1000, 1200 and 1400 rpm

2212 PEO

A 20% (w/w) PEO 100 kDa (Sigma-Aldrich)in chloroform solution was electrospun using
different combinations of flow, needle to collector distance, tension and rotation velocity.
Conditions tested:

Flow: 5,7 and 9 mL/h
Distance: 7 cm

Tension: 6,7 and 8.5 kV
Velocity: 200, 400 and 600 rpm

2.2.2 Construction of the laycred scaffolds

Scaffolds were built using PCL and PEO in a layered fashion. PCL was electrospun
horizontally to the collector while PEO was electrospun vertically because of the solution’s

high viscosity.

2221 PCL hydrophi]icity optimization

Production of non-aligned PCL fibres: A 10% PCL solution was electrospun for 5h with
a 0.7 mL/h flow, a distance of 20 ¢cm and tension of 12 kV at a velocity of 150 rpm. The
electrospun fibers were cut onto circular sections, 10 mm in diameter.

Hydrophilicity tests: In order to turn the PCL fibres hydrophilic, three approaches were
tested.

The first approach consisted on putting the fibers in contact with a 67 mM, 100 mM, 250
mM, 500 mM and 1M NaOH solution and placed on a desiccator for 0, 10, 20, 30, 45, 60, 90,
120 and 180 min.
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Table 2.4: Layered scaffolds produced. The layers were produced based on the same electrospinning
conditions for each solution regarding rotation velocity, flow, tension and distance to the collector
and are prcscntcd in their real deposition order from left to right. PCL electrospinning conditions:
PCL 10%, 600 rpm, 0.7 mL/h, 12 kV, 20 cm. PEO e]ectrospinning conditions: PEO 20%, 400 rpm, 9
mL/h, 7 cm, 8.5 kV.

Deposition times for the scaffolds produced
Scaffold PCL PEO PCL PEO PCL PEO PCL

S1 & S2 15min 10 min 30 min - - - -

S$3,54 & S5 2h 15min 30 min - - - -

S6 1h30  15min 30 min - - - -

S7 & S8 2h30  15min 30min 15min 45 min - -
S9 & S10 2h30  15min 30 min 15min 30 min 15min 45 min

S11 330 15min 45 min  15min 45min 15 min 1h

S$12 & S16 3h30 15 min 1h 15min  1h30 - -

S$13 & S15 3h30 15 min 2h - - - -

S14 & S17 3h30 15 min 1h 15 min 1h 15min  1h30

S19 6h 15 min 2h - - - -
S20 6h 15min  1h30 15 min 2h - -
S21 6h 15min  1h30 15min  1h30 15 min 2h
S22 5h 15 min 2h 15 min 2h 15 min 3h
S$23 5h 20 min 2h 20 min 2h 20 min 4h
S24 6h 15 min 5h - - - -

In the second approach, the fibres were exposed to a p.a solution of ethanol for a period
of 15 or 30 min, washed with water, and placed onto a 0.5M NaOH solution. The samples
were then divided onto two groups, in one of which they were placed onto a desiccator. Both

groups were exposed to the NaOH solution for a period of 30, 60 or 90 min.

In the third approach, the sample were exposed to a p.a ethanol solution for a period of
15 or 30 min and left in contact with a 0.5M NaOH solution for 30, 60 or 90 min outside of
the desiccator before being washed with water.

All samples were incubated at 37°C for 1 week after the test in order to dry completely
and later, their contact angle was measured.

Contact angle measurements: Treated and untreated circular PCL samples with a diam-
cter of 10 mm were cut in half and taped down to the equipment’s collector. Their static
contact angles were measured at room temperature through the hanging frop method using an
OCA20 contact angle measuring instrument (DataPhysics Instruments GmbH, Filderstade,
Germany). Water mierodrops (volume 5 uL, U]trapure type 11 water) were generated with
an electronic micrometric syringe and deposited on the substrate surface according to the
so-called pick-up procedure. The contact angle was determined after 5 s of the moment of the
drop deposition and settle. Image acquisition, analysis and contact angle determination was

performed using the SCA20 v.4.3.12 software (Dataphysics Instruments GmbH, Filderstade,
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Germany). The angles were calculated using the Young-Laplace model. Each sample had a
total of two drops dispensed in different regions and each condition was measured a total
of six times. The results correspond to the average and are presented with the respective

standard deviations.

2.3 Cellular Assays

23.1 Scaffold seeding

Each decellularized leaf and electrospun scaffold was cut circular sections, 10 mm in
diameter and seeded with either Vero (monkey kidney epithelial cells), 3T3 (mouse fibroblasts)
or ECs (rat aorta endothelial cells) at a cell density of 40ke/cm?. Plant scaffolds were placed
directly onto 24 well microplaques while the electrospun ones were placed onto hollow Teflon
cylinders in order to diminish the number cells fallen to the bottom of the well.

All cells were cultivated in DMEM (Dulbeccos Modified Eagles Medium, Sigma-Aldrich
D5030) supplemented with 1.0 g/L D-glucose (Gibco, 15023-021), 3.7 g/L sodium bicarbonate
(Sigma-Aldrich, $5761), 1% GlutaMAX™ (L-alanyl-L-glutamine dipeptide, Life Technologies,
35050-038), 1% sodium pyruvate (Gibco, 11360039), penicillin (100U/ml) and streptomycin
(100 g/mL) (Invitrogen, 15140122), 10% FBS (Fetal Bovine Serum, Invitrogen, 10270106).

Plant scaffolds were sterilized by being immersed in 70% ethanol solution for 3 days
and then irradiated with ultraviolet radiation for 20 min. Electrospun scaffolds were simply

immersed in 70% Echanol.

2.3.2 Perfusion re-cellularization

Gelatin test: Initially and due to material availability, whole decellularized leaves of New
Zealand spinach were divided onto three groups. The first group, comprising leaves that
were treated with ECH, perfused with a solution of 4% bovine skin gelatin or 4% porcine skin
gelatin through the petiole. The second group was comprised of leaves that were not treated
with ECH but were still perfused with a 4% bovine gelatin solution. The third group was
comprised of a single leaf immersed in a 70% ethanol solution which was treated as a control
sample. The following steps are shared by the test mentioned bellow.

Untreated leaves test: As to improve on the previous test’s results, whole decellularized
leaves of Viroflay spinach were immersed in a 70% ethanol solution overnight and sterilized
by UV irradiation for 20 min the following day. Phenol-red dye was added to a DMEM/3T3
blend at a ratio of 1:5 v/v and perfused through the petiole of the leaf until the veins were
well-coated with the red ]iquid. The culture was then left incubating for 4 days in a 60 mm

petri dish.
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2.3.3 Resazurin tests

Resazurin is a non-fluorescent blue dye which can be used as a redox marker for cellular
viability. Its low cytotoxicity allows for the following of a cellular culture over time. This
method is based on the fact that resazurin is reduced to resorufin, a pink fluorescent dye
by metabolically active cells. This reaction can be followed by UV-Vis spectroscopy since

resazurin possesses an absorbance peak at 601 nm while resorufin has it at 571 nm.
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Figure 2.2: Resazurin and Resorufin. a. Resazurin is reduced to resofurin by the NAD coenzyme on
mctabolical]y active cells. Image adaptcd from [117]. b. Resazurin and resorufin UV-Vis absorbance
spectra. Image adapted from [118].

2331 Optimal resazurin for EC and 3T3 cell lines

EC and 3T3 cells were seeded on two 96-well microplaques and left to adhere for a day.
Four resazurin (Alpha Aesar) solutions in PBS™ buffer were made with a concentation of 0.4
mg/mL, 0.2 mg/mL, 0.1 mg/mL and 0.05 mg/mL.

Conditions tested: With a ratio of 90% DMEM/ 10 % Resazurin: Resazurin 0.4 mg/mL,

0.2 mg/mL, 0.1 mg/mL and 0.05 mg/mL with respective controls.
Wich different ratios DMEM/PBS™: 10% Resazurin 0.2 mg/mL with a 90/0, 80/10, 70/20,
60/30, 50/40, 40/50, 30/60, 20/70, 80/10 and 0/90 DMEM/PBS ratio.
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2.3.3.2 Plant leaf scaffold seeding and resazurin tests

Different scaffolds coming from different plant species were seeded and cell proliferation

monitored. The cultures performed are presented bellow.

Table 2.5: Cell cultures performed using decellularized plant scaffolds. All cultures were performed
using DMEM medium supplemented with FBS and, aside from culture PCC5, the cells were seeded
with the leaf’s abaxial surface facing upwards. Cell adhesion was calculated on the day after cell seeding.

Culture Cell Lineages Plant Total Days Observations

PCC1 3T3, EC and Vero VS 12 Regular adhesion and prolifer-
ation test.

PCC2 3T3, EC, Vero CB 14 Added bovine gelatin test.

PCC3 3713, EC VS 4 Porcine and bovine gelatin and
ECH test.

PCC4 3T3, EC NZ 4 2% porcine and bovine gelatin
test.

PCC5 3T3 VS 4 Single reading, perfusion cul-
ture.

2333 Electrospun fibres seeding and resazurin tests

Different layered conditions were seeded and its cellular proliferation monitored. The
cultures performed are presented bellow.
Table 2.6: Cell cultures performed using layered electrospun scaffolds. All cultures were performed

using DMEM medium supplemented with FBS. Cell adhesion was calculated on the day after cell

seeding.

Culture Cell Lineages Total Days Observations

SCC1 3T3, EC 3 Hydrophilic PCL, scaffolds
S17, S20, S21, S23 and S24.

SCC2 373, EC 6 Scaffolds S11, S12, S14, S15,
S16 and S17.

SCC3 3T3, EC 4 Hydrophilic PCL, scaffolds

S11, S17, S21 and S23.
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2.4 Imaging techniques

2.4.1 Nuclei staining imaging

Leaf and electrospun scaffolds were observed using DAPL, a nuclear fluorescent stain
which is able to penetrate the cell membrane and bind strongly to adenine-thymine rich
regions of DNA in both living (with a lower efficacy) and dead cells. Since its absorption
peak when bound to double stranded DNA is 358 nm and its emission peak reads at 461 nm,
it is excitable by uv 1ight and detectable through a b]ue/cyan filcer [119].

In order to be used, the samples were washed 2 times with a PBS and fixed with a 3.7%
solution of para-formaldehyde for 20-30 minutes at room temperature. The samples were
washed again twice with PBS™ and a 0.3 M DAPI solution was added at room temperature
and left for 30 min.

2.4.2  Scanning Electron Microscopy

The morphology of both plant and electrospun scaffolds with and without adhered EC
and 3T3 cells was characterized by SEM. The samples with adhered cells were washed twice
with PBS and fixed for 3 days using 3.7% PFA at 4°C. They were then rinsed 3 times with
sterile water, cut into sections, mounted on an aluminium board using double-sided adhesive
tape and left to dry at room temperature. The samples were then coated 15 nm with iridium
using a Quorum sputter coater. The samples were then observed with a Zeiss Auriga Cross

Beam SEM-FIB operated at an accelerating voltage of 2 kV in varying magnifications.
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CHAPTER

RESULTS AND DISCUSSION

3.1 Plant leaf decellularization

3.1.1 Seed germination

The work at hand is based on the decellularizacion of five plant species: New Zealand
spinach (NZ), Winter Giant spinach (WGS), Viroflay Spinach (VS), "Papo de Rola"Common
Bean (CB), Sowthistle (CST) and Rumex crispus (RC).

NZ (Tetragonia tetragonioides (Pallas) Kuntze ) is an edible leafy vegetable indigenous from
eastern Asia, Australia and New Zealand. Its leaves have a triangular shape, measuring 3-15
cm in length and are thick, with big nerves that are not highly tapered and covered in papillae
trichomes. Contrary to the name, NZ is not a spinach, since it belongs to the Aizoaceae family,
commonly known as "ice plants"though this plant prospers best at a temperature of 15-23°C.
In order to germinate, it is recommended for the seed to be immersed into warm water for
a 3-12h before planted. However, we found the cooling at 4°C for a period of at least 3 days
prior to germination to have a better effect. This plant was chosen for the robustness of its
leaves as well as defined veins and high leaf production.

WGS (Spinacia oleracea L.)is a frost resistant spinach variety best suited for sunny environ-
ments of 7-15°C. Their leaves are larger than other varieties, triangular in shape and arrange
themselves around the flowering stem, being larger at the bottom and smaller and more ten-
der on top. This variety was chosen as a way to link the work with its literature background,
the article published by Gershlak et al. [82], since it did not declare the variety used. However,
we have found it to be hard to cultivate in the tested conditions, with the flowering stem

appearing quite early in the development, leading to smaller leaves with smaller petioles. Also,
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the leaves had a tendency to get rigid and curl around themselves early in the development,
making it hard to work with (see fig 3.1).

VS follow the same pattern of growth of WGS. However, this variety possesses smaller
triangular leaves with a larger petiole and is best suited for a temperature of 12-24°C, making
the flowering stem appear much later in the development timeline, resulting in a larger sample
size of pre-flowering leaves. This variety was used as an alternative to WGS, as its optimal

temperature was much closer to the tested conditions.

Figure 3.1: Plants grown in Fitoclima. a. Common Bean b. Rumex sp. c. Viroﬂay spinach d. Winter
giant spinach. WGS leaves, though bigger than VS leaves, have a tendency to curl around themselves,
making them hard to work with.

CB (Phaseolus vulgaris L.) is an annual plant that belongs to the Leguminosae family, best
suited for a temperature of 15-27°C . Its leaves come in two different forms, both with a
thin and highly branched vascular network. Cotyledonary leaves are larger and heart shaped
and come as a single pair while the remaining leaves are more elongated with a thinner outer

point. This plant has the advantage of, like all legumes, germinating casily and growing fairly
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3.1. PLANT LEAF DECELLULARIZATION

quickly as well as having the ability of self-pollinating, making it easier to have seeds to use
when repeating the experiment. We have chosen to use the "papo de rola"variety as means
of connecting this work to the national germplasm as well as having already been used for
several purposes at ITQB.

CST (Sonchus oleraceus L.) is a biennial herb characterized by its bright yellow flowers
and elongated leaves with a saw teeth-like perimeter. Though it prefers warmer climates and
plenty of sunshine, it can tolerate most soil types, being considered as an invasive species in
most parts of the world. This plant was helpful as a means to compare the growth pattern of
other plants, since it grows easily.

RC (Rumex crispus L.) is an invasive plant characterized by having clusters of small, usually
brick-red flowers carried above its smooth reddish green leaves, with distinctive wavy or curled
edges, defined veins and large petio]es, which were thought to be very useful for perfhsion

decellularization.

3.1.2 Plant growth patterns

In order to know more about the behaviour of the plants used, they were germinated and
grown under three different conditions: Fitoclima, Lumigrow and Non-Controlled condi-
tions. However, due to lack of space, not all plants were grown into all three environments.

CB, WGS and RC were grown in both Fitoclima and Lumigrow. Due to its heighe, all
Fitoclima grown CB were transferred to Lumigrow after 21 days.

CB plants were casy to both germinate and grow, with healthy looking leaves of average
size, good vascularization and bright green color. CB’s placed on Lumigrow grew a bit faster
than the ones in Fitoclima. WGS were grown for a period of 43 days in both conditions
but its growth was poor, with thick leaves of heterogeneous color which would curl around
themselves, making them hard to use for the purpose at hand. We also found them hard to
germinate, even after storing them at 4°C for a period of 15 days. Their growth was slow
and interrupted by the appearance of a flowering stem fairly early in the development. These
characteristics were present in both Fitoclima and Lumigrow grown WGS most likely due to
the temperature being too high. Due to these reasons, we have ruled out WGS as a contender
to decellularization.

RC plants were perhaps the most different between conditions. Though similar in terms
of height and number of leaves, RC leaves grown on Lumigrow were significantly different
in color, with a red-ish brown tint all throughout the plant. This color disappeared when
transferred to Fitoclima. However, the number of leaves achieved in both conditions was
much lower than expected. In the wild, RC can have between 30-50 leaves of varying sizes,
while the maximum leaves gathered was only 6. In order to improve this issue, a better view

on RC necessities such as soil type and ideal temperature should be investigated. However,
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other circumstances occurred which deemed this plant as not ideal for the work at hand,
which will be shown on section 3.1.4.3.

CST and VS were grown in all three conditions. Contrary to what was expected, CST
had some difficulties developing in the Temperature-Controlled conditions, with thin round
delicate leaves and stalk which had a tendency to bend. This problem was solved by increasing
sunlight exposure. On the other hand, Lumigrow grown CST developed much faster with
resistant stalk and leaves of a similar layout as the ones found in the wild. However, like
RC, they showcased a red-ish brown ting, specially in the abaxial side, most likely due to the
exposure to an incomplete light spectrum. Fitoclima grown plants found themselves in the
middle of the scale, with medium robustness and green leaves of a regular design. VS was
grown after it was noticed that WGS did not have a growth behaviour suited for the task
at hand. Like CST, non controlled conditions led to a worse performance. However, the
difference between Lumigrow and Fitoclima was more noticeable, with the plant growing in
leaf number a little fascer with bigger leaves to work with.

Lastly, NZ was the only plant tested in one condition, Lumigrow, due to the fact that it
did not grow in any other. Also, the difficulties in germination and growth made it so that
only one plant was able to be grown in this phase of the work. Nonetheless, the plant grew for
a period of 53 days, after which it provided 83 leaves which were used for the decellularization
process at hand. This problem was later overcome, with the seeds being stored at 4°C for a
period of 4 months prior to the next germination, after which the plants grew normally with
a high leaf yield.

The graphics regarding the number of leaves achieved during the testing period for the
tested conditions can be seen in the following page. This data, along with visual observation,
has allowed us to choose which plant varieties would follow the next step (VS, CB, RC and
NZ) and how much time it would take to harvest them in the desired growth stage. In fac,
it is possible to observe differences between the growth conditions, with Lumigrow having
similar (RC, CB) or better (VS, WGS) results. Along with this, the dimension of the leaves

was also monitored.
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Figure 3.2: Leaf number assessment in different plant varieties. A. Common bean. B. Rumex sp. C.
Viroflay spinach. D. Winter Giant spinach. While a slight difference between Lumigrow and Fitoclima
grown piants can be observed in a. and b., this difference increases in c. and d.. Inc., a signiﬁcant
decrease in leaf number in non-controlled conditions can be observed when compared to the latter.
Values are an average 0f 20, 8, 28 and 8 replicas regarding CB, RC, VS and WGS respectiveiy, for Plant
Chambers and Lumigrow. Temperature controlled VS values are an average of 6 replicas.
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Figure 3.3: Leaf number assessment in common sowthistle Values are an average of 10, 10 and 4 replicas
regarding Plant Chambers, Lumigrow and Temperature controlled respectively.

3.1.3  Plant leaf conservation and transportation

Due to the fact that the plants used were grown at ITQB while the decellularization
equipment was situated at FCT-UNL, it was necessary to keep the leaves in optimal condition
along the trip as well as store them for future use. For this purpose, five solutions were tested:
Adapted Euro-Collins (AEC), PEG 10% + Glucose (P10G), PEG 15% + Glucose (P15G), PEG
20% + Glucose (P20G) and PEG 15% (P15). Since bean leaves were noticed previously as being
the most susceptible to decomposition, they were the ones used for the test, both cotyledonary
and regular.

After 11 days, the leaves were observed, reaching the following conditions. P15G and P20G
supported a medium to good conservation of all tested leaves, with a slight mollification of
the structure. P10G seemed worse, with 75% f‘air]y conserved leaves and one which began
to decompose. In P15, the best condition tested, all leaves maintained a similar structural
integrity to native leaves. In AEC, the opposite occurred, with all leaves in a advanced stage
of decomposition.

PEG has been used for several purposes, such as rat [120] and bovine blastocyst [121]
vitrification and as a perfusion solution for the preservation of liver [122] and kidney [123] by
preventing cell swelling. Though not as common nowadays, it was fairly used in combination
with other compounds, from which one was usually a sugar. This lead us to use glucose, whose
concentration was mimicked from the prepared AEC solution. Introduced by Collins in 1969,
this solution was once very popular in organ preservation, particularly for liver and pancreas
transplantation, before falling out of use in the late 1980s.

Since the leaves themselves were not sterilized, the glucose in P15G, P10G, P20G and

AEC has seemingly fed micro-organisms that would later decompose the material. In the case
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3.1. PLANT LEAF DECELLULARIZATION

Figure 3.4: Leaves setup for conservation assays. Each bag contains 2 cotyledonary leaves and 2-3
regular ones immersed in 100 mL of conservation solution.

of P15G and P20G, that decomposition was in part hindered by PEG.

3131 Pigment quantification

Photosynthetic pigments can be indicators of plant senescence. Carotenoids in particular
are essential to the elimination of reactive oxygen species in damaged tissue as well as act as
a cellular protector against photo-oxidative damage.

Contrary to what was expected, AEC which was visually seen as the worst performing
solution actually had a bigger quantity of both Chlorophyll a (Chla) and Chlb. Since the
pigments were extracted manually, it is possible that AEC leaves, which were much more
fragile, made it so more pigment was able to be extracted rather than more pigment actually
being in the leaves themselves.

P15 and P20G present a similar pigment mass when compared FCB (control, fresh CB).
With this information, we can now distinguish between P15G and P20G, something that
had not been possible by visual observation alone. P10G can also be excluded since pigment
values are quite lower than the control F (fresh leaves) condition.

This analysis leaves us with two options to choose from, P15 and P20G. In order to
distinguish them, ANOVA tests were performed. The values obtained are shown in table 3.1.

Table 3.1 showcases P15 and P20G as being the most similar to F. Though theoretically,
P20G had achieved the best resules, with 3/4 of parameters having a p-value higher than 0.05,
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Figure 3.5: Pigment quantiﬁcation in bean leaves after leaf conservation assays. Values presented per

dry weight. Chlorophyl a, b and a+c in P15G, P15, P10G, P20G, AEC and F(fresh leaves, control
condition). All conditions have a % > 1 ratio. The values are an average of four replicates for cach

condition.

Table 3.1: A-NOVA p-value tests obtained between FCB and the remaining conditions. Chlorophyll
a, b, a+b and carotenoids (xantophylls and carotenes) (x + ¢) p-values were analysed. p-values bellow
0.05 represent a statistically significant difference of values between the conditions.

ANOVA test p-values

Pigment P15G P15 P10G P20G AEC
Chl a 0.110 0.842 0.042 0.106 0.001
Chl b 0.007 0.027 0.630 0.282 0.002

Chla+b 0.047 0.298 0.085 0.298 0.001

Car xantophyll + carotenoid  0.007 0.002 0.001 0.001 -

we have pondered whether the addition of glucose would improve the chances of microbial
growth. For this, among all reasons mentioned above and being easier to produce, P15 was

chosen as the preservation and transportation solution for all harvested leaves.
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3.1.4 Decellularization procedures

3.1.4.1 Chloroform vs Acetone treatment

In order to increase the penetration of the decellularization solutions, cuticle waxes were
solubilized with organic solvents, from which we have tested chloroform and acetone.

Firstly, VS and CB were treated 8 min with chloroform or acetone and then rinsed. This
ledtoa 1arge structural damage in chloroform treated leaves which did not happen in acetone.
The amount tested was later decreased to three 30s cycles followed by a 60s one, which was
also too damaging. The best chloroform cycle program was found to be three 15s cycles for
VS, two 15s cye]es for CB and three 60s cycles for NZ. The changes in programs are due to
the leaves’ rigidity. In the case of RC, three chloroform cycles of 5 min each were necessary.

Acetone was found to be too mild for all leaves tested, though it helped in pigment removal.

3.1.4.2 Perfusion Decellularization

Our initial approach to decellularization was based on simple perfusion through the leave’s
petiole. This protocol was similar to section 2.1.3.2 except the decellularizacion solution was
only perfused and the solution flasks were set at a height of 1.5m. Using equation 3.1 and
knowing that 1 x 10° Pa = 760 mmHg, it is possible to calculate the pressure to which the

leaves were subjected throughout the process.

P=p.g.h 3.1

Considering a fluid density similar to water, P = 997 x 9.8 X 1.5 = 14.656 kPa, equivalent
to a theoretical pressure of 112 mmHg. RC and VS leaves were mounted onto the perfusion
equipment and left with a SDS 10% (left side) and Triton X-100 10% solution (right side). After
a week, all leaves started to degrade, with the ones subject to SDS covered in a crystallized
SDS build-up. Also, no decellularization was visible. The experiment was later repeated with
a concentration of 5% for both detergents with similar results.

In order to fix this problem, the leaves were both perfused and immersed in the decellu-
larization solution and the height was increased to 1.95 m, leading to a theoretical pressure
of 140 mmHg. Nonetheless, though the build-up and degradation problem ended, the leaves
continued to not decellularize properly. As an example, figure 2.1 showcases RC and VS leaves
after 32 days of decellularization with the described method. This could be due to several
factors such as the theoretical exerted pressure not being representative of reality, inadequate
solution concentration and problems with embolism at the perfusion site (which we believe
to be most probable). Since the decellularization process is rough on the structural integrity

of the sample as it is, we have decided not to worsen it by increasing pressure. Thus, a pump
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o

Figure 3.6: Immersion-free perfusion decellularization results. Both R and V leaves were subjected to
a SDS 5% (left side) or a Triton X-100 5% solution. After a week, all leaves withered with crystallized
SDS build-up being observable on the left set of leaves.

system imbued with a voltage sensor was used in order to monitor and control the pressure
to which the leaves were subjected.

Equation 3.2 showcases the calibration curve obtained.

y =43.83x—0.87911 (3.2)

The pressure is set in mbar which was converted to mmHg with the rate of 1 mbar =
0.75 mmHg. It is possible to conclude that this technique should be used as an additional
step after a different method of decellularization rather than by itself; since it was unable to
succeed on its own. For this reason, we have decided test different protocols of immersion

decellularization, whose results and procedures are shown in the following section.
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Figure 3.7: Calibration curve for the decellularization setup. Voltagc monitoring allows for an easier
reading of the pressure exerted by the inserting hydraulic pump onto the leaves, thus protecting them

from damagc.

3.1.4.3 Immersion decellularization

Several different conditions were tested either by immersion alone or mixed with perfu-
sion.

PD24-26 (see table 2.3), aimed to observe the effect of pH in the process. In PD25, acetone
removed pigment from the leaf at a faster rate than the other conditions. However, after 30
days, the leaves didn’t show much difference compared to figure 3.8. Also, decellularization
occurred simply around the veins rather than inside them. We have thus considered PD25 as
a good first step prior to other decellularization procedures.

Section 3.1.4.2 demonstrated the difficulty in decellularizing RC. PD13-14 and PD19-
23 (see table 2.1 and 2.2 respectively), aimed to find which condition would overcome this
problem.

Unfortunately, no differences were observed between the conditions and the control even
after 45 days, the exception being PD13, where some decellularization can be visible in the
corners of the leaf. This was most likely due to the high concentration of SDS. Nonetheless,

the difference was not enough to actually decellularize the leaves. Also, conditions PD19,
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Figure 3.8: pH effect in VS leaves after 7 days of decellularization and an 8 min treatment with
acetone. A. Condition PD24. B. Condition PD25.
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Figure 3.9: RC leaves subjected to different decellularization solutions after 19 days. 13. 5% SDS + 1%
Triton X-100. 14. 1% SDS + 5% Triton X-100. 19. 5% Triton X-100 + 0.2M NaCl. 20. 1% Triton X-100
+0.2M NaCl. 21. 5% SDS + 0.2M NaCl. 22. 1% SDS + 5% Triton X-100 + 0.2M NaCl. 23. 2% SDS + 3%

Triton X-100 + 0.2M NaCl. C. H,O (Control).

21 and 22 were severely damaged, due to a large fungus outgrowth. This was largely due to
the severe reaction between SDS and NaCl which prevented the detergent from reaching
the leaves and properly decellularizing them, allowing them to degrade, providing a good
medium for fungi to grow . This reaction was expected since SDS has a net negative charge
which is largely attracted by the sodium cations present in NaCl. Since Triton X-100 is a non
ionic detergent, this reaction did not occur. The experiment was later repeated with a simple
5% SDS solution with no improvement in results. For all reasons said above, RC was excluded
as a feasible option.

PD15-16 (see table 2.2) allowed to understand the hypochlorite bleach effect. Though
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large visual differences were noted, as seen in figure 3.10, they also resulted in a large structural

damage with the leaves acquiring a gelatinous texture.
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Figure 3.10: PD16 condition before and after the addition of hypoclorite bleach and Triton-X 100.
A. VS leaves were immersed acetone for 8 min pior to exposure to a 5% SDS solution for 16 days. B.
Exposure to 3% Triton X-100 + 0.5% Hypochlorite Bleach for 6 days has led to total transparency of

the 1€3VCS.

In order to better analyse the effects of the process on VS leaves, they were stained with
safranin O, a pigment that allows for the observation of cell nuclei and cellulose. Though a
high decellularization is visible, trichomes appear to remain though they might have collapsed
due to the burst of its comprising cells. Due to the leave’s observable structural status, it is
likely that most of the discolouration is due to the chemical disruption of cellulose links

rather than actual nuclei removal.

Figure 3.11: Safranin O staining of PD16 pre and post-decellularization A. Native V leaves. B. PD16
leaves. A largc loss of nuclei is noticeable which appears to be lower in vascular tissue. Trichomes

(large dark dots) are mainly undamaged.

The following conditions had their waxes solubilized by chloroform rather than acetone.

The effect of NaCl was also tested in CB in PD17-18, (see table 2.2). Though PD17 led to the
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same SDS/NaCl "salting out"reaction, as expected from an ionic detergent, PD18’s behaviour
was quite more interesting. In fact, CB leaves did not show much decellularization at all
during the first 30 days. Afterwards, a large abrasion occurred with little discolouration of
the tissue, which ended as a milky white colour after being immersed in bleach for 5 days. The
anatomy of CB leaves was pinpointed as a disadvantage, since its fine point tends to break

while being shaken, particularly in non cotyledonary leaves.

SDS 1% + 3% Triton X-100 + 0.2M NaCl ~ |" T + 0.5% Hypochlorite Bleach

Figure 3.12: PD18 condition before and after added hypochlorite bleach. A. B leaves prior to adding
0.5% hypochloride bleach B. B leaves after 3 days of added bleach. Though the color largely improved,

no additional decellularization is apparent.

PD1-PD12, (see table 2.1), were based on different concentrations of SDS and Triton X-
100. Triton based conditions had a lower rate of decellularization while SDS based had a
higher one. However, being SDS a relatively harsh detergent, a compromise between the rate
of the process and structure retention needed to be evaluated. A concentration of 10% (PD12)
was seen as too damaging with the leaves breaking off in chunks. On the other hand, PD3
(Triton 10% + SDS 1%) was not able to completely decellularize VS or CB even after 72 days.

[t is important to note that the total time presented is not an optimal one since this work
was also a timeline experiment. This was done as a way to understand exactly when and how
much it was possible to decellularize the leaves, a value that was noted as being between 30-50
days for 5% SDS + 1% Triton X-100 and SDS 3% + 3% Triton X-100 solutions, depending on
their toughness, variety and stage of development.

It was possible to understand the optimal conditions for the decellularization of different
plants. Young or post-flowering leaves of VS and WGS were found to be best suited for a
solution of 3% SDS + 3% Triton X-100. On the other hand, tougher leaves such as adule VS
and WGS and all NZ types found the best results with 5% SDS + 1% Triton X-100. CB leaves
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3.1. PLANT LEAF DECELLULARIZATION

had the best results wich a solution of 5% SDS + 3% Triton X-100. These conditions were used

in furcher assays.

Figure 3.13: PD6 and PD2 conditions after full decellularization. A. Condition PD6. Though some
damage occurred in the leave’s tissue, its vascular network remained mostly intact. B. Condition PD2.

Figure 3.14: PD4 and PD8 conditions after full decellularization. A. Condition PD4. Post flowering
VS leaves were used which decellularized relatively quickly with a great scructural conservation. B.
Condition PD8. NZ leaves do not get fully transparent due to their roughness.
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3.1.4.4 Decellularization: conclusions

Table 3.2: Main conclusions gathered from the decellularization process. It was possible to achieve
an observable decellularization through the usage of different SDS and Triton X-100 concentrations

which were adaptcd to each leaf species and variety needs.

Experiment Tested procedure

Observations

Chloroform and acetone
- assays for wax solubilization
prior to decellularization

VS and WGS: three 15s chloro-
form cycles;

CB: two 15s chloroform cycles;
NZ: three 60s chloroform cy-

cles.

PD24-26 pH 4.0 and 8.5in VS

Partial decellularization only
outside the leaf’s veins.

SDS, Triton X-100 and NaCl

PD13-14 & PD 19-23 i RC

No observable decellulariza-
tion.

PD15-16 Hypochlorite bleach in VS

Large structural damage with
no decellularization.

PD17-18 SDS, Triton X-100, NaCl and

Large structural damage with

hypochlorite bleach no decellularization.
Optimal conditions:
1. Young and post-flowering
VS and WGS 300 SDS + 300 Tri—
X-100.
PDI1-12 SDS and Triton X-100 ton X-100

2. Mature VS and WGS, all
NZ:5% SDS + 1% Triton X-100.
3. All CB: 5% SDS + 3% Triton
X-100.
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3.1. PLANT LEAF DECELLULARIZATION

3.1.5 DNA quantiﬁcation and agarose gel

As to assess the effectiveness of decellularization, several techniques were used. DAPI
staining results are shown in section 3.3.2 along with the resazurin tests. Both regular and
decellularized leaves were subject to a DNA extraction and quantification protocol. The

results were confirmed visually via agarose gel.

Nucleic Acid Content M QI‘I_Z NZ_

4200 ‘ .
-.-?:;;3200 .l[
z DCB CB DVS VS

300

SE EBE
B

Figure 3.15: Leaf DNA quantification and obtained agarose gel. DCB: Decellularized common Bean
DVS: Decellularized Viroﬂay DNZ: Decellularized NZ. Decellularized leaves obtained from each de-
cellularization protocol were included in the essay. The black asterisks indicate the sample application

250

200

150

100

50

CB DCB VS DVS NZ DNZ

site for the decellularized samp]es. Values are an average of triplicate&

Due to its density, a large difference can be seen regarding the actual concentration values
of DNA in the different leaf types. Also, contrary to CB, both VS and NZ have "fleshier"leaves,
due to its higher vacuole content, a reason that might also explain the discrepancy.

In order to analyse the obtained values, it is important to understand whether the ex-
tracted DNA has a high level of purity. For that, the Abs,go/Abs,gg [124] ratio can be used.
A value of 1.8 is typical of a relatively pure DNA. When lower, it can indicate a protein
contamination and when higher, a RNA one. By observing the values shown in table 3.3, we
can sce a slight contamination of RNA in the regular leaves and protein in the decellularized
ones. This, however, is expected, for two reasons. Firstly, since we were not able to use a com-

mercial kit nor an RNase treatment, the extracted DNA is deemed to be "dirtier". Secondly,
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when decellularized, the concentration of DNA becomes so low that an otherwise small pro-
tein contamination becomes more significant. Nonetheless, since the RNA concentration in
the leaves is also affected by the decellularization process, it is important for the retrieved
conclusions.

By analysing the results, we can conclude that the decellularization process appears to
have been successtul, with a DNA loss of 99.6 + 0.4% for CB, 99.0 + 1.0% for VS and 89 + 11%
in the case of NZ.

Table 3.3: Leaf nuclear content quantiﬁcation. A largc decellularization yie]d can be observed for all

species, with CB having the best results. Values are an average of triplicates.

Leaf Type Nucleic content concentration Abs,¢,/Abs,g
(ng.g™")
CB 5811 + 726 212 £ 0.17
VS 2598 + 579 212+ 0.16
NZ 210 £ 75 2.14 £ 0.01
Decellularized CB 23+9 1.64 £ 0.07
Decellularized VS 26+9 1.77 £ 0.03
Decellularized NZ 2342 1.83 £ 0.08

3.1.6 Mechanical Tests

Human vessels have a non-linear stress-strain demeanour with two different regions of
relatively linear behaviour; the lower modulus, which is said to be the mode of operation
for vessels enduring physiological pressures and will be our comparison focus, and the upper
modulus regions. For the lower region, the reported Young’s Modulus vales are inserted onto
a 0.2-0.6 MPa interval [125]. Likewise, our decellularized p]ant scaffolds also showcased two

different modulus regions.
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STRESS-STRAIN CURVE FOR CB
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Figure 3.16: Stress-strain curve for decellularized CB. Two different modulus regions can be distin-
guished, similarly to human vessels, before their rupture.

The Young's Modulus values were determined for the decellularized vessels of CB, NZ
and VS from which NZ had the most similar behaviour to human vessels, at 0.62 + 0.07 MPa.
Also, an ECH treatment is seen to weaken the structure, with the Ultimate Tensile Strength
(UT.S) decreasing by almost half. However, though stiffer, with a Young’s Modulus of 0.81
+ 0.08, CB vessels are seen to be able to withstand higher pressures, with an UT.S of 0.34 +

0.01 MPa. As for VS vessels, a larger fragility is observed.

Table 3.4: Young’s Modulus and Ultimate Tensile Strength values for decellularized scaffolds. For the
scaffolds treated with ECH, only NZ were able to be tested since CB and VS were of such fragility that
they could withstand the slighter tension without breaking. CB presented the highest U.T.S result,
thus being able to withstand higher pressures. Values are an average of five replicas.

Young’s Modulus (MPa)
CB Vessel NZ Vessel NZ ECH VS Vessel
081 +£008 0.62+£0.07 068+008 0.13+£0.04

Ultimate Tensile Strenght (MPa)
CB Vessel NZ Vessel NZ ECH VS Vessel
034 +£001 0.19+£003 0.07+0.02 0.09+0.04
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3.2 Electrospinning

3.2.1 Condition screening

Several fabrication conditions were tested, observed, and the diameter and angle of de-
viation from the average orientation was calculated. The range of testing was chosen based
on the Final Activity Report for the Introduction to Scientific Investigation in Biomedical
Engineering written by Diana Querido in 2016.

In order to build the desired matrices, each polymer layer should intertwine in a net-like
fashion while keeping the structure’s consistency. To ensure this, the fibres should keep a
certain level of alignment while not being fully aligned, which was achieved at a rate of 600
rpm for PCL and 400 rpm for PEO. Low velocities led to thicker fibres with a high level of
disorder while higher ones led to thin brittle fibres with an increased level of organization.
The potential applied to PEO was chosen based on fibre uniformity, as lower voltages made

it so the polymer was not stretched properly,resulting on fibres of irregular diameter.

Figure 3.17: Effect of electrospinning velocity on PCL fibre morphology. All conditions had a flow of
0.7 mL/h and potential of 12 kV for a concentration of 10%. A. 200 rpm. The fibres are partly aligned
along the circumferential direction of the collector. B. 1600 rpm. The fibres appear aligned with a

lower diameter.

PCL fibres are seen to maintain their diameter uniformity even at extremely high veloci-
ties. As a way to quantify the degree of alignment, the angles for each fibre of each condition
were measured and an average was calculated and the standard deviation determined. The
value of standard deviation of the difference between the average fibre angles and each fibre
angle was named Alignment Number. The more aligned the fibres, the lower the number.
Its correlation to each condition is shown in figure 3.17.B.

PEO fibres share the tendencies regarding diameter and alignment. However, they tended
to stick each other, uniting onto a single thicker fibre that was easily broken due to an incom-

plete evaporation by the time they reached the collector. Also, higher velocities led to the
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Figure 3.18: Effect of electrospinning velocity on PEO fibre morphology. All conditions had a flow
of 5 mL/h and potential of 8 kV for a concentration of 20%. A. 200 rpm. B. 600 rpm. Values are an
average of four replicates.

appearance of thin fibres at a greater number the higher the electric potentia]. We have found
8.5 kV to be a middle ground between the polymer stretch and the formation of several of
the thin fibres.

Similarly to PCL, PEO fibres follow the tendency of a having a larger diameter when a
larger flow is applied. However, due to the solution’s high viscosity, they tend to align at
lower collector velocities. 400 rpm was found to be the most consistent velocity in terms of
diameter uniformity and alignment.

Having in mind the previous information, a PCL flow of 0.7 mL/h was chosen, which led
to the production of fibres having a mean diameter of 5.4 + 1.3 ym. For PEO, a higher flow
was chosen in order to produce larger fibres of a measured diameter of 43 + 6 ym and thus,
larger cell migration pathways. Also, the solution of 20% PEO was electrospun vertically at a
low distance of 7 cm in order to better control fibre positioning at the collector. In conclusion,
the parameters chosen for PCL were of 10% concentration, 600 rpm velocity, 0.7 mL/h flow,
12 kV tension and 20 ¢m distance and for PEO, 20%, 400 rpm, 9 mL/h, 8.5 kV and 7 cm.
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ALIGNMENT DEVIATIONS FOR PCL FIBRES
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Figure 3.19: Characteristics of PCL electrospun fibres. A. Alignment assessment. Fibres tend to have
a higher alignment at a higher velocity and flow. B. PCL fibre diameter. A slight tendency can be
observed for fibres to be thinner at higher velocities and lower flows. Values are an average of four

replicates.

Figure 3.20: Fibres obtained under the parameters chosen for PCL and PEO electrospinning. A.PEO
20%, 400 rpm, 9 mL/h, 8.5kV, 7 cm. B. PCL 10%, 600 rpm, 0.7 mL/h, 12 kV, 20 cm.
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ALIGNMENT DEVIATIONS FOR PEO FIBRES
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Figure 3.21: Characteristics of PEO electrospun fibres. A. Alignment assessment. B. PEO fibre diame-
ter. A velocity of 400 rpm presented the best results in terms of fibre uniformity. Values are an average
of four replicates.

3.2.2  The hydrophobicity of PCL: Contact angle measurement

PCLisa highly hydrophilic po]ymer, often hindering cell adhesion. In order to solve this
problem, electrospun PCL matrices were subjected to a treatment with NaOH 0.5 M for a
period of 30, 60 or 90 min. As to ensure air removal from the fibres, which could prevent
them to come in contact with the solution, they were immersed in 70% ethanol for 15 or 30
min prior to the assay. Table 3.5 displays the contact angle values for the PCL matrices before
and after ethanol treatment for 15 or 30 minutes, showcasing a minimal alteration even after
30 minutes of immersion.

All matrices became hydrophilic after the NaOH treatment, with only slight noticeable
differences regarding the rate at which the water droplet was absorbed by the material. EtOH

30 conditions and EtOH 15 with an immersion time of 60 and 90 min had a faster rate, being
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Table 3.5: Contact Angles for treated and untreated PCL matrices. The displayed values were read
10s past water droplet deposition and are similar for both treated and untreated matrices. Values are
an average of six rcplicatcs.

Contact Angles
Untreated  EtOH 15 EcOH 30

1370 £28 1369+ 0.6 1354 +35

deemed as hyper-hydrophilic, while the remaining one was simply hydrophilic.

A - B. -

Figure 3.22: Contact angle acquisition images. A. Super-hydrophobic untreated PCL. B. Super-
hydorphylic EtOH15 60 min matrix.

33  Cellular Assays

33.1 Resazurin cell viability screening

In order to assess the ideal resazurin concentration for 3T3 and EC, a screening assay was
performed. Due to its large use in the lab, Vero cells had already been screened.

For 3T3 cells, a direct proportionality is seen between resazurin concentration and incu-
bation time with absorbance. No significant difference was observed between PBS/DMEM
ratios at a resazurin concentration of 0.2 mg/mL. For this reason and in order to be more
practical, we have chosen a 40/50 DMEM/PBS ratio and 3h of incubation.

ECs were fairly more susceptible to resazurin toxicity. After three days of culture, a
concentration of 0.2 mg/mL was observed to have the best signal/toxicity ratio (data not
shown). Cells had the best results for lower ratios of PBS, demonstrating an increased need
for nutrients. Considering this, two conditions arose with similar corrected absorbance values,
0% and 30% PBS from which the second was chosen, as a mid-term option that might further

help maintain the solution’s pH.
p P
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Figure 3.23: Corrected absorbance values for the 3T3 and EC resazurin screening assay after 3 days
of proliferation. A. 3T3 cell assay. A similar response to resazurin can be observed for all PBS ratios.
B. EC cell assay. The cells showcase a higher susceptibility to a lower nutrient content. Values are an

average of triplicates.

3.3.2 Decellularized leaf scaffolds

Decellularized leaves were grouped by species and cut onto sections as to be used in cell
cultures. Due to their fragility, they were not mounted onto a teflon cylinder. In order to
calculate the adhesion rate in the leaf itself; they were moved to a different micro-well the
day after cell seeding.

Five different conditions were tested using VS, CB or NZ. The sterilization was made
in two steps, the first being immersing them in a 70% ethanol solution and the second one
a 20 min UV irradiation. Special care was taken so the scaffolds wouldn't dry since that was
found to make them loose their shape and stick to the wells, making them difficult to handle

afterwards.
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3.3.2.1 Condition PCC1

Decellularized 10 mm round sections of VS leaves were seeded with the abaxial surface

facing upwards with a density of 80k cells/em? of 3T3, EC or Vero lineages.

PCC1 CELL PROLIFERATION
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Figure 3.24: PCC1 cell adhesion and proliferation. All values of adhesion percentage were calculated

in relation to the control wells at the first day ofmcasuring and represent an average of triplicatcs.

Being the first test using this type of scaffold, a high cellular density was used in order
to increase the probability of cell adhesion and possibly amplify the differences due to the
cell lineage’s own proliferation rate. Figure 3.24 showcases a notable difference between the
3T3 and EC populations, which is amplified over time. In order to confirm the difference as

statistically significant, an ANOVA test was performed between all lineages.

Table 3.6: PCC1 culture and ANOVA results. 3T3 and EC populations are seen to be signiﬁcantly
different and, in the case of 3T3, the high cellular density was shown to be inadequate, as observed on
the 12¢th day. Values are an average of triplicates.

Relative cell population (%) ANOVA p-values
3T3 EC Vero
s == Vero 3T3 0.02 0.08
98+26 55+6 6614 o oo

One possible explanation is the fact that 3T3 cells, being fibroblasts, have a high cellular
turnover, proliferating quickly as long as enough space and nutrients are provided. Since the
density used was high, it led to a maximum proliferation rate that lowered once the number
of cells got so high that the medium did not provide enough nutrients, explaining the drop

in population in the 3T3 and Vero control after 12 days.
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Since DAPI is a nuclear stain, it can be used to infer about decellularization. In figure
3.25.A, no nuclei are visible, leading us to the conclusion that the process was successful.
Also, differences in cell adhesion mentioned in figure 3.24 can be assessed by DAPI staining,
In fact, EC had the lowest number of cells visible which arranged themselves mostly in the
vessels (similarly to the other cell lineages), an arrangement pattern that refers to a possible

composition or morphology difference between the vessels and the remaining leaf.

Figure 3.25: DAPI staining imaging for PCCI after 12 days of incubation. A.Control. No nuclei are
observable even in the vascular tissue indicating a successful decellularization proccdurc. B. EC cell
culture. Though some nuclei are visible mostly in the leaf’s vessels, the seeding process was not ideal.
C.3T3 cell culture. A iarge cellular density can be seen with the cells covering all the surface of the
leaf. D. Vero cell culture. A large cellular density is observable though not as high as 3T3.

3.3.2.2 Condition PCC2

Decellularized 10 mm round sections of CB leaves were divided in two different conditions.
The first were immersed in a sterile 2% bovine gelatin solution for a period of three days and
removed from it, before being seeded with the abaxial surface faced upwards with a density
of 40k cells/cm? of 3T3, EC or Vero lineages. The second (control) group was simply seeded
without gelatin.

Gelatin appears to benefit the performance of ECs, achieving an adhesion of almost

double the untreated scaffold. However, this effect does not seem to happen along the time
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PCC2 CELL PROLIFERATION
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Figure 3.26: PCC2 cell adhesion and proliferation. All cell populations were calculated in relation to
the control wells at the first day of measuring. A gelatin treatment appears to improve the adhesion
of ECs to the scaffolds. Values are an average of triplicatcs of two different experiments.

period of the assay since the difference becomes null or slightly negative. Across all other
conditions, the presence of gelatin does not seem to cause any considerable effects, either
positive or negative. In order to assess for possible differences, the cultured scaffolds were
observed by DAPI staining. Since Vero and 3T3 cells appeared to have a similar behaviour,

we have decided to not use Vero for future tests and have not observed them.

Trichome
Broken Vessel

Broken
Vessel

Cell Lysis

Figure 3.27: Control CB DAPI imaging in condition PCC2. A. The decellularization process did not
alter the trichomal structure though a large effect on the structural integrity of the vessels can be
observed. B. Vessels scem completely decellularized with marks of cell lysis easily visible.

CB leaves are thin, leading to the advantage of being easily observable under the mi-
croscope, thus allowing for a better monitoring of possible structural damage. However, as
shown in image 3.25, this characteristic also makes the leaves more susceptib]e to damage

from the decellularization process, making them more prone to breakage and holes within
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the structure. Also, a large discrepancy is observed between the spacial distribution of 3T3
and ECs likely due to a proliferation issue, where ECs would adhere normally but them perish
due to cither not finding the ideal conditions to remain anchored to the scaffold or a lack of

adequate nutrition coming from the medium used.

100 unit

Figure 3.28: DAPI imaging of gelatin coated CB scaffolds in condition PCC2. A. 3T3 coated leaves
possess a homogeneous distribution of cells throughout the scaffold. B. EC coated leaves showcase a
largely inferior cellular density which occurs in spots rather than homogeneously.

3.3.2.3 Condition PCC3

Decellularized 10 mm round sections of post-flowering VS leaves were divided in two
different groups. The first group was treated with ECH (see section 2.1.5.1), immersed in a
sterile 0.5, 2 or 5% bovine or porcine gelatin solution for a period of three days and seeded
with the abaxial surface facing upwards with a density of 40k cells/cm? of 3T3 or EC lineages.
The second group was immersed in the gelatin solutions and then seeded with no previous
ECH treatment.

ECH (C3H5ClO) is a chlorinated epoxy compound often used as a cross-linking agent
for polymers such as chitin and cellulose. It works by attacking the -OH cellulose functional
group, inserting itself between two cellulose monomers at the same time, a reaction that
is catalysed by heat. This reaction was employed to attempt the crosslinking between the
scaffold and gelatin. [126]

Though the possible cytotoxicity of ECH-crosslinked polymers is inconclusive in the
available literature, a lower adhesion percentage and prolifération rate can be observed for
ECH treated scaffolds for both tested cellular lineages. This is most likely due to an alteration
of the scaffold’s structure coming from the heat treatment. However, it is possible that an
ECH treatment did not aid the covalent binding of the gelatin to the cellulose. This possibility

was not able to be confirmed or denied.
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Figure 3.29: Cross-linking reaction between ECH and cellulose. The sphere represents the glucopy-
ranose monomer unit of cellulose. A basic environment improves the yield of the reaction. Adapted
from [127].

For both cell lineages, a notable difference between bovine and porcine gelatin can be
observed, with a greater amount of cells adhering to the scaffold on the first day but proliferat-
ing at a lower rate, a difference directly proportional to gelatin concentration and better seen
for 3T3 cells. Porcine gelatin is a highly viscous liquid. For this reason, we postulate that it
might be harder for cells to divide since they are subject to the pressure from the surrounding
liquid. This difference is felt more strongly on ECs, since their proliferation rate is naturally

lower.
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Figure 3.30: PCC3 3T3 cell adhesion and proliferation. A. Gelatin-coated scaffolds. B. ECH treated
scaffolds coated with gelatin. For all experiments, a 2% bovine gelatin solution holds the best results.
Values are an average of triplicates of two different experiments.
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A. SIMPLE GELATIN-COATED EC CULTURE
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Figure 3.31: PCC3 EC cell adhesion and proliferation. A. Gelatin-coated scaffolds. B. ECH treated
scaffolds coated with gelatin. Some issues can be seen regarding cell proliferation. However, a tendency
can be observed rcgarding bovine gelatin, which held the best results. Values are an average oftriplicatcs.
The experiment was repeated once showcasing a qualitative similarity.

33.2.4 Condition PCC4

Considering the information gathered in section 3.3.2.3, a concentration of 2% Bovine
solution was chosen for the following test. In order to further analyse the discrepancy between
bovine and porcine gelatin, 2% porcine gelatin was also tested.

Decellularized 10 mm round sections of NZ leaves were divided in two groups. The first
were immersed in a sterile 2% bovine or porcine gelatin solution for a period of three days
and removed from it, before being seeded with the abaxial surface facing upwards with a
density of 40k ce]]s/cm2 of 3T3 or EC 1ineages. The second (control) group was simp]y seeded
without gelatin.

Similarly to the previous cases, ECs are shown to both adhere and proliferate less than
3T3. However, a lower adhesion occurred when compared to PCC1-3, with only 11.62 +
1.68 % of ECs adhering to the treated with 2% bovine gelatin. Also, gelatin was not found to
have any role, let it be benign or malign, in both adhesion and proliferation, with the best
condition being the control for both cell lineages.

DAPI staining images showcase an array or crater-like structures on the abaxial side of

NZ leaves inside which cells grow and protrusions. This irregular seeding-site might explain
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Figure 3.32: PCC4 cell adhesion and proliferation. For NZ, it is not possible to observe differences
between gelatin treated and untreated leaves regarding both cell adhesion and proliferation for both

used lineages. Values are an average oftriplicates.

Figure 3.33: DAPI staining of 2% bovine gelatin coated PCCA4. A. 3T3 culture. B. EC culture. A lower

cellular density can be observed.

the reason why proliferation was so poor in ECs for this type of leaf since the physical barrier
between "craters"might interfere with the proper proliferation of cells. However, it is more
likely that the issues regarding EC proliferation previously assessed, adding to the chemical
and morphological alteration of the NZ leaf structure coming from the decellularization
process, created an environment not ideal for the proliferation of this particular cell line.

As to shed some light on the matter, non-decellularized and decellularized NZ leaves were
stained with DAPI in a similar fashion.

With figure 3.34, we can observe the existence of nuclei on the untreated leaf and the

absence in the decellularized leaf; deeming the decellularization process as successful. Also, in
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Figure 3.34: DAPI staining decellularized and non-decellularized NZ leaves. A. Non-decellularized
leaves. A highly heterogencous structure is observed. B. Decellularized leaves (control assay condition).
No cells are observed thus indicating a successful decellularization process.

the untreated leaf, a pattern of cells which is denser in the ”Crater’s”periphery, demonstrates

a largely different morphology when compared to VS or CB leaves.

3.3.2.5 Condition PCC5

This condition aimed to assess the Feasibi]ity ofusing decellularized leaves as a vascular
substitute. In order to maximize cellular proliferation, we have chosen 3T3 cells.

NZ leaves were tested with and without ECH treatment as well as coated with gelatin.
Both the gelatin solutions and cells were inserted through the petiole for the best possible
outcome. However, difficulties arose when cells were seeded since the petiole’s opening was
too narrow and the vessels too opaque, making it hard for the liquid to travel throughout the
vascular network. After DAPI staining, we were not able to observe any seeded cells on the
leaf though many remained attached to the petri dish itself. This result was common to all
conditions tested.

In order to perfect our seeding technique, VS leaves, which have a wider, hollow petiole
and vessels were used. During cell perfusion, a much more homogeneous distribution of the
seeding liquid was observed. Also, DAPI staining revealed a successful process, with cells
localized near (figure 3.36.A) as well as inside the vessels (figure 3.36.B.)

As to assess the amount of cells outside the perfusion site, a resazurin test was conducted
after 4 days in both the leaves alone and the petri dish where they were incubated. The
obtained results lead to a corrected absorbance for the leaves of 0.32 + 0.01 and 0.05 + 0.01
for the petri dishes, meaning that 86 % of the cellular content remained in the leaves. Such
a high percentage indicates that the vessels were most likely not damaged by the perfusion

protocol.
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Figure 3.35: Perfusion recellularization samples.a. NZ leaves used for the gelatin test, after incubation
with 3T3 cells in a 60mm petri dish. b. Viroflay perfusion culture test. Phenol-red dye allows for a
better observation of the spacial distribution of the seeding solution.

T |

Figure 3.36: DAPI staining of perfusion-based seeded decellularized VS. A. 3T3 cells have largely
proliferated in and near the leaf’s vessels. B. View of 3T3 cells inside the leaf’s vessels.

3.3.3 Electrospun scaffolds

Though several different electrospun scaffolds were constructed, not all we able to be
used. Due to their thickness, conditions §1-S10 were deemed too hard to manipulate and
thus not used for seeding purposes. The behaviour of 3T3, Vero and EC cells was monitored
for 12 days in a simple non aligned PCL scaffold. Such as leaf scaffolds, 3T3 and Vero cells
had a similar adhesion and proliferation rate (data not shown). Because of this, only 3T3 and

EC cells were used afterwards.

3.3.3.1 Condition SCC1

The adhesion and proliferation of 3T3 and EC cells seeded at a density of 40k cells/cm?
was monitored for both regular PCL, treated PCL (hydrophilic) and the scaffolds S17, $20-21

and S23-24. Though a relative uniformity is observed, some differences can be noted.
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For PCL, hydrophilicity appears to have an effect on adhesion but only in EC cells. Since
3T3 cells have a bigger easiness of attachment to scaffolds when compared to ECs, the differ-
ence, though existent, dims by the natural standard deviation of biologic systems.

For layered scaffolds, we aimed to analyse whether a higher number of PEO layers would
result in a higher proliferation rate. If so, S$23, which has three PEO layers of 20 min of
spinning, would have the highest value, followed by $23 with three layers of 15 min each, S20
and S21 with two and lastly by $24 with only one. Though this relationship can be somehow
observed for 3T3 and ECs in the case of S17 and S23 (with $23 having the best results in EC
and §17 in 3T3), the same could not be distinguished for §20, 21 and S24. Also, it is important
to indicate that, similar to leaf scaffolds, the proliferation rate of EC cells is much lower than
3T3. However, proliferation actually decreased after 3 days for §17, S21 and $24. In order to

understand the reason why, more conditions were tested.
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Figure 3.37: SCC1 cell adhesion and proliferation. A. 3T3 proliferation. The values are an average of
tripiicates of three experiments. B. EC proliferation. The experiment was repeated twice showcasing
a qualitative similarity. For both lineages, $17 and $23 achieved the best adhesion and proliferation
rates.
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Figure 3.38: DAPI staining of scaffolds S17 and S23 after 3 days of incubation with 3T3 cells. A.
Scaffold S17. B. Scaffold S23. Two levels of cellular adhesion can be observed both in the inner and

outer parts Of [hC channels.

Figure 3.39: DAPI staining hydrophilic and regular PCL after 3 days of incubation with 3T3 cells. A.
Hidrophylic PCL scaffold. B. Regular PCL scaffold. A lower cellular density is observed.
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3.3.3.2 Condition SCC2

The adhesion and proliferation of 3T3 and EC cells seeded at a density of 40k cells/cm?
was monitored for scaffolds S11-12 and S14-17 for a period of 6 days. These scaffolds differ
mainly in the ratio between PEO and PCL, with, considering the theoretical masses of the
polymers deposited are an accurate representation of the reality, S11 having 76 % PEO, S12
(which is equivalent to S16), 70 %, S15 54 % and S14 (which is equivalent to S17), 73 %.

Unfortunately, due to the formation of cellular aggregates, we were not able to retrieve
any conclusions for the EC culture. In subsequent cultures, aggregates were filtered prior to

seeding.

Figure 3.40: DAPI staining of EC aggregate in S14. The presence of aggregates allows for a visual
confirmation of the issues with the obtained results. In future experiments, the cellular seeding solution
was filtered.

S11, S12 and S14 showcased a much lower adhesion and proliferation when compared to
the others. However, by looking at table 2.4, we can see that scaffolds S12 and S16 and S14
and S17 are built using the same specs with the only difference being the fact that they were
produced in different days, thus being replicas of each other. This leads us to the assumption
that something went wrong in the assay, let it be differences in scaffold production due to
humidity issues or, most ]ikely, an heterogeneous seeding procedure. Also, the high standard
deviation values for S12, S14 and S15, gives more weight to the seeding issue possibility.

Nonetheless, no conclusions can be taken.
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Figure 3.41: SCC2 cell adhesion and proliferation for 3T3. A highly heterogencous set of results can

be observed, mostly due to experimental error. Values are an average of triplicates.

3.3.3.3 Condition SCC3

The adhesion and proliferation of 3T3 and EC cells at a density of 40k cells/em? was
monitored for scaffolds S$11, $17, $21 and $23, which have relatively similar PEO/PCL ratios
and the same number of cellular pathways (three) for a period of 4 days.

For 3T3 cells, the previous tendency can be observed where S23 delivers the best result
in adhesion and proliferation followed by S17. As for S11 and S21, a medium success is ob-
served. However, this tendency can not be fully confirmed since the values are not statistically
significant. Thus, a repetition of the experiment is necessary.

For ECs, a strange tendency occurred where cells do adhere to the scaffold but do not
proliferate properly and actually do seem to have perished during the assay. This tendency
was also observed on the control wells which indicates a problem with the cells themselves
rather than any toxicity related to the scaffold.

In order to understand the cell’s status, the original T25 flask containing the ECs was
observed. Itis important to note beforehand that these cells had been trypsinated several times
which might have harmed them. Figure 3.44 showcases strange black dots forming around the
cells which might reflect the presence of apoprotic bodies likely due to an improper culture
medium. The ECs used have been harvested directly from the animal and kindly donated
by the IGC institute. However, since they are not a commercial line, it becomes harder to

pinpoint exactly which medium would be ideal. Trypsin, though rather useful to remove the
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Figure 3.42: SCC3 cell adhesion and proliferation. A. 3T3 cells. As was expected, $23 delivered the
best results in terms of proliferation. B. EC cells. Issues with cellular proliferation can be observed,
likely due to an inadequate culture medium. Values are an average of triplicates. Both experiments
were repeated once, showcasing a qualitative similarity.

cells from the flaks, can damage them, making them more vulnerable to other issues. By not

using an optimal culture medium, we might have given cells a shorter shelf life than expected,

after which their would simply not have a standard pattern of proliferation. This might also

explain the reason why the cells proliferate at such a lower rate than 3T3 and have had issues

for the previous conditions, including PCC3 (see section 3.3.2.3) and PCC4 (3.3.2.4), which

were performed around the same time.
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Figure 3.43: DAPI staining of S11 after 4 days of incubation. A. 3T3 cell adhesion. A low number of
cells is observed, deeming this condition as not ideal for fibroblasts. B. EC cell adhesion. Little to no
cells can be observed, a result that confirms what was observed in the viability tests.

Figure 3.44: View of T25 flask of confluent EC culture. Though morphologically normal, the cells

present a plethora of black dots which reflect a response to stress (likely a lack of nutrients due to an
inappropriate culture medium.

334 Leaf and Fibre Scaffold SEM imaging

Both scaffold types were observed using SEM imaging in order to understand their struc-

ture and confirm cheir possible effects on cell adhesion.

3.3.4.1 Leaf Scaffolds

SEM imaging further confirms the conservation of structures such as vessels and the
stomatal complex in both NZ and VS leaves. As for cell adhesion, no particular areas are
preferred , with an all in all global cellular proliferation. Due to their high cellular density it

is not possible to differentiate individual cells in 3T3 coated scaffolds.
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Figure 3.45: Abaxial view of decellularized NZ leaf seeded with Vero cells. A. 400x ampliation. B.
1000x ampliation. The structure of the vessels is seen to be intact, with a relatively high cellular
density adhered to them.
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Figure 3.46: Abaxial view of decellularized NZ leaf with and without seeding with 3T3 cells. A. Con-
trol condition. Stomata structure can be easily seen though their cells have been removed through the
decellularization process. B. 3T3 seeded scaffolds. Not many cells can be observed.

The quantity, spatial distribution and pattern of lignin varies in different plant species
and varieties, influencing the plant’s agro-industrial utility. Protoxylem, the most abundant
in young vascular plants, can be young or mature, a difference best seen in the thickenings of
their cell wall. With SEM, we can observe a mature protoxylem, as noted on image 3.47. This
structure was also able to be seen in lesser detail in some DAPI stained images.

SEM microscopy shed some light over the stability of the leave’s structures. Figure 3.48
alerts for a sample drying that was too abrupt. Trichomes possess cells that help them maintain
their erect position. Since the process of decellularization removes those cells, trichomes
become more susceptible to the effects of sample preparation, leading to their collapse when

dried too quickly.
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Figure 3.47: Structure of primary xylem vessels. A. Tilted annular and helical wall thickenings in
Ricinus communis, typical of young protoxylem.B. Double helical thickenings in stretched mature pro-
toxylem in Ricinus communis. Images A. and B. were adapted from Evert et al. [31]. C. Vero seeded
VS leaf. A good conservation of vessel anatomy can be observed. D. Zoomed view of mature xylem in
decellularized VS leaf.

33.4.2 Electrospun fibre scaffolds

For electrospun scaffolds, the aim of SEM imaging was to understand their structure,
mostly regarding the presence of PEO. Both seeded and unseeded scaffolds were observed to
assess both PEO presence and the channels themselves.

Regular and treated (hydrophilic) PCL fibres were observed to assess possible structural
alterations. No significant differences were noted, demonstrating NaOH treatment to be
non-damaging (see figure 3.49).

It was possible to shed a brighter light over the reason why some worked better than
others, mainly, the difference between S17 and S23. S11 has previously been seen as having
a lower range adhesion and proliferation when compared to, for example, non-aligned PCL.
Figure 3.50.A showcases large empty spaces between PCL and PEO fibres, with broken PEO
fibres, demonstrating a high structural fragilicy. As for S17 and §23, 23 possesses much more
regular fibres, with spaces between them which allow cells to both adhere and migrate across
the PCL fibres towards the first open channel. In comparison, though cellular adhesion and
proliferation is observed in §17, SEM imaging evinces a more heterogencous surface, with a

thinner PCL layer that does not adequately cover the PEO channels.
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Figure 3.48: SEM imaging of decellularized VS leaf seeded with 3T3 cells. Again, it is possible to
observe the structure of a mature protoxylem. Also, a collapsed trichome indicates a rapid drying of
the leaf prior to SEM preparation.
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Figure 3.49: SEM imaging of unseeded PCL fibres. A. Untreated fibres. B. Hydrophilic PCL fibres.
No significant differences can be observed.
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Figure 3.50: SEM imaging of S11, $17 and $23 scaffolds. A. Unseeded S11 B. Unseeded $23. C. §23
seeded with 3T3 cells. D. Unseeded S17. The thicker PCL 1ayers in S23 increase its homogeneity7
allowing for a better adhesion environment for cells. Contrarily, S11, a scaffold with a much lower
PCL/PEO ratio, showcases 1arger pathways for cells to migrate towards, preventing them to be conve-
niently trapped within the PEO channels.
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4.1 Conclusions

It was possible to both fully decellularize and re-seed plant leaves with 3T3, EC and Vero
cells, resulting in a functional vascular network. Also, it was possible to build PCL scaffolds

interleaved with PEO open channels and assess the proliferation of 3T3 and EC cells.

CB, VS, RC, NZ and WGS leaves were successfully grown, transported and conserved for
up to three weeks in a 15 % PEG solution stored at 4°C. No significant difference was observed
in pigment quantities after 11 days of CB storage when compared to freshly harvested leaves.

WGS was deemed as not ideal to decellularization due to their curled inwards leaf structure.

CB leaves, though highly vascularized, were anatomical impractical for decellularization,
due to their fine ]eaftip that has a tendency to break while immersion decellularization was
performed. RC leaves had the opposite problem, with a highly resistant structure that could
not be decellularized by any of the perfusion or immersion techniques tested. Chloroform was
more effective than acetone for wax solubilization, with the cycle programs of three 15s for
VS, two 15s for CB and three 60s cycles for NZ having the best results. Acetone was, however,
helpful in aiding pigment removal though it led to structural damage in young VS leaves. As
for immersion, SDS was found to be necessary for decellularization, though a 10% solution was
too structurally damaging for VS leaves. A basic solution of pH 8.5 was observed to be helpful
though not fully effective, deeming it as a good first step approach to decellularization. Bleach
had no utility other than being visually deceiving. Perfusion decellularization was attempted,
but insufficient on its own, nonetheless being useful as a last step to remove the remaining

cellular debris from the vessels.
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We found a 3% SDS + 3% Triton-X-100 solution to be best suited for young and post-
flowering WGS and VS leaves, 5% SDS + 1% Triton X-100 for NZ and 5% SDS + 3% Triton
X-100 for CB leaves. The success of the process was confirmed by DNA quantification, with
2 99.6 £ 0.4 % loss of nucleic acids reported for CB, 99 + 1% for VS and 89 + 11 % for NZ
leaves.

Mechanical testing allowed us to understand how the structure compared to human ves-
sels, with a similar bi-curve behaviour being observed. NZ was the most similar to human
vessels with a Young’s Modulus of 0.62 + 0.07 MPa. Nonetheless, CB held the best ultimate
tensile strength at 0.34 + 0.01 MPa. ECH treated leaves did not handle the test, breaking
immediately in CB and VS due to severe structural damage.

As for electrospun scaffolds, for PCL a 10% solution electrospun at 600 rpm, with a 0.7
mL/h flow (as to achieve a medium diameter), 12 kV tension and 20 ¢cm collector distance
(to ensure homogeneous fibres) was chosen. As For PEO, a 20% solution electrospun at 400
rpm (to achieve the most uniform fibre alignment and diameter), with a 9 mL/h flow (to
ensure larger channels), 8.5 kV tension and 7 em collector distance. PCL was electrospun
horizontally while PEO was electrospun vertically to aid the deposition of the highly viscous
]iquid. A low humidity was observed to help the separation of PEO fibres and, therefore, the
homogeneity of fibre diameter.

Cellular assays were performed for both scaffold types. 3T3 and Vero cells were observed
to have a similar adhesion and proliferation behaviour. EC were difficult to work with, with
slow proliferation rates and adhesion difficulties likely due to an inadequate culture medium.

For leaf scaffolds, decellulazation was confirmed through DAPI staining in all tested
conditions. Gelatin, particularly 2% Bovine skin type B gelatin was found to be helpful in the
adhesion of EC cells. ECH treatment was deemed as harmful due to its suspected cytotoxicity
and bad mechanical properties. NZ leaves were difficult to seed due to their irregular abaxial
anatomy and opaque vessels. A successful perfusion seeding of VS with 3T3 cells was achieved
with 88 % of cells remaining inside the perfusion site.

Un-aligned PCL scaffolds were made hydrophilic through their immersion for 60 min in
NaOH 0.5 M after being treated for 15 min in 70% ethanol and tested against regular PCL. A
slight improvement in cellular adhesion was observed. The constructed open channels of PEO
were helpful in improving cellular adhesion, with a three PEO layered scaffold interleaved
with thick PCL layers having the best results when seeded with 3T3 cells.

Lastly, SEM imaging showcased a good preservation of vessel structure in leaf scaffolds. It
was also possible to observe the fragility of a high PEO amount and thin PCL layers, with large
empty spaces that are likely not useful for the objective at hand. The best electrospun con-
dition, $23, was seen to have the most homogencous fibres with adequate pathways towards

the PEO channels.
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4.2 Troubleshooting and Future Perspectives

The present work showcases the potential of leaf scaffolds, as an easily available, bio-
compatible and cost effective approach to the issue of vascularization in tissue engineering.
Though not currently ideal due to their mechanical properties, a further optimization of the
decellularization process as to diminish the amount of time necessary as well as its cross-
linking with different polymers might increase their endurance.

In order to optimize the decellularization process, it is important to test a pre-treatment
with trypsin perfusion and final step with 1-5% Triton X-100. An optimization of the perfu-
sion apparatus is also necessary. Also, it would be important to test other plant varieties that
might have more interesting characteristics for the task at hand.

As for electrospun scaffolds, the role of the open channels should be better assessed by
testing a greater number of PEO layers, all interleaved with thick PCL. After that, the next
step would be the creation of the vessels themselves by rolling the scaffold, mechanical testing
and lastly, animal implantation.

Perhaps the most important issue that hindered some of the conclusions was the inade-
quacy of the medium used. Itis thus important to change it or use a different line of endothelial
cells. Also, tests using smooth muscle cells would further ground the conclusions.

Being a project in its first steps of development, many possibilities are ahead of us. In
particular, a closed-system perfusion bio-reactor for decellularization with solution pumps
and a drainage system would be useful since it would concentrate out efforts in the actual
vessels, which we have seen to be the most difficult to reach. This system would also be of use
for cell seeding, with a constant supply of cell medium pumped at low pressures. Likewise,
mix cultures of both endothelial and smooth muscle cells, supplemented with angiogenic
factors would best mimic the behaviour of vessels in vivo. An injection of 2% bovine skin type
B gelatin prior to cell seeding would also be helpful for achieving the best adhesion results.
Furthermore, we postulate that these fully vascularized leaf scaffolds would best show their
abilities when attached to damaged tissue, as to stimulate tissue regeneration on, for example,
myocardium damage. As for the electrospun versions, we believe them to have particularly
interesting characteristics to substitute damaged vessels, a tec}mique that would be able to
work together with the leaf scaffolds since most cardiac damage is coexistent with vessel

blockage and impairment.
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